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Abstract

Aims/hypothesis. To assess the effect of increased
concentrations of non-esterified fatty acids (NEFA)
on proinsulin processing in healthy humans.
Methods. We did a hyperglycaemic clamp (130 min
duration, 8 mmol/l glucose, with a 5-g arginine bolus
at min 120) before and after a 5-h infusion of Intralip-
id/heparin in 14 healthy subjects. Of the subjects
eight underwent a saline control experiment. The
proinsulin:insulin (PL:I) ratio immediately after the
arginine bolus (122.5 to 125 min) was considered to
provide an estimate for the conversion of proinsulin
to insulin in the beta cell.

Results. Concentrations of NEFA were 757+
86 umol/l and 1669 + 134 umol/l (p < 0.001) after the
5-h infusion of saline or Intralipid, respectively. Insu-
lin secretion rates were no different between the In-
tralipid and saline infusions (p = 0.73). There was no
statistically significant difference for either the proin-

sulin concentration or the PI:I ratio during glucose
stimulation alone (0 to 120 min). In response to argi-
nine, in contrast, proinsulin remained unchanged dur-
ing the saline infusion (from 31 + 6 to 29 + 7 pmol/l,
p =0.50) but decreased during 5 h of lipid infusion
from (21 + 3 to 15 + 2 pmol/l, p = 0.02). The PL:I ratio
in response to the arginine bolus was higher during
the saline infusion (2.0+02% vs 1.7+0.2%,
p = 0.04) but decreased during the Intralipid infusion
(from 1.6 £ 0.2% to 1.2 £ 0.1 %, p = 0.04).
Conclusion/interpretation. The statistically signifi-
cantly lower PIL:I ratio in response to arginine during
experimentally increased concentrations of NEFA
suggests that NEFA increase the conversion of proin-
sulin to insulin in humans in vivo. [Diabetologia
(2000) 43: 1368-1373]
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Increased concentrations of non-esterified fatty acid
(NEFA) are believed to play a part in the pathogene-
sis of Type II (non-insulin-dependent) diabetes melli-
tus by inhibiting insulin stimulated peripheral glucose
uptake and influencing beta-cell function [1-3]. The
effect of NEFA on insulin secretion in vivo is a matter
of debate. Although short-term high concentrations
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of NEFA increased glucose-stimulated insulin secre-
tion, prolonged higher concentrations had the oppo-
site effect in healthy humans [4]. During a 48-h hyper-
glycaemic clamp, however, increased concentrations
of NEFA resulted in a continuous hypersecretion of
insulin [5].

The prohormone proinsulin is stored in the secre-
tory granule of the beta cell together with insulin and
C peptide and all three are released into the circula-
tion during insulin secretion [6]. The relative propor-
tion of proinsulin to insulin (PL:I) in the secretory
granule represents an estimate of the efficiency of
the conversion of proinsulin to insulin (proinsulin
processing). A decrease in the PL:I ratio indicates an
increase in the rate of proinsulin processing and vice
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versa. Also in vivo the PLI ratio has been used to
make inferences on proinsulin processing. The clear-
ance rates of proinsulin and insulin are, however, sub-
stantially different [7]. Therefore, the PI:I ratio in
plasma provides an accurate estimate for the PI:I ra-
tio in the secretory granule only after short-term stim-
ulation of insulin secretion [8-11] when differences in
elimination kinetics are negligible for concentrations.

An increased PIL:I ratio has been observed in con-
ditions with impaired beta-cell function such as Type
IT diabetes [12-14] and impaired glucose tolerance
[11, 15]. The disproportionate increase of proinsulin
compared with insulin is thought to reflect an ineffec-
tive processing of proinsulin to insulin in the beta cell.
Because NEFA concentrations are frequently in-
creased in patients with Type II diabetes and im-
paired glucose tolerance it is possible that NEFA are
involved in the beta-cell dysfunction characteristic of
these conditions. In vitro studies showed that 48-h in-
cubation with palmitate resulted in an increase in the
PI:I ratio in response to glucose stimulation [16]. This
was interpreted as an inhibitory effect of NEFA on
proinsulin conversion to insulin. It is not known, how-
ever, how increased NEFA concentrations influence
proinsulin processing in humans in vivo.

The purpose of our study was to examine the effect
of increased concentrations of NEFA on the PI:I ratio
in response to short-term stimuli in healthy humans.
We therefore analysed the plasma PI:I ratios in re-
sponse to glucose (bolus, 2-h square-wave hypergly-
caemia, ~ 8 mmol/l) and to a 5-g arginine bolus done
before and during a 5-h infusion with Intralipid/hepa-
rin in 14 healthy volunteers. A saline control experi-
ment was done in eight healthy subjects.

Subjects and methods

Subjects. We studied healthy, normal-glucose-tolerant volun-
teers of German origin. Subjects, n = 14 underwent the In-
tralipid/heparin experiment and 8, matched with them for
age, sex and BMI underwent the saline control experiment
(Table 1). The study protocol was approved by the ethics com-
mittee of the University of Tiibingen. Before the study, in-
formed written consent was obtained from all participants.

Experimental design. In both experiments a baseline hypergly-
caemic clamp (130-min duration plus an arginine bolus at
120 min) was done at around 0700 hours after an overnight
fast. Immediately after completion of the baseline clamp an in-
fusion of either normal saline or Intralipid 20 % (Pharmacia &
Upjohn, Erlangen, Germany) (0.83 ml - kg™ - h™') plus heparin
(800 U/h, priming dose 1000 U) was started. The Intralipid was
taken from a single batch and the fatty acid composition was as
follows: 13 % palmitate (16:0), 4 % stearate (18:0), 22 % oleate
(18:1), 52 % linoleic acid (18:2 w6), 8 % linolenic acid (18:3 w3)
and 1% others (information provided by Pharmacia & Up-
john, product management). After 5h a second hyperglycae-
mic clamp was done analogously while the Intralipid or saline
infusions were continued.
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Clamp protocol. A hand vein was cannulated retrogradly and
kept in a thermoregulated box at 55°C to obtain arterialized
blood samples. At the same time, an antecubital vein was can-
nulated for infusions. After baseline samples had been ob-
tained an intravenous bolus of 20% glucose over 1 min was
given to instantaneously raise blood glucose to 10 mmol/l.
The bolus dose was individually calculated to achieve similar
glucose peaks using the following formula: bolus dose
(mg) = body weight (kg) x desired increase in blood glucose
(mg/dl) x 1.5. Subsequently, a glucose infusion was adjusted
to maintain blood glucose at 8 mmol/l. After 120 min a bolus
of 5 g arginine hydrochloride (Pharmacia & Upjohn) was in-
jected over 45 s.

Plasma glucose was measured bedside with a HemoCue
blood glucose photometer (HemoCue AB, Aengelholm, Swe-
den) at 5-min intervals. Samples for insulin (microparticle en-
zyme immunoassay, Abbott Laboratories, Tokyo, Japan, CV
2.5-6%), C peptide (Byk-Sangtec, Dietzenbach, Germany)
and proinsulin (enzyme immunoassay, IBL, Hamburg, Germa-
ny) measurement were taken at -15,-5,0,2.5, 5, 7.5, 10, 80, 100,
120, 122.5 125, 127.5 and 130 min during the clamp. According
to the manufacturer’s information the proinsulin assay has zero
% cross reactivity with human insulin and C peptide. Samples
for measurement of non-esterified fatty acids (enzymatic meth-
od, NEFACkit, WACO Chemicals, Neuss, Germany) were tak-
enat-15,-5, 60, 120, 240, 360, 415, 430,490 and 550 min.

Determination of insulin secretion rate (ISR). Standard kinetic
parameters for C-peptide (rate constants, volume of distribu-
tion) adjusted for age, sex, BMI and body surface area were
used [17] and assumed to remain unchanged throughout the
experiment. These parameters were used to calculate the ISR
for the indicated intervals from the plasma C-peptide concen-
trations by deconvolution as described previously [18].

Calculations and statistical analysis. Unless otherwise stated
data are given as means = SEM. First-phase insulin secretion
was calculated as the mean of the 2.5 and 5 min value, second-
phase as the mean of the 80, 100 and 120 min value and the re-
sponse to arginine as the mean of the 122.5 and 125 min values.
Statistical comparisons between the basal and 5-h clamp within
the saline or Intralipid protocol was done using the paired stu-
dent’s 7 test (two-tailed). For comparison between the saline or
Intralipid protocol an unpaired student’s ¢ test (two-tailed) was
done on the differences (value of the 5-h clamp minus value of
the basal clamp). A p value of less than 0.05 was considered to
be statistically significant.

Results

Non-esterified fatty acids. The concentrations of
NEFA increased from around 100 umol/l by the end
of the basal clamp to 757 + 86 (saline protocol) and
1669 + 134 umol/l (Intralipid protocol) before the
second clamp (p < 0.001) (Fig.1).

Insulin secretion rates and serum insulin concentra-
tions. Insulin secretion rates and insulin concentra-
tions are shown in figures 2 and 3. In both the saline
and the Intralipid experiment the basal and 5-h
curves were essentially superimposable. There was
no statistical difference for any of the ISR phases.
Whereas the insulin concentrations in response to
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Fig.1. Serum NEFA concentrations during the basal clamp
and during the clamp after 5-hour infusion of saline (O) or In-
tralipid (@)

Table 1. Subjects characteristics

Control Experimental  p

group group

(Saline) (Intralipid)
n (male/female) 6/2 10/4 0.11°
Age (year)? 315 32+7 0.51
BMI (kg/m?)? 224+19 231+20 0.49
Body weight (kg)? 70 £7 709 0.76
Fasting insulin (pmol/l) 39+7 31+3 0.38
Fasting glucose (mmol/l) 85+3 84 +£2 0.78

2 means + SD, ® by Chi-squared test

arginine during the saline infusion decreased signifi-
cantly, they remained, however, unchanged during
Intralipid infusion (Table 2). The difference of the
change nevertheless, was not significantly different
between the experiments (p = 0.31).

Serum proinsulin concentrations. Proinsulin in-
creased from about 8 + 2 pmol/l before the clamp to
a maximum of around 30+ 7 pmol/l at 122.5 min
(Fig.2). There was no significant difference between
the basal and the 5-h clamp for the 0 to 120 min inter-
val in either protocol. In response to arginine, proin-
sulin decreased, however, significantly from 21 +3
basally to 15 + 2 pmol/l after 5-h infusion of Intralipid
(p = 0.02) but remained unchanged during the saline
infusion (31 + 6 vs 29 + 7 pmol/l, p = 0.50).

Proinsulin:insulin (PI:I) ratios. The PI:I ratio was
17 % before the basal clamp (Fig.4). During the hy-
perglycaemic clamp the PI:I ratio decreased sharply
in response to the glucose bolus reaching a minimum
of about 2.5% at 2.5 min in both protocols. It subse-
quently plateaued at around 9% and after the argi-
nine bolus decreased to a trough value of approxi-
mately 1 %.

The PI:I ratio for first phase (2.5 to 5 min) did not
change during the saline infusion (from 3.7 + 1.2 %
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Fig.2 A-D. Insulin secretion rate (ISR) (A), serum insulin (B)
and proinsulin (C) concentrations, blood glucose (BG) (D)
during the basal clamp and during the clamp after 5-h infusion
of saline. O Basal, @ 5 h

to 32+0.6%, p=0.65) or the Intralipid infusion
(from 3.3 +0.9% to 3.1 +0.4%, p = 0.76). Similarly,
the PL:I ratio for second phase (80 to 120 min) did
not change during the saline infusion (from
10.4 £ 1.7% to 11.6 = 1.3 %, p = 0.26) or the Intralip-
id infusion (from 7.6 + 1% to 7.5+ 1.1%, p = 0.89).
In contrast, the PL:I ratio in response to the arginine
bolus tended to be higher during the saline infusion
20+02% vs 1.7+0.2%, p=0.04) and decreased
significantly during the Intralipid infusion (from
1.6 +0.2% to 1.2 £ 0.1 %, p = 0.04). The change was
also significantly different between the two experi-
ments (p = 0.02) (Table 2). Figure 5 shows the indi-
vidual data for the PIL:I ratio before and after saline
and Intralipid infusion, respectively.

Discussion

In this study the influence of experimentally in-
creased concentrations of non-esterified fatty acids
on proinsulin secretion and the PLI ratio as estimate
for the conversion of proinsulin to insulin was investi-
gated in normal subjects. Compared with the saline
experiment there was no difference in either proinsu-
lin secretion or the PI:I ratio during moderate stimu-
lation of insulin secretion by the initial glucose bolus
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Fig.3 A-D. Insulin secretion rate (ISR) (A), serum insulin (B)
and proinsulin (C) concentrations, blood glucose (BG) (D)
during the basal clamp and during the clamp after 5-h infusion
of Intralipid. O Basal, ® 5h

or 2 h of hyperglycaemia. Furthermore, 5-h increase
of non-esterified fatty acid concentration had no sta-
tistically significant effect on insulin secretion. After
short-term stimulation of insulin secretion by the po-
tent secretagogue arginine circulating proinsulin con-
centrations were, however, significantly lower after
concentrations of NEFA were increased compared
with the saline control experiment. This resulted in a
statistically significantly lower PL:I ratio during the
5-h lipid infusion.

The effect could seem small in absolute terms but
in 11 out of 14 subjects the PI:I ratio after the argi-
nine bolus decreased during the lipid while it in-
creased during the saline infusion. The marginal in-
crease of the PL:I ratio during the saline experiment
could indicate some exhaustion of insulin synthesis
as a consequence of the preceding (i.e. baseline) hy-
perglycaemic clamp including the arginine bolus.
Thus, increased concentrations of NEFA could not
only have prevented this exhaustion but even result-
ed in an increase of proinsulin conversion to insulin.

Our findings are in clear contrast to the findings of
a previous study [16] in which incubation of isolated
human beta cells with 0.2 mmol/l palmitate for 48 h
resulted in an increased secretion of proinsulin and a
higher PI:I ratio after stimulation with 27 mmol/I glu-
cose. This was interpreted by the authors as an inhib-

1371

Table 2. Insulin secretion rates (ISR), serum insulin concen-
trations, serum proinsulin concentrations and proinsulin:insu-
lin ratios (PLI) during the short-term arginine stimulation
(mean of 122.5 and 125 min)

Saline Intralipid p

ISR basal 3620 £ 526 2989 + 404

(pmol x min™') 5h 3441 £+ 625 2882 +319
difference -179+207 106 +217  0.82
p 0.35 0.63

Insulin basal 2099 + 448 1724 + 306

(pmol/l) S5h 1654 + 405 1493 + 245
difference 445 +£138 230+ 125 0.31
p 0.02 0.10

Proinsulin basal 316 21«3

(pmol/l) 5h 29«7 15+2
difference 2+3 -6+2 0.2
P 0.50 0.02

PL.I basal 1.7+02 1.6+02

(%) 5h 2.0+0.2 12+0.1
difference 0.2+0.1 -04+02 0.02
P 0.04 0.04

Data are shown as means + SEM basally and after 5 h of saline
or Intralipid infusion

itory effect of NEFA on proinsulin secretion. Our
findings are also at variance with in vitro data show-
ing a delayed processing of proinsulin after 7-day
incubation with a NEFA mixture (palmitate:ole-
ate = 1:2) [19]. One possible explanation for this dis-
crepancy could be the fatty acid composition of the
increased concentrations of plasma NEFA during in-
fusion of Intralipid. The emulsion we used contained
mostly linoleate, less oleate and palmitate (approxi-
mately 5:2:1.5). The chain length of fatty acids has
been shown to affect insulin secretion in the perfused
rat pancreas [20] and in perifused mouse islets [21].
The saturation of the fatty acids has been shown to in-
fluence insulin secretion [20] and preproinsulin gene
expression [22]. Moreover, spatial configuration (cis
vs trans fatty acids) has been shown to modulate glu-
cose oxidation and insulin secretion in isolated mouse
islets [23]. It is thus possible, that chain length and the
degree of saturation of the fatty acid have an effect
also on proinsulin processing. Our lipid emulsion
contained a high proportion of linoleate (18:2 w6)
and relatively little palmitate (16:0) whereas in the
previous study [16] palmitate was used which might
explain this apparent discrepancy. It is therefore im-
portant to realize differences in experimental design
between in vitro and in vivo studies. Whereas the for-
mer permit investigation of individual fatty acids, the
latter can only provide a net effect of several fatty ac-
ids.

It has been found, however, that 24-h incubation of
beta cells with oleate increase insulin secretion, de-
crease intracellular insulin stores but does not alter
proinsulin mRNA expression. This was interpreted
as insulin biosynthesis, which includes the processing
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Fig.4A,B. Plasma proinsulin:insulin ratio during the basal
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Fig.5 A,B. Individual plasma proinsulin:insulin ratios immedi-
ately after short-term stimulation of insulin secretion with argi-
nine before and after 5-h infusion of saline (A) or Intralipid
(B). (*, both p = 0.04)

of proinsulin, not being able to compensate for the
NEFA-induced hypersecretion [24]. Although the
conversion of proinsulin to insulin was not assessed
directly the data suggested that oleate stimulated
proinsulin processing at least to some extent.

A potential mechanism underlying our observa-
tions could involve the nervous system. Not only in-
sulin secretion but also the biosysnthesis of insulin
has been shown to be under neuronal control [25].

Recent findings in rats indicated that lipid infusion
resulted in lower sympathetic nervous activity
which provoked hyperresponsiveness of the beta
cell to glucose [26]. It is thus possible that neuronal
signals mediated the NEFA effect on proinsulin
processing.

The results of our study showed that in humans ex-
perimentally increasing NEFA concentrations in-
creased the conversion of proinsulin to insulin. This
contrasted with findings in vitro. Our results suggest
that increased concentrations of NEFA which is char-
acteristic of Type II diabetes is unlikely to contribute
to the hyperproinsulinaemia seen in this condition.
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