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ABSTRACT Because most eukaryotic somatic cells are
bathed in a constant internal milieu, most of their proteins are
constitutive, unlike the adaptive enzymes of bacteria. However,
intestinal mucosal cells, like bacteria, face a varying milieu.
Hence, we tested for adaptive regulation of intestinal nutrient
transporters, sought its functional significance, and compared
it with regulation of bacterial proteins. All 12 transporters
studied proved to be regulated by dietary substrate levels.
Regulation in the intestine is slower than in bacteria and shows
lower peak-to-basal activity levels. Regulatory patterns vary
greatly among transporters: two sugars and two nonessential
amino acids monotonically up-regulate their transporters, two
vitamins and three minerals monotonically down-regulate their
transporters, and two transporters of essential amino acids
respond nonmonotonically to levels of their substrates. These
varied patterns arise from trade-offs among four factors:
transporter costs, calories yielded by metabolizable substrates,
fixed daily requirements of essential nutrients, and toxicity of
certain nutrients in large amounts. Based on these trade-offs,
we predict the form of regulatory pattern for intestinal trans-
porters not yet studied.

Bacterial cells are directly exposed to a fluctuating environ-
ment, so that wide variations in substrate levels for bacterial
enzymes and transporters are a normal occurrence. Accord-
ingly, bacteria are found to possess regulatory machinery
through which levels of enzymes adapt to medium compo-
sition, especially to levels of their substrates or products.

In contrast, most animal cells are bathed in an internal
milieu whose composition is held constant within narrow
limits by an excretory organ such as the kidney. Thus, wide
fluctuations in substrate levels do not occur, and most
proteins in animals’ somatic cells are constitutive, with
regulation of their levels being superfluous. The best-studied
exceptions are certain enzymes (1) and transport proteins (2,
3) of liver and adipose tissue, whose levels are regulated by
variations in plasma nutrient composition (arising ultimately
from variations in dietary solute inputs). A priori, one might
expect more numerous examples of protein regulation in
intestine than in liver or adipose tissue, because intestinal
mucosal cells (unlike hepatocytes or adipocytes) are directly
exposed to fluctuating inputs of dietary solutes into the
intestinal lumen. While dietary regulation of intestinal hy-
drolases such as sucrase and amino-oligopeptidase is well
established (4), there was until recently only limited infor-
mation (summarized in ref. 5) about regulation of intestinal
nutrient transporters.

The present paper summarizes regulatory patterns for
intestinal absorption of 18 solutes conveyed by 12 different
transporters. Our first goal was to determine the existence of
regulation. It turns out, as one might have anticipated from
the above-mentioned functional considerations, that every
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intestinal transporter examined is subject to adaptive regu-
lation. Our second goal was to compare these eukaryotic
systems with bacterial systems in regard to time course and
peak-to-basal activity ratio for regulation. Our final goal was
to understand the functional significance of regulation, whose
direction and degree proved to vary greatly among the 12
transporters.

METHODS

Cell membranes of the intestinal mucosal epithelium possess
many different transport systems that convey specific classes
of sugars, amino acids, vitamins, minerals, and other nutri-
ents from the intestinal lumen to the bloodstream. Other
workers have used rat, guinea pig, or chicken intestine to
examine regulation of the five separate transporters for
calcium (6-9), iron (10-12), phosphate (13), thiamine (14),
and vitamin C (15). We used intestines of adult male white
Swiss—-Webster mice to study 13 solutes and 7 transporters:
the sugars glucose, galactose, and 3-O-methylglucose, which
share a transporter (16-19); the sugar fructose (19) and the
dipeptide carnosine (20), each of which uses a separate
transporter; and eight amino acids (21, 22) (alanine, aspar-
tate, histidine, leucine, lysine, methylaminoisobutyric acid,
methionine, and proline) using four transporters [separate
ones (23) for neutral, basic, and acidic amino acids and for
imino acids].

To study regulation of sugar transport, we fed mice rations
with carbohydrate levels that varied from 0% to 68% by
isocaloric replacement with casein. [The resulting changes in
sugar transport are due to changes in the dietary carbohy-
drate rather than protein, since replacement of carbohydrate
by fat yields similar results (24).] Carbohydrate was variously
supplied in the form of complex carbohydrate (16, 17), the
disaccharides sucrose or maltose (16-19), or the monosac-
charides glucose, galactose, 3-O-methylglucose, or fructose
19).

To study regulation of amino acid transport, we used
rations with protein or amino acid levels that varied from 4%
to 72% by isocaloric replacement with sucrose, but all rations
had adequate levels of essential amino acids. Protein or
amino acids were supplied in the form of casein (16-18, 21),
an enzymatic partial hydrolysate of casein (20), free amino
acid mixtures (20, 21), or casein supplemented with one of
seven amino acids [arginine, aspartate, glutamate, lysine,
proline, threonine, or valine (22)].

After mice had consumed a ration for 0.5-14 days, we
measured transport in vitro at 37°C as the uptake of radio-
labeled solute by an everted sleeve of small intestine (25).
This preparation offers the advantages of maintaining trans-
porter activities at high levels and reducing unstirred layer
effects. Solute absorption by the intestine involves steps at
two cell membranes in series: uptake from the intestinal
lumen across the brush-border membrane into the entero-
cyte, and exit from the enterocyte across the basolateral
membrane into the bloodstream. For a given solute, the
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Fic. 1. Summary of how activities of intestinal brush-border
nutrient transporters vary with dietary substrate levels or nutritional
status. (A) Fructose (19) (@) or glucose (16-18) (O) transport as a
function of dietary fructose or carbohydrate level. (B) Aspartate (21)
(a), proline (21) (0), or carnosine (20) (®) transport as a function of
dietary level of casein or of an amino acid mixture corresponding to
a complete hydrolysate of casein. (C) Brush-border receptors for iron
in guinea pig proximal intestine (10) (O0-----), calcium uptake in chick
duodenum (6) (O----), thiamine uptake in rat jejunum (14) (m...),
phosphate transport in rat jejunum (13) (a---), and vitamin C uptake
in guinea pig ileum (15) (&——), on rations with the given nutrient at
inadequate levels, normal levels, or in excess. (D) Same as B, but for
histidine (®-~-..), lysine (O--), leucine (®=——), alanine (O----), and
methionine (a---) (21). A, B, and D are based on maximal transport
rates (at substrate concentrations of 25 or 50 mM, far above the K,)),
measured in vitro in an everted sleeve preparation of mouse intestine
and averaged for the proximal and mid-intestine, after mice had been
maintained on the indicated ration for 2 weeks [more than sufficient
to yield a new steady state of transport activity (16, 17)]. Ordinate
values are relative transporter activity: i.e., transport in mice eating
a ration with the substrate level shown on the abscissa, divided by
transport in mice eating a ration with some standardized substrate level.
The standardized level was a fructose- or carbohydrate-free rationin A,
an 18% casein or 18% amino acid ration in B and D. C shows transport
in animals on a ration with the given nutrient in excess or at inadequate
levels, divided by transport in animals with the nutrient at adequate
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brush-border and basolateral transporters are quite different.
Our method measures only the brush-border uptake step.
[The basolateral exit step is harder to study but has also been
shown to be regulated in the cases of glucose (26) and iron
transport (11).] By measuring uptake as a function of sub-
strate concentration, we calculated maximal transport veloc-
ities (Vmax) and Michaelis-Menten coefficients (K,) for

transport.

PATTERNS OF REGULATION

Fig. 1 depicts nutrient uptakes as a function of dietary
substrate levels, after a time on each ration sufficient for
uptake rates to reach a new steady state (see discussion
below on time course of regulation). Although dietary sub-
strate levels to which the animals adapted were varied to
yield the different abscissa values of Fig. 1, all transport
measurements for a given solute were made in vitro at the
same solute concentration, generally one high enough to yield
transport rates approximating the V... The following con-
clusions emerge from Fig. 1 and the data used to construct it:

(i) Dietary substrate levels reversibly regulate transport in
proximal and/or mid small intestine for every solute studied.
(Few solutes exhibit regulation in the distal small intestine,
the region in which uptake is generally lowest.)

(ii) The pattern of regulation varies greatly among solutes.
With increasing dietary substrate level, uptake may increase
(Fig. 1 A and B), decrease (Fig. 1C), go through a minimum
(Fig. 1D), or initially remain constant and then increase (Fig.
1D).

(iii) The form of regulation for a given solute often differs
between intestine and liver. For example, amino acid uptake
by hepatocytes has been studied intensively and found to
decrease with amino acid level (2, 3). In contrast, uptakes of
various amino acids by intestine all increase with level at
moderate to high amino acid levels (Fig. 1 B and D).

(iv) Different transporters are regulated independently. For
instance, replacement of dietary glucose by fructose stimu-
lates fructose transport 2.8-fold without affecting proline
transport (19); replacement of dietary lysine by aspartate
stimulates aspartate transport but not leucine or glucose
transport (22); replacement of dietary carbohydrate by pro-
tein stimulates amino acid transport while inhibiting sugar
transport (16-18, 21); and lowered levels of nonessential
amino acids below the maintenance level inhibit proline
transport, stimulate leucine transport, and leave lysine trans-
port unchanged (21).

(v) As yet, no intestinal nutrient transporter has been
completely purified. Only for the glucose (27) and iron (11)
transporters has regulation of transporter site densities been
assessed directly by binding studies. In both cases, up-
regulation of activity is associated with increased site den-
sity, and in the former case the factorial increases in Vipax of
transport and in binding site density are identical, proving

levels. The measure of transport used in each case is total uptake, the
quantity of physiological interest, except that only the active com-
ponent of D-glucose uptake is shown [total uptake corrected for the
very small passive component by means of the L-glucose uptake
(25)]. Most transport is carrier-mediated, as shown by Na* depen-
dence or a saturable uptake-concentration relationship. For each
point, the sample size was 6-12 animals, and the coefficient of
variation averaged 27%. The depicted trends in transporter activity
with dietary substrate or nutritional status are all significant at the P
< 0.05 level or better, except that the differences between vitamin C
transport on a deficient and normal diet, and between transport of the
five amino acids shown in D on a 4% and 18% amino acid diet, are

not significant.
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that the increase in transport activity is due entirely to
increased number of functional copies of the transporter.

COMPARISON OF REGULATION IN THE
INTESTINE AND IN BACTERIA

Regulation of intestinal transporters differs quantitatively
from regulation of bacterial enzymes and transporters in two
respects: time course and peak-to-basal activity ratios. These
differences emerge from our studies of sugar and amino acid
transporters in mouse intestine, as well as from studies of the
same transporters in rat intestine (28).

As regards time course, regulation is much slower in the
intestine than in bacteria: bacterial enzymes begin to respond
to altered substrate levels within a few minutes, but intestinal
brush-border transporters show no response to dietary
changes for 12 hr and do not reach a new steady state for 1-3
days. While part of the lag for intestinal transporters repre-
sents the transit time of food from mouth to intestine, a long
lag remains after this transit has been short-circuited [e.g., a
lag of several hours for the stimulation of basolateral glucose
transport by acute hyperglycemia (26), or for the stimulation
of calcium transport by dihydroxy vitamin D; (29)]. Similarly,
liver enzymes take several hours to respond directly to
hormones and longer to respond to dietary alterations (1--3).

For both the glucose and the imino acid transporters of
intestine, up-regulation is faster than down-regulation: =1
and =3 days, respectively, to reach a new steady-state (16,
17). The reason for this asymmetry is unknown.

As regards peak-to-basal activity ratios, basal levels of
adaptive enzymes in bacteria are very low in the absence of
their substrates and can be stimulated by up to several
thousand-fold by addition of their substrates. In contrast, the
ratio of peak-to-basal activity is <4, often considerably less,
for all intestinal transporters studied. For liver as well,
peak-to-basal activity ratios of adaptive enzymes are much
smaller than in bacteria.

We suggest two possible functions of moderate basal
activity levels in intestine and liver. One function may be to
enable the animal to utilize a brief input of dietary substrate.
Given the slowness of the regulatory responses, a single meal
would transit the animal before any up-regulation that it
triggered had taken effect. Hence, a substrate present in a
single meal could be absorbed or metabolized only if the
relevant proteins were maintained at significant basal activity
levels even in the substrate’s absence. Regulation instead
serves to match intestinal and liver proteins to a running
average of dietary composition over several meals. A second
suggested function of moderate basal activities of intestinal
transporters stems from the fact that transported substrates
circulate in plasma and can diffuse back into the intestinal
lumen. Thus, basal transporter levels may serve to prevent
nutrient losses by recapturing substrates diffusing down their
concentration gradient from blood to lumen in the absence of
dietary substrate input.

FUNCTIONAL SIGNIFICANCE OF REGULATION

The diversity of regulatory patterns in Fig. 1 is striking.
Substrates may induce, repress, or not affect activities of
their transporters, depending on the substrate and its dietary
level. What is the functional significance of these diverse
patterns?

We identify trade-offs among four factors as setting these
patterns:

(i) Biosynthetic and other costs (30, 31) of synthesizing and
maintaining any protein. Because of these costs, any protein
should be repressed if it ceases to yield benefits such as
metabolic energy or provision of an essential nutrient.
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(ii) Caloric pay-off. A metabolizable nutrient yields calo-
ries in direct proportion to the amount of the nutrient. Hence,
all other things being equal, the activity of a transporter for
a metabolizable nutrient should be up-regulated by dietary
levels of its substrate.

(iii) Fixed daily requirements. Certain nutrients such as
vitamins and minerals are required in fixed daily amounts.
The transporter for such a nutrient would be most needed
when the nutrient was in short supply. The transporter would
be less needed at high dietary substrate levels, when absorp-
tion by passive diffusion down a concentration gradient could
satisfy the fixed daily requirement without transport costs, or
when the fixed requirement could be extracted from the
higher substrate level by a lower transporter number. Hence,
the transporter should tend to be repressed by its substrate.

(iv) Toxicity. Toxic nutrients should tend to repress their
transporters to protect the animal against risk of intoxication
at high dietary substrate levels.

Thus, in combination with factor i, factor ii should tend to
result in a substrate up-regulating its transporter, while
factors iii and iv would tend to result in down-regulation. In
1983, we noted that the combination of these four factors
yields straightforward predictions in two sets of cases (5):

First, for nonessential nontoxic nutrients used only as a
source of calories (e.g., sugars), transporter activity should
increase monotonically with dietary substrate level. Our
reasoning was that factors iii and iv (fixed requirements and
toxicity) are irrelevant for a nonessential nontoxic substrate,
and that factor ii (caloric pay-off) would lead to transporter
up-regulation by its substrate. In effect, the costs of adding
transporters on a high-substrate ration are more than met by
the resulting additional calorie absorption, and this increased
absorption is safe because the substrate is nontoxic, while
decreased absorption on a low-substrate ration is also safe
(because the nutrient is nonessential) and saves transporter
costs. Fig. 1A confirms the prediction of monotonically
increasing activity for two transporters of nonessential non-
toxic nutrients used only for calories: the glucose transporter,
and probably the fructose transporter (four and two dietary
substrate levels tested, respectively).

Second, for essential yet potentially toxic nutrients not
used for calories (e.g., vitamins and trace minerals), trans-
porter activity should decrease monotonically with dietary
substrate level. Our reasoning (5) was that factor ii (caloric
pay-off) is irrelevant for a nonmetabolized nutrient, and that
factors iii and iv (fixed requirements and toxicity) would both
lead to transporter down-regulation by its substrate. Fig. 1C
confirms the prediction of monotonically decreasing activity
for five transporters of essential toxic nutrients not used for
calories: the iron and calcium transporters, and probably the
phosphate, vitamin C, and thiamin transporters.

For these seven transporters, the regulatory patterns are
simple and readily predicted, because all trade-off factors
predispose to regulation in the same direction. However, for
amino acid and peptide transporters, the predictions from
some factors conflict with predictions from other factors. A
positive relationship between amino acid or peptide trans-
porter activity and dietary substrate level is expected because
amino acids and peptides yield calories; more absorption
yields more calories. A negative relationship is expected for
three reasons: all amino acids and peptides are collectively
essential as a nitrogen source; eight amino acids are specif-
ically essential; and certain amino acids (mainly the essential
ones) become toxic at high levels (32). Fig. 1 B and D shows
the resulting regulatory compromises achieved. The simplest
is for the nonessential nontoxic amino acids proline and
aspartate, whose transporters are positively regulated (Fig.
1B), just as for nonessential nontoxic sugars. Among the
more toxic essential amino acids, one transporter serves the
basic amino acids (e.g., lysine), while one or more other
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transporters serve neutral amino acids (23). As shown in Fig.
1D, transport of the essential amino acids lysine, leucine,
methionine, and histidine increases at dietary levels above
the maintenance level (thereby yielding additional calories),
but the increase for these toxic amino acids is less steep than
for the nontoxic proline and aspartate (thereby reducing risk
of intoxication). At dietary levels below the maintenance
level, the transport of lysine, leucine, methionine, and
histidine does not decline further (as for proline and aspar-
tate) but remains constant or (as for iron, calcium, thiamin,
and phosphate) increases, thereby ensuring a supply of these
essential amino acids. Thus, the regulatory patterns for
essential amino acids combine those for sugars and for trace
minerals and vitamins.

It may at first appear discrepant that regulation of the
nonessential amino acid alanine at low dietary amino acid
levels (o in Fig. 1D) resembles that of essential amino acids
rather than that of the nonessential proline and aspartate.
However, whereas proline and aspartate have ‘‘private’’
transporters that can be regulated independently (23), alanine
shares the ‘‘public’’ intestinal transporter for essential neu-
tral amino acids and is constrained to be co-regulated with
them. The dipeptide transporter monitored by carnosine is
up-regulated at high dietary protein levels, but its response at
low levels has not been measured, so it is unknown whether
the dipeptide pattern is closer to Fig. 1 B or D.

TESTABLE PREDICTIONS

It is evident that intestinal transporters provide numerous
systems for studying adaptive regulation in eukaryotic cells.
The many transporters whose regulation has yet to be
examined will offer tests of our framework for understanding
the diverse responses of the transporters studied to date. By
the reasoning outlined above, we make four sets of predic-
tions.

(i) Specific transporters are known to exist for other
water-soluble vitamins besides thiamin and vitamin C, in-
cluding (33) biotin, choline, folic acid, inositol, nicotinic acid,
pantothenic acid, riboflavin, and vitamin B-12. We anticipate
that these transporters will be down-regulated as dietary
levels of their substrates increase.

(i) Several other essential trace minerals besides iron,
calcium, and phosphate may also be absorbed by specific
transporters, including cobalt, copper, iodide, magnesium,
manganese, and zinc. We predict that these transporters will
also be down-regulated by their substrates.

(iiY) Transporters for short-chain fatty acids, a nonessential
source of calories, will be up-regulated by dietary substrate.

(iv) The distal ileum has a transporter for reabsorbing bile
acids, which are secreted by the liver, are essential for
intestinal fat absorption, and may be obtained either from the
diet or by synthesis. We predict that this transporter will be
down-regulated by its substrates.
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