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Relatively little is known about the hormonal regulation of amino acid transport in the normal and diabetic
exocrine pancreas. In this study unidirectional influx and tracer efflux of L-serine at the basolateral interface
of the rat pancreatic epithelium was investigated in the perfused exocrine pancreas using a rapid (< 30 s)
paired-tracer dilution technique. In the non-diabetic pancreas L-serine influx was saturable and stimulated by
perfusion with exogenous bovine insulin (100 uU /ml). Transport of L-serine and methylaminoisobutyric acid
was markedly elevated in pancreata isolated from streptozotocin diabetic rats and insulin partially reversed
the stimulation of L-serine transport induced by experimental diabetes. These results suggest that insulin and
diabetes modulate the epithelial transport activity for small neutral amino acids in the intact exocrine

pancreas.

Pancreatic exocrine cells are known to accu-
mulate extracellular amino acids rapidly against a
concentration gradient and also exhibit the highest
protein synthesizing capacity of any secretory
organ [1]. In the rat the existence of an insulo-ac-
inar portal axis [2] and the localization of high-af-
finity insulin receptors in the basolateral mem-
brane of pancreatic acinar cells [3-5] suggests that
insulin may regulate nutrient transport. Earlier
studies with pancreatic fragments in vitro failed to
demonstrate a significant effect of insulin on amino
acid uptake [6,7]. More recent experiments with
pancreatic acini isolated from normal and
streptozotocin-diabetic rats have only established
a stimulatory effect of insulin on protein synthesis
[8], although activation of amino acid transport by
insulin in other tissues is well documented [9].
Insulin appears to affect predominantly the trans-
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port rate (V_,,,) of a sodium-dependent System A,
and in cultured hepatocytes has been reported to
partially reverse the marked stimulation of amino
acid transport induced by diabetes [10]. In the
present study we investigated the regulatory role
of a physiological concentration of insulin on the
kinetics of L-serine transport, a naturally occurring
neutral amino acid, in the perfused exocrine pan-
creas isolated from non-diabetic and streptozoto-
cin-induced diabetic rats. A preliminary account
of part of this work has been communicated in
abstract form [11].

Male Sprague-Dawley rats were fasted 24 h
before being anaesthetized with intraperitoneal
sodium pentobarbitone (60 mg/kg). Experimental
diabetes was induced by an intravenous injection
of 65 mg/kg streptozotocin (Sigma Chemical Co.,
U.K.) dissolved in 0.1 M citrate buffer and con-



firmed by elevated plasma glucose levels (21-39
mM), increased urine volumes (> 150 ml/24 h)
and markedly decreased insulin concentrations in
the pancreatic venous effluent. The non-stimulated
pancreas was perfused in situ at a constant flow
rate (approx. 1 ml/min per g) via the aorta with a
Krebs-Henseleit bicarbonate solution containing
10 g/1 bovine serum albumin [11,12]. The per-
fusate was oxygenated at 38°C with 95% O,/5%
CO, to a pH between 7.3 and 7.4. The pancreas
was maintained in a heated and humidified perfu-
sion cabinet throughout an experiment and each
preparation was perfused in randomized order with
different concentrations (0.05-50 mM) of a given
unlabelled amino acid. The radioactive molecules,
L-[3-*H]serine (29 Ci/mmol), a-[1-'*C]methyl-
aminoisobutyric acid (48.4 mCi/mmol), D-[1-
“Clmannitol (45 mCi/mmol) and D-[1-*H]man-
nitol (27 Ci/mmol) were purchased from either
New England Nuclear Chemicals, Dreieich, F.R.G.
or Amersham International, U.K.

Uptake of L-serine and the non-metabolized
System A analogue methylaminoisobutyric acid by
the exocrine pancreatic epithelium was measured
using a rapid ( < 30 s) paired-tracer dilution tech-
nique previously described in detail [13]. For ex-
ample, following a bolus intra-arterial injection
(100 plin 2 s) of L-[*H]serine and p-['* C]mannitol
(extracellular reference tracer) thirty 60-ul samples
of effluent were collected sequentially from the
cannulated portal vein in 45-60 s, and a final
venous sample was accumulated for a further 4
min to assess tracer efflux from the pancreatic
epithelium. Tracer amino acid uptake (U) in
successive venous samples was quantified: U=1
—[[*Hlserine] /[D-[**Clmannitol], and the uni-
directional influx (v) was estimated from the max-
imal fractional tracer uptake (U,,,, ), the perfusion
rate (F, ml/min per g) and the perfusate con-
centration of unlabelled L-serine (C,, mM): »=
—F-In(1 - U,,)-C, [13,14]. Tracer efflux was
estimated from (1 — (Ug/U,,,)) X 100, where the
overall uptake of L-{*H]serine (U;) was calculated
from the integrated tracer recoveries starting from
the time of maximal uptake and including the final
4-min sample [15).

Transport of L-serine was initially investigated
in the non-diabetic pancreas perfused with a wide
range of unlabelled L-serine concentrations, and
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Fig. 1 illustrates the significant self-inhibition ob-
served. In the absence of insulin unidirectional
L-serine influx in the normal pancreas was satura-
ble with an apparent K, =16 +3mMand V,_,, =
10.7+ 0.9 pmol/min per g. When in separate
experiments the normal pancreas was perfused for
20-30 min with bovine insulin (100 pU/mi, Well-
come, U.K.), the transport affinity (K, =26 +2
mM) was decreased, whereas the transport rate
(Vipax = 22.6 £ 0.6 pmol/min per g) significantly
increased (Fig. 2). In other tissues the mechanism
by which insulin stimulates uptake appears to be
independent of cyclic AMP-mediated processes
and is influenced by the sodium electrochemical
gradient [9]. As previous studies in the pancreas
have shown that small neutral analogues such as
methylaminoisobutyric acid [14] and 1r-alanine
[16,17] are co-transported with sodium, it is possi-
ble that an insulin-induced membrane hy-
perpolarization demonstrated in a variety of tis-
sues [18], could in the pancreas also provide the
energy source for stimulation of System A activity.
However, it is also conceivable that the elevated
transport activity observed was secondary to in-
sulin’s effect on the driving forces for amino acid
uptake and/or protein synthesis. In cultured
hepatocytes evidence is available that insulin
stimulates the synthesis of a high-affinity compo-
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Fig. 1. Self-inhibition of unidirectional L-serine influx at the
basolateral plasma membrane of the exocrine pancreatic epi-
thelium. Inhibition of L-[*H]serine influx was measured at a
constant perfusate concentration of 0.05 mM in the absence
(J.) or presence (J;) of increasing concentrations of unlabelled
L-serine, Values are the means + S.E. of n measurements made
in a total of nine rats.
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nent of System A transport [19] which is sup-
pressed following microtubule disruption [20]. The
ineffectiveness of insulin in enhancing amino acid
uptake in pancreatic fragments [6,7] or isolated
acini [8] may have occurred due to the loss of
hormone sensitivity and/or membrane polarity
[21].

In the diabetic pancreas transport of L-serine
was increased well above the insulin-stimulated
control preparations (Fig. 2) and the kinetic con-
stants estimated were K, =33+ 6 mMand V,, =
34 + 4 pmol/min per g. In contrast to L-serine,
saturation of methylaminoisobutyric acid influx
occurred at much lower concentrations in the
non-diabetic pancreas (K,=1.8+03 mM; V_
=0.54 + 0.04 pmol/min per g, n=6 rats), and
appeared to be enhanced in the diabetic pancreas
(K,=41+19mM, V,_, =0.98 + 0.30 pmol / min

per g). Interestingly, the diabetes-induced stimula-
tion of transport observed in our experiments ap-
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Fig. 2. Effects of insulin and experimental diabetes on the
kinetics of L-serine influx across the pancreatic exocrine epi-
thelium. The regulatory effect of 100 pU/ml bovine insulin
(Wellcome, U.K.) on L-serine transport was studied in pan-
creata isolated from control non-diabetic (— insulin:
@) O, n=9; + insulin: O O, n = 7) and strepto-
zotocin-treated diabetic (— insulin: B B n=3; + in-
sulin: @ ®, n = 3) rats. In each perfused pancreas influx
was measured successively at different unlabelled L-serine con-
centrations (0.05-50 mM), and the solid curves represent single
rectangular hyperbolas obtained by a direct fit to each of the
four sets of mean influx values. For each curve the mean influx
values were weighted for the reciprocal of their respective
standard errors and the vertical lines denote the S.E. for at least
three measurements. The calculated curves for insulin-treated
non-diabetic and diabetic pancreata were virtually superim-
posed and hence only one curve is shown.

pears to be paralleled by a decrease in amylase
and mRNA content in isolated diabetic acini [22].
When we perfused the diabetic pancreas with 100
pU/ml insulin, both the X (25 + 2 mM) and V,,
(21.3+0.7 pmol/min per g) for L-serine de-
creased to values observed in the insulin-stimu-
lated non-diabetic preparation (Fig. 2). Our find-
ings demonstrate that insulin acts directly on the
exocrine pancreatic epithelium to reduce the effect
of diabetes on neutral amino acid transport. Simi-
larly, administration of insulin to diabetic rats in
vivo has been shown to reverse diabetes-stimulated
amino acid transport in hepatocytes [10] and
R3230AC mammary adenocarcinoma cells [23]. In
hepatocytes a possible regulatory role for glucagon
was inferred from the observation that diabetes is
generally characterized by elevated plasma gluca-
gon levels [24] and that glucagon itself stimulates
neutral amino acid transport in the liver and other
tissues [9,10]. A prolonged exposure in vivo to high
levels of glucagon could induce System A activity.
Although an elevated secretion of glucagon from
diabetic pancreatic islets has been reported [25],
the levels of glucagon in the venous effluent of the
perfused pancreas isolated from normal and
streptozotocin-diabetic rats do not appear to differ
[26]. The precise mechanism by which insulin re-
verses the diabetes-induced stimulation of amino
acid transport remains to be determined.

We also investigated the possible regulatory
effects of insulin and diabetes on the cellular ef-
flux of transported L-serine, and Fig. 3 illustrates
the concentration dependence of L-serine efflux
from the epithelium. Insulin had no effect on
efflux in either the normal (Fig. 3) or diabetic
(data not shown) pancreas. Saturation of L-serine
influx in all the present experiments usually oc-
curred at a perfusate concentration around 30-40
mM (well above L-serine’s concentration in rat
plasma), and yet tracer efflux reached a maximum
value at 10 mM (Fig. 3). The differential sensitiv-
ity of influx and efflux to the circulating con-
centration of unlabelled L-serine together with the
observation that at 0.05 mM L-serine influx re-
mained constant over a flow range of 0.4-1.3
ml/min per g argues against the presence of a
diffusive resistence to overall L-serine transport. In
an attempt to partially resolve the actions of in-
sulin we also investigated the effects of N-ethyl-



8or + 100 pU/ml insulin 31

60
insulin-free

% tracer efflux

o]

20

o] 1I0 2.0 30 40 50
[L-Serine] mM

Fig. 3. Effect of insulin on the concentration dependent efflux
of transported L-serine from the epithelium in the non-diabetic
pancreas. Tracer efflux was calculated in all of the kinetic
influx experiments. A thin-layer chromatographic analysis {15]
of the pancreatic venous effluent indicated that 5-min after the
intra-arterial injection of L[*H]serine the 3H activity was still
associated with L-serine. In the absence of insulin and at low
concentrations of L-serine (0.05 mM) the efflux was 32+2%
(n=T7), and at concentrations above 5 mM efflux increased to
an average value of 65+2% (7 =29). When preparations iso-
lated from non-diabetic and diabetic (data not shown) rats
were perfuxed with 100 pU/ml insulin the pattern of efflux
remained unchanged. These data indicate the insulin selectively
regulates unidirectional amino acid influx without altering its
efflux.

maleimide, a sulfhydryl blocker. Experiments were
performed in the normal pancreas and influx of
L-serine was measured at a perfusate concentration
of 10 mM. In the absence of insulin perfusion with
1 mM N-ethylmaleimide for up to 20 min had no
effect on L-serine influx or tracer efflux. Moreover,
the insulin-induced stimulation of transport ob-
served in the non-diabetic pancreas (Fig. 2) could
not be reversed by subsequent perfusion with 1
mM N-ethylmaleimide. Contrary to our findings,
Czech [27] has reviewed the inhibitory and/or
stimulatory effects of N-ethylmaleimide on trans-
port and concluded that sulfhydryl-disulfide inter-
changes may be involved in the activation and
deactivation of insulin’s effects.
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The rapid tracer technique [13] applied in this
study has enabled us to characterize the regulatory
effects of insulin on pancreatic amino acid influx
independently of its actions on cellular metabo-
lism and protein synthesis. Our results suggest that
exogenous insulin and experimental diabetes mod-
ulate the transport activity for neutral amino acids
at the basolateral interface of the pancreatic exo-
crine epithelium. Although L-serine influx may
represent the overall uptake by several membrane
carriers, including the hormone-sensitive System A
[9], the insulin- and diabetes-induced alterations in
transport are of relevance to clinical pancreatic
function tests.
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