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Abstract

Aims/hypothesis. Insulin control of glucose output is
a major mechanism by which appropriate amounts
of glucose are produced to supply energy to the cen-
tral nervous system, without causing long-term in-
creases of the plasma glucose concentration. It is hy-
pothesised that the primary route by which insulin
maintains control over glucose production is indirect
and is mediated by regulation of non-esterified fatty
acid release from the adipocyte. The question arises
as to why evolution has chosen insulin to be secreted
into the portal vein, if control of the liver is partially
or primarily indirect. It is suggested that alterations
in hepatic insulin clearance which attend increases in
central adiposity are an important part of the com-
pensation for insulin resistance and limit the necessi-
ty for up-regulation of insulin secretion in insulin re-
sistance secondary to central adiposity.
Methods. Review of research from author's group
and other laboratories.
Results. Data over the previous decade indicate that
suppression of glucose output by increased insulin is
a relatively slow process, much slower than the rate
of binding of insulin to hepatocytes. One explanation
is that insulin acts on an extrahepatic tissue, which in
turn alters a signal to the liver, reducing glucose out-
put. Additional evidence for an extrahepatic primary
effect of insulin emerges from experiments in which
insulin was given portally or peripherally at half the
portal dose. Endogenous glucose production was re-
lated to systemic, not portal insulin, supporting the

concept that the primary step in insulin's action on
liver is on some other tissue, altering signalling to
the liver itself. Strong correlation between plasma
non-esterified fatty acids (NEFA) and liver glucose
output suggests that the primary effect is on the adi-
pocyte. The primacy of the adipocyte locus for the in-
sulin effect included data that insulin's action on liver
is prevented when plasma NEFA are maintained, as
well as data showing proportional decline in glucose
production and fatty acids when antilipolysis is in-
duced by an adenosine agonist.
Why then, from an evolutionary point of view is insu-
lin secreted into the portal vein? Institution of central
adiposity in dogs with fat feeding causes hepatic insu-
lin resistance, at least partially due to the provision of
NEFA in portal blood. The initial response to resis-
tance is enhanced beta-cell sensitivity to glucose; a
secondary compensation is, however, a substantial re-
duction in liver clearance, allowing for a greater pro-
portion of secreted insulin to reach muscle, where it
can more efficiently stimulate glucose utilisation.
Conclusion/interpretation. Non-esterified fatty acids
act as a signal as well as a metabolic substrate. They
can regulate glucose utilisation in muscle and appar-
ently are important signals to the liver and the beta
cells as well. The importance of portal vein NEFA
concentrations to the function of the liver could ex-
plain insulin resistance of the liver with central pat-
tern obesity. [Diabetologia (2000) 43: 946±952]
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Non-esterified fatty acids and insulin resistance
Insulin resistance is a primary risk factor for Type II
(non-insulin-dependent) diabetes mellitus [1]. It is
also associated with cardiovascular disease, hyperten-
sion and certain forms of cancer [2±4]. It has been
identified as a central feature in clusters of high-risk
conditions in the so-called metabolic syndrome, or
ªsyndrome xº [5]. New pharmacological agents which
reduce insulin resistance such as the thiazolidinedi-
ones also improve glucose control in patients with
Type II diabetes and could help to prevent the disease
[6, 7]. Recent evidence supports the concept that a
major palliative effect of thiazolidinediones is to re-
duce blood-borne fatty acids (ªkeep fatty acids in
the adipocyteº) [8]. Thus, it appears that control of
NEFA concentrations in the blood could be an im-
portant approach to reduce insulin resistance and
the complications of the insulin resistant state [9].

To optimise therapy with insulin sensitising agents,
it would be useful to understand how NEFA contrib-
ute to insulin resistance. Although our understanding
of the relation between NEFA and insulin action re-
mains primitive, recent developments regarding how
NEFA interact with carbohydrate metabolism have
been illuminating. After carbohydrate ingestion, in-
sulin is secreted and the hormone acts to stimulate
glucose utilisation and suppress endogenous glucose
production (EGP) by liver (and kidney). There is
concomitant suppression of lipolysis and concomitant
reduction in plasma NEFA. An increase in NEFA
can considerably inhibit skeletal muscle glucose utili-
sation, possibly by interfering with insulin signalling
and glucose transport, or phosphorylation or both
[10]. Reduction in NEFA could play some part in
the enhancement of glucose disposal [11] (and muscle
glycogen synthesis [10]) after food intake. The rela-
tion between insulin, NEFA reduction and suppres-
sion of EGP is more obscure.

Insulin and glucose production
Recent developments in our laboratory and others
have shed some light on the complex relation among
insulin, NEFA and glucose production. The tradition-
al view has been that following carbohydrate intake,
insulin is secreted by the beta cells, increasing portal
insulin concentrations and resulting in direct suppres-
sion of liver glucose production [12]. It seems logical
that insulin should play this important part because
it is secreted directly into the liver. By analogy with
the cerebral portal system, it can be supposed that
the beta-cell/hepatocyte communication link pro-
vides exquisite and appropriate moment-to-moment
provision of glucose in response to need. Recent evi-
dence has, however, sharply questioned this tradition-
al view of the way EGP is controlled by insulin.

Tracer dilution methods have clearly shown that
an increase in insulin concentration by peripheral in-
fusion causes suppression of EGP, even if plasma glu-

cose concentrations are clamped at basal [13]. It has,
however, been difficult to reproduce this fundamen-
tal relation in liver or liver cells in vitro, except under
hyperglucagonaemic conditions [14, 15]. Although
this failure has been assigned to lack of proper oxy-
genation or lack of intact neural control in vitro, it
was suggested years ago that insulin regulation of liv-
er glucose output is mediated by an extrahepatic fac-
tor [16]. This suggestion was recapitulated more re-
cently by a flurry of evidence showing a sluggish rela-
tion between changing portal insulin concentration
and suppression of EGP under a variety of conditions
in vivo [17±19]. Although evidence obtained in vivo
had suggested that suppression of EGP after insulin
treatment was rapid [20], several groups showed that
this perception resulted from artefacts in tracer dilu-
tion methodology [21±23]. Resolution of these arte-
facts, which were due to modelling error [24] as well
as tracer contaminants [25], made it possible to ob-
tain accurate assessment of the rate of suppression
of liver glucose production due to insulin. For exam-
ple, in our laboratory we showed that insulin acts
rather slowly in vivo to suppress EGP [17] and this re-
sult has been confirmed in vivo in human subjects
[26]. Slow kinetics of insulin action on liver are in
stark contrast to binding of insulin to liver receptors,
which is almost immediate under portal hyperinsulin-
aemic conditions [27]. The lethargic kinetics of EGP
suppression is reminiscent of the sluggish stimulation
of glucose uptake by muscle [20]. In the dog model,
under conditions of basal glucose and glucagon, insu-
lin stimulation of glucose disposal and insulin sup-
pression of endogenous glucose output had similar
time courses, with half-times of about 45 min. This
was in sharp contrast to the effects of insulin on glu-
cose uptake in vitro, which progressed with a half-
time of approximately 10 min.

Measurement of insulin in interstitial fluid (or in
lymph, which is reflective of interstitial fluid) has led
to the concept that the sluggish effects of insulin on
glucose uptake in vivo are due to retarded transport
of the hormone across the endothelial barrier of skel-
etal muscle [28]. This simple concept does not explain
why insulin acts slowly on liver: liver capillaries are
highly fenestrated and portal vein insulin rapidly
binds to liver receptors, yet EGP declines slowly
when plasma insulin concentration is increased. Ei-
ther the post-receptor action of insulin on the liver it-
self is a slow process or insulin must cross the endo-
thelial barrier of another tissue and generate a
blood-borne signal (ªsecond signalº) which in turn
suppresses the liver. Recent studies from our labora-
tory [19, 29±31] and others [32±36] have supported
the latter concept; insulin's effect to suppress glucose
output is mediated at least in part by an extrahepatic
tissue. We have referred to this phenomenon as the
ªsingle gateway hypothesisº [28] (Fig.1). The endo-
thelial barrier to insulin transport across non-hepatic
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insulin sensitive tissues (muscle and adipose) limits in
time not only the effect of insulin to enhance glucose
uptake but also the effect to suppress EGP.

The ªsecondº signal
The search for the extrahepatic ªsecond signalº ex-
ploited a protocol introduced in our laboratory some
years ago: we compared the effect of intraportal insu-
lin infusions in conscious dogs, with control experi-
ments in which insulin was infused peripherally at
half the intraportal infusion rate (Fig.2) [29]. Due to
approximately 50 % first pass hepatic extraction of
insulin, these protocols result in matched systemic in-
sulin concentrations but very different portal insulin
concentrations. Intraportal insulin infusions com-
pared with half-rate systemic insulin infusions had
equipotent effects on suppressing EGP, despite the
very different portal insulin concentrations. Suppres-
sion of EGP also closely matched the time course of
peripheral rather than portal insulin concentrations.
Repetition [19] of the half-dose protocol enabled the
search for the elusive extrahepatic signal which medi-
ates insulin's suppression of liver glucose production:

the only signal we found which correlated strongly
with suppression of EGP was plasma NEFA [19, 30].
Thus, we suggested that much of the effect of insulin
to control liver glucose production is mediated by
plasma NEFA. The single gateway concept was thus
modified to suggest that insulin crosses the endothe-
lial barrier at the adipocyte slowly; ultimately adipo-
cyte hormone sensitive lipase is inhibited and liver
(and kidney?) glucose production is reduced. Of
course, the concept that NEFA can alter glucose pro-
duction is far from new: NEFA have long been
known to stimulate gluconeogenesis [37]. What is
new about the single gateway concept is the introduc-
tion of NEFA as a moment-to-moment controller of
(i. e. a ªsignalº to) EGP and the replacement of insu-
lin itself by NEFA as the primary regulator of glucose
output by the liver.

The half-dose protocol has been adopted and
modified to good effect by another group who con-
firmed that extrahepatic effects are extremely im-
portant in the regulation of glucose output by the
liver [32, 33, 36]. They have shown that the extrahe-
patic effect of insulin is dominant for suppression of
EGP in the depancreatised dog as well as Type II di-
abetic patients [32, 36], although they have empha-
sised that a direct effect of insulin has a partial role
in regulating EGP in normal subjects [33]. Addition-
ally, they confirmed the potential importance of
NEFA as a mediator of the extrahepatic (i. e. ªindi-
rectº) role of insulin to control EGP [34] and their
results support the single gateway concept regarding
the kinetics of insulin's effect on EGP. Others have
also emphasised the potential role of insulin sup-
pression of the glucagon effect on liver glucose out-
put as having a partial role in the indirect effect of
insulin [35]. Most of the studies from our laboratory
were done under conditions of constant glucagon
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Fig. 1. The single gateway hypothesis. Insulin is secreted by
the pancreas, enters the portal vein and approximately 50 % is
degraded by liver. The remaining insulin survives hepatic pas-
sage and enters the systemic circulation. Insulin crosses the en-
dothelial barrier of adipose tissue slowly, resulting in a slow re-
duction in plasma non-esterified fatty acids (ªsecond signalº).
This slow reduction of NEFA is envisioned to be a primary rea-
son for the ultimate reduction in hepatic glucose production
(HGO). This hypothesis can account for (1) the sluggish effect
of insulin to reduce liver glucose output and (2) the strong dy-
namic and steady-state relation between plasma NEFA and
endogenous glucose production



and would therefore not show any effect of insulin-
induced changes in glucagon on glucose output.
The role of the extrahepatic effect of insulin at sev-
eral rates of glucagon replacement has, however,
been quantified with the conclusion that only under
hyperglucagonaemic conditions does insulin inhibi-
tion of the glucagon effect have more than a minor
role in determination of liver glucose production
[31].

It has been important to devise new methods to
carefully integrate the many factors which can im-
pinge on EGP (insulin itself, glucagon, NEFA, gluco-
neogenic precursors). Among these are not only the
half-portal infusion method (Fig.2) but also the tol-
butamide infusion technique [33]. Each of these
methods has limitations. For example, for one proto-
col [29], it is necessary to know the first-pass extrac-
tion of insulin by liver. This has been assumed to be
50%; in dogs 57% of portally appearing insulin is,
however, degraded by liver [19]. Not having a very ac-
curate measure of hepatic insulin clearance before
the experiment can on the one hand lead to impreci-
sion in matching systemic insulin concentrations
when comparing the portal with the peripheral infu-
sion rates and possible misinterpretation of results.
On the other hand, calculation of portal insulin ap-
pearance using deconvolution can use assumed C-
peptide clearance variables but these are not accurate

for all patient groups [38]. Finally, it is of extreme im-
portance to control the hepatic concentration of glu-
cose itself. Glucose is a powerful regulator of liver
glucose output and uptake [39±41] and therefore ex-
perimental approaches in which glucose is not well
controlled can yield conflicting results.

Additional evidence that NEFA are the primary
signal to liver include data that infusion of lipid emul-
sion during hyperinsulinaemia blocks suppression of
endogenous glucose production [30] and recent data
that suppression of lipolysis with an adenosine recep-
tor agonist lowers NEFA and glucose production
without changing plasma insulin [42].

Although further examination of the relative im-
portance of insulin control of the adipocyte com-
pared with interaction with glucagon's effects on liver
is justified, it seems: (1) the indirect, extrahepatic ef-
fect of insulin is of major importance in control of en-
dogenous glucose production, (2) insulin control of li-
polysis is probably a primary, if not the only, mecha-
nism by which the indirect effect on the liver is medi-
ated and (3) under hyperglucagonaemic conditions
(stress, diabetes, long-term fasting) the classic inter-
action between insulin and glucagon could have a
more important role in regulation of EGP.

Mechanism of control by NEFA
The mechanism(s) by which NEFA control the liver
is still not known. That NEFA can increase gluconeo-
genesis has been known for many years and it is not
unreasonable to suppose that this is one, if not the
only, mechanism by which the extrahepatic effect is
mediated. Treating humans with nicotinic acid result-
ed in a decrease in plasma NEFA, followed by a post-
drug rebound and overshoot in NEFA concentrations
[43]. This pattern caused first a decline and then a re-
bound rise of gluconeogenesis. Of great interest is
that glycogenolysis was regulated conversely to glu-
coneogenesis such that NEFA did not seem to alter

R. N. Bergman: Non-esterified fatty acids and the liver 949

Fig. 2 A, B. In one set of experiments (A), insulin is infused
into the portal vein at one of several doses (denoted `R'), sup-
pressing liver glucose output (approximately half the infused
insulin will reach the systemic circulation and about half will
be degraded by the liver on first pass). In a companion set of
experiments (B), insulin is infused into the systemic circulation
at half the rates as in the initial protocol (i. e. `R/2'). The com-
panion experiments are designed to yield matched systemic in-
sulin concentrations but different portal concentrations [29]



EGP despite wide fluctuation in the gluconeogenic
rate. Glucose was not controlled in these experiments
(it was reduced about 0.8 mmol/l by nicotinic acid in-
fusion). Possibly the decrement in liver glucose (or
intrahepatic glucose-6-phosphate) up-regulated gly-
cogen breakdown. Increased glycogen degradation
could then compensate for the reduction in gluconeo-
genesis and result in unchanged liver glucose produc-
tion.

It is also possible that NEFA play a part in mo-
ment-to-moment regulation of liver glucose output
by a mechanism other than gluconeogenic regulation.
Whether NEFA regulate glycogen metabolism in liv-
er (as they do in muscle) is not known. Even so, it is
of interest to ask ªwhat is the explanation for the ex-
quisite reciprocal control of glycogenolysis compared
with gluconeogenesisº [43±45]? Induction of glucose-
6-phosphatase by NEFA has been reported [46]. Is it
possible that NEFA control glucose-6-phosphatase
on a moment-to-moment basis? Such a mechanism
would explain why total hepatic glucose output could
be appropriate, despite possible reciprocal changes in
glycogen breakdown compared with gluconeogene-
sis. Reciprocation could replenish the glucose-6-
phosphate pool such that a reduction in gluconeogen-
esis might lower glucose-6-phosphate and reflexively
increase liver glycogen breakdown. The rate of glu-
cose appearance would be regulated, however, by
the final enzyme in the production pathway. There is
recent evidence that glucose-6-phosphatase changes
rapidly during insulin infusion [47]. It is tempting to
speculate that insulin, or possibly NEFA, control glu-
cose-6-phosphatase on a moment-to-moment basis
and thus regulate EGP independent of individual
changes in either gluconeogenesis or glycogenolysis.
Whether modulation of glucose-6-phosphatase is a
primary mechanism for overall regulation of EGP
still requires careful examination.

Why is insulin secreted into the portal vein?
If we can assume that much of the control of liver glu-
cose output is extrahepatic and that NEFA can exert
this control, it is of importance to ask ªwhy has evolu-
tion chosen for insulin to be secreted into the portal
vein?º If the direct effect of insulin on the liver is
not a dominant mechanism for EGP control, then
the beta cells could have released insulin just as well
into the general circulation. Although it is never pos-
sible to answer such a teleologic question with cer-
tainty, teleology is an important tool in understanding
the underlying ªdesign principlesº which have led to
mammalian organisms as we observe them. Recent
evidence does allow for speculation regarding why
there could have been survival advantage for secre-
tion of insulin in the portal vein, rather than in the
systemic circulation.

We have recently examined the time-dependent ef-
fects of moderate fat feeding in the conscious normal

dog model [48]. In our experiments, a modest fat diet
was used ( + 50 g/day) which often did not result in
net weight gain but increased central adiposity by
about 50% in 8 weeks. As expected, the increase in
visceral fat was associated with insulin resistance; in-
sulin sensitivity was reduced approximately 75%.
What were the physiological responses to this omental
fat deposit? As previously predicted [49, 50], beta-cell
response to glucose was enhanced to compensate for
insulin resistance such that glucose tolerance was not
reduced in the dog model for at least 6 weeks. Where-
as the first-phase beta-cell response was maximised af-
ter 6 weeks of fat feeding, after that the increase in is-
let-cell (first-phase) sensitivity to glucose was partially
reversed, even though glucose tolerance remained in
the normal range. Beta-cell hyperfunction was re-
lieved by a 50 % reduction in insulin clearance, pre-
sumably due to reduced first-pass hepatic insulin ex-
traction (Fig.2). Although the signal for reduced liver
insulin extraction is not known, it could well be portal
NEFA. They have been shown to reduce insulin clear-
ance in vitro [51] and in vivo [52]. Thus, with changes
in central fat stores, which causes peripheral insulin
resistance [53, 54], one response is a compensatory re-
duction in liver insulin extraction, allowing for a great-
er proportion of secreted insulin to enter the systemic
circulation. Thus, we suggest that insulin is secreted
into the portal vein not only to allow for direct mo-
ment-to-moment control of the liver by insulin but
also, to allow the liver to be a gatekeeper for secreted
insulin: under insulin-sensitive conditions insulin can
be degraded rapidly by liver because limited amounts
of the hormone are needed by the insulin-sensitive tis-
sues (muscle and adipose tissue). Under insulin resis-
tant conditions, islet function up-regulates initially;
the reduction in clearance of insulin by the liver sec-
ondarily shuttles a greater percentage of secreted in-
sulin to the general circulation, sparing the islet cells
from oversecreting to maintain normal carbohydrate
and lipid metabolism. By this scenario, pancreatic is-
lets secrete insulin into the portal vein to allow the liv-
er to act as a gatekeeper for insulin, reducing the long-
term need for insulin oversecretion by the pancreatic
islets, and possibly, in the long term, reducing or pre-
venting beta-cell stress and ultimately beta-cell fail-
ure. Whether failure of this liver gatekeeper mecha-
nism plays a part in the pathogenesis of Type II diabe-
tes is still to be investigated.

It is clear that investigation of the principles which
determine liver glucose output, a fundamental pro-
cess essential to life, has and will continue to show im-
portant insights into the normal and abnormal holis-
tic functioning of the mammalian organism.
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