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Fatty acids and insulin secretion

Valdemar Grill* and Elisabeth Qvigstad
Department of Internal Medicine, Norwegian University of Science and Technology, Trondheim, Norway

It has long been recognized that acute elevation of non-esterified fatty acids (NEFA) stimulates
insulin secretion to a moderate extent bathvitro andin vivo. The effects of longer-term
exposure to elevated fatty acids have, however, been investigated only recently. Our own studies
in the rat have documented the time dependence of NEFA effects, with inhibition of glucose-
induced insulin secretion being apparent after 6—8%ivo exposure to Intralipid om vitro
exposure to palmitate, oleate and octanoate. Evidence indicates that the inhibitory effects are
coupled to fatty acid oxidation in B-cells, with ensuing reduction in glucose oxidation, in parallel
with diminished activity of the pyruvate dehydrogenase enzyme. These findings were essentially
confirmed in human pancreatic islets. In tii&db mouse, a model of type 2 diabetes with obesity,
evidence was obtained for elevated NEFA playing a significant role in decreased glucose-induced
insulin secretion. Evidence also indicates that elevated NEFA inhibit insulin biosynthesis
and increase the proinsulin : insulin ratio of secretion. Results on experimentally induced
elevations of NEFA in non-diabetic and diabetic humans are thus far inconclusive. Further
studies are needed to ascertain the impact of elevated NEFA on insulin secretion in clinical
settings.

Islets of Langerhans: Diabetes mellitus: Fatty acids: Insulin secretion

Introduction years and even decades. Clearly, long-term effects of fatty
acids would be dominant in many diabetic patients. For
these reasons we began to test for such effects on B-cell
function.

The B-cell is exquisitely sensitive to glucose. Even small
alterations in blood glucose normally evoke large effects on
insulin secretion. This sensitivity is coupled to metabolism
of glucose in the B-cell. Given that metabolic signals are
crucial for insulin secretion, it is natural to ask whether
nutrients other than glucose are important for regulation of
B-cell function. Fatty acids are of special interest in this Our first study (Sako & Grill, 1998) was performed in
regard as (i) they make up a major part of B-cell fuel normal rats. The rats received a continuous infusion of a fat
consumption (Berne, 1975; Malaisseal. 1985); (ii) non- emulsion, Intralipid, for 3, 6 or 48 h. The Intralipid infusion
esterified fatty acids (NEFA) are elevated in many diabetic raised the levels of NEFA threefold. Insulin responses to
subjects, particularly in those with non-insulin-dependent glucose were measured in the isolated perfused pancreas.
diabetes mellitus (NIDDM) and obesity; (iii) fatty acids A 3 h infusion increased the subsequently tested insulin
induce insulin resistance in many organs. response to glucose. This stimulatory effect was lost after
Earlier studies have shown that NEFA stimulate insulin 6 h of Intralipid infusion. Extending the infusion to 48 h
secretion at both normal and elevated glucose (Malaisse &led to a 50 % inhibition of glucose-induced insulin secre-
Malaisse-Lagae 1968; Pelkonenhal. 1968; Crespiret al. tion. These inhibitory effects in the perfused pancreas were
1969). However, the stimulatory effects are moderate and also found in isolated islets from the 48 h Intralipid-infused
somewhat disproportionate to the major contribution of rats.
fatty acids to B-cell total metabolism. These studies there- To investigate the mechanisms behind the inhibitory
fore assigned only a minor role for fatty acids in the overall effect on glucose-induced insulin secretion, we measured
regulation of insulin secretion. glucose oxidation in isolated islets from 48 h Intralipid-
Earlier studies investigated short-term effects of fatty infused rats. A high glucose concentratiarvitro markedly
acids on insulin secretion; longer-term effects of fatty increases islet glucose oxidation. Previous Intralipid
acids on B-cell function were not investigated in any attenuated this stimulatory effect of high glucose. To test
detail. In diabetes, elevated fatty acids may be present forwhether the inhibitory effect of previous Intralipid was

Demonstration of longer-term effects of fatty acids
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coupled to fatty acid oxidation, we tested for the effects of islets, especially as no effects on intracellular breakdown of
sodium 2-[6-(4-chlorophenoxy)-hexylloxirane-2-carboxy- insulin could be found in the Bollheimer study.
late, Etomoxir. This compound inhibits fatty-acid oxidation
by inhibiting the carnithine-palmitoyl transferase | (CPT-I)
enzyme, the activity of which is necessary for the transport
of long-chain fatty acid residues into the mitochondria
where oxidation takes place. Adding Etomokxirvitro to Which step(s) of glucose metabolism are inhibited by fatty
islets of Intralipid-infused rats significantly ameliorated acid oxidation? Our attention turned to the pyruvate dehy-
both glucose oxidation and glucose-induced insulin secre-drogenase (PDH) enzyme complex. The PDH enzyme
tion. These results indicate that the inhibition of glucose complex is a key regulator of glucose entry into the Krebs
metabolism by long-term exposure to elevated fatty acids is cycle. Activity of the PDH enzyme complex is allosterically
linked to fatty acid oxidation. regulated by substrates and products of the enzymatic
Tissue culture studies were performed to investigate in reactions. Activity is also regulated by phosphorylation
more detail how fatty acids induce their inhibitory effects on and dephosphorylation. Phosphorylation inactivates PDH
B-cell function. Islets from normal rats were exposed to activity and is achieved through the activity of PDH kinase,
selected fatty acids: palmitate, oleate or octanoate during 6,whereas activation occurs through dephosphorylation by
24 and 48 h tissue culture conditions. The results confirmed phosphatases.
a time-dependency for the inhibitory effects as was first  In rat pancreatic islets we found that a 48 h period of fatty
demonstrated with Intralipi¢h vivo (Zhou & Grill, 1994). acid exposurén vitro led to a decrease in the percentage of
In vitro, a 24 h period of exposure to fatty acids was needed PDH being in the active, unphosphorylated form (Zhou &
to document an inhibitory effect on glucose-induced insulin Grill, 1995b). Concomitantly, we observed that long-term
secretion (Fig. 1). In contrast, a moderate stimulatory effect exposure to fatty acids increased PDH kinase activity in islet
on basal insulin secretion was observed at all times after mitochondria.
fatty acid exposure (Fig. 1). The inhibitory effects were ~ The PDH kinase enzyme is known to be strongly asso-
reversible within 24 h, indicating that the effects observed ciated with the PDH enzyme complex. More recent studies
were not due to unspecific toxicity. in liver cells have shown that PDH kinase also exists in a
The tissue-culture study showed an additional inhibitory non-PDH-bound form (Priestmaat al. 1994). The activity of
effect on glucose regulation of B-cell function, namely on ‘free’ PDH kinase was demonstrated to increase markedly as
glucose-induced insulin and total protein biosynthesis. Sucha result of, for instance, longer-term exposure to fatty
an effect has also been confirmed by Bollheinet¢ral. acids. Against this background, we proceeded to measure
(1998). An effect on insulin biosynthesis may explain the separately ‘free’ and PDH-bound PDH kinase from mito-
lowered insulin content that was found in fatty acid-exposed chondria of the rat pancreatic islets. Activity measurements

Role of PDH and PDH kinase activities for
fatty acid oxidation
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Fig. 1. Time dependency of palmitate exposure for inhibition of glucose-induced insulin
secretion. Results derived from Zhou & Grill (1994) and reproduced with permission of the
Journal of Clinical Investigation.
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after such separation showed that long-term fatty acid Triglyceride stores

exposure preferentially increased the activity of islet ‘free’ Others (Leeet al 1994), as well as ourselves (Zhet al

PDH kinase. 199@) have found that long-term elevated NEFA lead to
increased islet stores of triglycerides. Such stores are a
Fasting, elevated NEFA and PDH prerequisite for demonstrating vitro negative effects of

and PDH kinase activities previously elevated NEFA. It may be questioned whether
Othe negative effects that we have observed are explained by
markedly enhanced beta oxidatigmvitro, such enhance-
ment being secondary to massive intra-islet lipolysis at the
time of functional testing. At least one observation speaks

Fasting and starvation lead to elevated fatty acids, increase
fatty acid oxidation, and insulin resistance. Evidence exists
that induction of insulin resistance is, at least in part, caused

by the operation of a glucose fatty acid cycle, and that against the notion that the inhibitory effects are due to, and

increased PDH kinase activity constitutes an important part ; 2- g, o : .
of the insulin resistance mechanisms. Fasting and starvatior%li[’lm'ted fo, such artificial conditions. Blocking CPT-| activ

- : . : by Etomoxir, we found that triglyceride breakdown is
are also associated with a decreased insulin response t0”. L e X
glucose (Malaisset al. 1967). Against this backgrourﬁ)d we arkedly retarded, indicating that major lipolysis from

tested the importance of elevated fatty acids during fasting ggfar:'lsliﬁthif)?gfs(zﬂgiztn;t fggg;) |r]|_ht2ecgr_(ra_slegrtl:ze r?1fe the
for the insulin response to glucose and, in particular, for : ) y

effects on PDH and PDH kinase activities. Our results in 48- activity is needed for transport over the outer mitochondrial

h-starved rats showed an expected reduced insulin responsgtetmtgggi OLL%T]QZQ aggtfrfg’a?g Iddrg Séigeﬁégﬂde%ui;n _lfhtillllze
to glucose (Zhowet al. 199&). We also found a reduced Y ! ' P

oxidation of [**C]glucose in the pancreatic islets from the mechanism. With Etomoxir present, exogenous octanoate

s}?rved rats. The ratio of glucose oxidation (oxidation of Vn:iottcj)lc(:jh (')rr]] dFr)ignCISIr?d :re ;Sgh ogg’p gﬁttrglerigld égﬁzﬂi OL:]F; t:k//e
[ C]g|;100865) L?Iglg c|<|) sg: u|t|I|zat|o)n (proguctlon o(fjt_r |t|§1t|e d found that prévious exposure to palmitate did not change
water from 5-H-labelled glucose) was decreased in islets o g

from fasted rats. This indicates that the aerobic metabolism Eﬁg_%ﬁgﬁggn (r)?:ignoc]; a?g;anaeg\i e(\%?dufgtlllzcvﬁzozlgr?gnjt erm
of glucose was affected, rather than the anaerobic . : L .

metabolism. We also found that the percentage of active exposure to palmitate, the acute administration of octanoate

PDH was reduced, whereas the activity of PDH kinase was decreased islet glucose metabolism. These observations are

increased. These results supported the hypothesis that ele(_:ompanble with the build-up of negative ‘sensing’ of fatty

vated fatty acids during fasting would affect B-cell secretion ?actltd g)éligztlosr]ugll?]vc\e’lna?ti\l/gcrs%issli?\g t::no]ﬁlsd ?;Cﬁﬁggsgrﬁngz_
and metabolism by mechanisms similar to those operatingde yendent' induced i?\crease . P[?H Kinase activit

during thein vivo andin vitro procedures employed in the b ' ' Y
experiments presented above. As a further support for thism;t r:)aes E’)?:r?t.glrloﬁgsecdtéhgfczﬁgu?;l?ﬁd Ctgﬁc?/allglggelrg_ls
notion, the CPT-I blocking agent Etomoxir partially tionyandpfibroslis {Shi)r(r;abukuret aI’ 19%65) gEvidgnce fopr
restored an insulin response to glucose in islets from starved : ‘

: S . this notion was obtained in diabetic Zuckéa/fa rats.
ir;test,sand also increased the oxidation of glucose in the SaMEZecause these rats harbour a leptin receptor mutation,

Seemingly in contrast to our results, Steinal. (1996) they accumulate 50- to 100-fold more triacylglycerols in

reported that the presence of extracellular fatty acids wastsr;f;;e%'\c/\(/ﬂ:ﬂt]g?noglo gorrnrgzle:gi' iﬁgfergsénﬁ]tg_kég"dﬁ Irggnl
essential for insulin secretion in the fasted but not in the fed lvcerols would ex 3:“ xic effect y
rat, a finding also reported in man (Dobbgtsal. 1998). The glycerols would exert toxic etiects.

reasons for the discrepancies have not been clarified. It
seems possible that necessity for fatty acids could pertain
to lower concentrations and/or shorter exposure times than
those employed in our studies. Indeed, in 54-h-fasted
humans we find that administration of Intralipid potentiates The dl/db mouse is hyperphagic because of a defect in the
glucose-induced insulin secretion initially, but not during hypothalamic leptin receptor. When tde gene is present
prolonged lipid infusion (unpublished results). on the C57BL/KsJ background, the animal develops dia-
betes early in life (Berglundt al. 1978). After a 3—6-month
period of hyperinsulinaemia and adiposity, insulin secretion
successively diminishes. The phenotypic traits ofdhé&lb

In an insulinoma cell line it has been reported that reduction mouse bear resemblance to the course of diabetes in obese
of glucose oxidation due to fatty acids is not sufficient to NIDDM patients. We therefore investigated the influence of
explain the inhibitory effects on insulin secretion, when elevated NEFA on B-cell function in this animal model
calculated from expected production rates of ATP (Liang (Zhouet al. 1996). Three-month-oldit/db mice were, as

et al 1997). Itis possible that long-term elevated fatty acids expected, obese, hyperglycaemic and hyperinsulinaemic.
could, to some extent, induce uncoupling of mitochondrial Their levels of NEFA were significantly elevated compared
ATP production in B-cells and that the decreased efficiency with their leandl/+ littermates. Insulin responses to glucose

of metabolism would negatively affect insulin responses to were greatly reduced in islets froti’dbmice. Oxidation of
glucose. This notion is supported by a recent publication *“C was reduced, both in absolute terms and in relation to
(Carlssoret al. 1999). glucose utilization. Also the percentage of the active
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(unphosphorylated) form of PDH was decreased. ExposureTable 1. Effects of a 48h culture with palmitate on the proinsulin/
to the CPT-I inhibitor Etomoxir significantly reversed these insulin ratio of secretion
abnormalities; however Etomoxir did not achieve normal-

o Lo Culture conditions Proinsulin : insulin ratio (%)
ization. Taken together, these results indicate that long-term
elevated NEFA with resulting increased oxidation of NEFA Glucose 55 mm , 22 0@
inhibits B-cell function in thed/db mouse to a significant g:“cose S5 mwm + palmitate 51 = 09
. AR . ucose 27 mm 108 = 12t
extent, and that a decrease in PDH activity is part of this gjycose 27 mm + paimitate 130 + 2[8*

effect. The results also highlight the fact that factors other
than elevated NEFA exert negative influences on B-cell Human pancreatic islets were cultured in RPMI with O[2 mm palmitate and 505 or
. 27 mm glucose. Secretion was measured post-culture in 60 min incubations
function (See below). at 3[3 mm glucose without added fatty acids. Mean + SE of nine separate
experiments.
* P < 005 for effect of palmitate, T for effects of glucose.

Effects of Iong-term elevated NEFA on human islets Results derived from Bjorklund & Grill, 1999 and published with permission of
the American Diabetes Association.

To investigate whether our observations in rats and mice
were applicable to human B-cells, we studied the influence
of elevated fatty acids on human islétsitro. Human islets
were obtained through the Beta Cell Transplant Unit in
Brussels. Fatty acids (palmitate or oleate), when present
during 48 h tissue culture conditions, inhibited the
subsequently tested glucose-induced insulin secretion
(Zhou & Grill, 1995). We also observed an inhibitory
effect on PDH activity in the human islets. Moreover, as in
rat islets the glucose effect on protein synthesis (proinsulin
and total protein) was attenuated by previous exposure to
palmitate.

A further effect of fatty acids in cultured human islets
was an enhanced proinsulin : insulin ratio of secretion
(Bjorklund & Grill, 1999). This effect was noted after Different effects of different fatty acids?

48 h exposure to palmitate. Culture at high glucose Taken together, the results summarized in this paper
levels enhanced proinsulin : insulin ratios; the effect of ;. dicate that saturated (palmitate), monounsaturated

palmitate was, however, additive to the effect of high (gjeate), and polyunsaturated fatty acids (predominant in
glucose levels (Table 1). The effect of palmitate could ( ) poly y (P

be secondary to delayed processing of proinsulin, as
documented in a rat insulinoma cell line (Furukaetaal.
1999).

glucose exposure (Sako & Grill, 1980 Another factor of
importance can be referred to as ‘glucotoxicifyer se
possibly linked to the formation of advanced glycosylation
end products (Tajiret al. 1997).

Returning to the influence of elevated NEFA, we would
like to stress the potential importance of the negative effects
on protein synthesis that we have observed (Zhou & Girill,
1994, 1994). In the light of increased demands for insulin
biosynthesis during conditions of hyperglycaemia and insu-
lin resistance, any inhibitory effect on insulin biosynthesis
seems inappropriate and potentially deleterious.

100

. M + palmitate
Role of elevated NEFA for B-cell function under

diabetic conditions 80

Several observations support a role of elevated NEFA in
decreased insulin responses to glucose in animal models of
diabetes, including our results in tilid/db mouse. Others
have found that a high-fat diet fed to diabetic mice inhibits
B-cell function (Capitoet al. 1992). Furthermore, elevated
NEFA and increased islet triglyceride stores were found to
precede diabetes fia/fa rats (Leeet al. 1994).

In human islets we found that long-term elevated NEFA
exerted negative effects in addition to those exerted by
prolonged exposure to a high glucose concentration (Fig. 2).
Combined effects of elevated NEFA and hyperglycaemia
were also observed in a rat model of hyperglycaemia
through glucose infusions (Sako & Grill, 198)0 In the
latter experiments, hyperglycaemia achieved through glu-
cose infusions markedly attenuated glucose-induced insulin
Secret'or]; howev,er th,e co-qusmn of Intrallpld decreased Fig. 2. Combined negative effects of glucose and fatty acids on
glucose-induced insulin secretion even further. glucose-induced insulin secretion from human pancreatic islets. Islets

It is thus clear that elevated NEFA is not the only were cultured for 48 h at different glucose concentrations with or
metabolic abnormality that can compromise insulin without palmitate. The insulin responses to ZZ mm glucose were
secretion in diabetes. We have previously demonsirateq SSeUred sibseduent o e cutre perod. | 2005 [ faty
the importance of intense or excessive B-cell stimulation reproduced with permission of the Journal of Clinical Endocrinology
for B-cell insensitivity to glucose after prolonged high and mMetabolism.
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Intralipid) exert inhibitory effects on glucose-induced insu- Berne C (1975) The oxidation of fatty acids and ketones in mouse
lin secretion. This does not exclude certain differences in  pancreatic isletsBiochemical Journall52 661-666.
the impact of individual fatty acids on B-cell function. Billaudel B & Sutter B (1979) Direct effect of corticosterone upon
Indeed, long-chain saturated fatty acids appear to stimulate nsulin secretion studied by three different techniquisesrmone
insulin release more potently than unsaturated ones (8tein ., Metabolic Researchl, 555-560.
al. 1997, Warnotteet al 1999). Differences in effects Bjérklund A & Grill V (1999) Enhancing effects of long-term

: ’ . ) : . elevated glucose and palmitate on stored and secreted proinsu-
between fatty acids have also been noted with regard to |t insulin ratios in human pancreatic isleBiabetes48,
inhibitory effects on pre-proinsulin gene expression (Ritz-  1409-1415.
Laseret al. 1999); induction of immediate early-response Boden G, Chen X, Rosner J & Barton M (1995) Effects of a 48-fat
genes (Rochet al. 1999); and inhibition of glucose oxida- infusion on insulin secretion and glucose utilizatidiabetes
tion (Alstrupet al. 1999). However, evidence so far does not 44, 1239-1242.
allow the conclusion that certain fatty acids exert more Bollheimer C, Skelly R, Chester M, McGarry D & Rhodes C

negative effects than others on B-cell function. (1998) Chronic exposure to free fatty acid reduces pancreatic
beta cell insulin content by increased basal insulin secretion that

is not compensated for by a corresponding increase in proinsulin
Long-term effects of elevated NEFA on B-cell biosynthesis translatiordournal of Clinical Investigatiorl01,

function in man 1094-1101. _
Capito K, Hansen S, Hedeskov C & Thams P (1992) Fat-induced

A time-dependent negative NEFA effect was reported in  changes in mouse pancreatic islet secretion, insulin biosynthesis

one study performed in non-diabetic humans (Paoksst and glucose metabolismActa Diabetologica28, 193—198.

1995). In another study, however, only stimulatory effects Carlsson C, Borg L & Welsh N (1999) Sodium palmitate induces
of elevated NEFA were demonstrated (Bodgral. 1995). partial mitochondrial uncoupling and reactive oxygen species in
In a third study (Carpentiegt al. 1999), a 48 h infusion of rat pancreatic islets vitro. Endocrinology140, 3422—3428.

Intralipid did not affect glucose-induced insulin secretion; Carpentier A, Mittelman S, Lamarche B, Bergman R, Giacca A &
b 9 Lewis G (1999) Acute enhancement of insulin secretion by FFA

however, it was argued that secretion should normally have in humans is lost with brolonaed FFA elevatioAmerican
been increased in response to the concomitant induction of 5 "¢ phvsi b g_

. . ! ysiology® 76, E1055—E1066.

insulin resistance. Recently we tested the effect of acutely Crespin S, Greenough W & Steinberg D (1969) Stimulation of
decreasing elevated NEFA in 22 type-2 diabetic subjects by insulin secretion by infusion of free fatty aciddournal of

a nicotinic acid derivative, Acipimox. The administration of Clinical Investigation48, 1934—1943.

Acipimox 60 min before a hyperglycaemic clamp enhanced Dobbins RL, Chester MW, Daniels MB, McGarry JD & Stein DT
glucose-induced insulin secretion by about 20 % (unpublished (1998) Circulating fatty acids are essential for efficient glucose-
results). These results could suggest that glucose-induced st_imulated insulin secretion after prolonged fasting in humans.
insulin secretion is to some extent tonically suppressed by Diabetes47, 1613-1618. _

elevated NEFA in human type-2 diabetes. Furukawa H, Carrol R, Swift H & Steiner D (1999) Long-term

The well known insulin-resistance effect of elevated fatty ~ €levation of free faity acids leads to delayed processing of
proinsulin and prohormone convertases 2 and 3 in the pancreatic

acids makes it difficult to interpret vivo insulin data. The beta-cell line MING.Diabetes48, 13951401

mfluence_ of_ fatty gmds is reminiscent of th_e effects of | oo Y, Hiroshi H, Ohneda M, Johnson J, McGarry D & Unger R
glucokorticoids which enhance insulin secretion seconda-  (1994) Beta cell lipotoxicity in the pathogenesis of non-insulin-
rily to their resistance effect, bub vitro these hormones dependent diabetes mellitus of obese rats, impairment in
clearly inhibit insulin secretion (Billaudel & Sutter, 1979). adipocyte—beta-cell relationshipBroceedings of the National
Although these discrepant effects of glucocorticoids have Academy of Sciences, USA 10878-10882.

been known for many years, it has been difficult to deter- Liang Y, Buetteger C, Berner D & Matschinsky F (1997) Chronic
mine to which extent a negative effect will hamper the effect _of fatty acids on |nsul_|n rglease is not_through t_he
resistance-induced enhancement of insulin secretion. Simj- altération of glucose metabolism in a pancreatic B-cell line

i . c . (BHC9). Diabetologia40, 1018-1027.
g&f@f;ggz ?or? iﬁgﬁﬁrl:nstgéfgtilgneliﬁcécij:tggtge;he Importance Malaisse W, Malaisse-Lagae F & Wright P (1967) Effect of fasting

upon insulin secretion in the raAmerican Journal of Physiol-
ogy 213 843-848.
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