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Insulin-degrading enzyme is responsible for initiating insulin
degradation in cells, but little is known about the factors con-
trolling its activity. Because obesity and high levels of free
fatty acids decrease insulin clearance, we examined the effect
of some common free fatty acids and their acyl-coenzyme A
thioesters on insulin-degrading enzyme partially purified
from the livers of male Sprague Dawley rats. Octanoic acid
(C8:0) had no effect on activity. Long-chain free fatty acids
(C16–C20) inhibited between 50% and 90% of the insulin deg-
radation with IC50 values in the range of 10–50 �M. In general,
the corresponding acyl-coenzyme A thioesters had lower IC50
values and were slightly more efficacious. 125I-insulin cross-

linking studies showed free fatty acids did not inhibit hor-
mone binding to insulin-degrading enzyme. Kinetic analysis
showed a noncompetitive type of inhibition. Furthermore,
fatty acids eliminated the ability of insulin to inhibit the pro-
teasome. These results suggest that when intracellular long-
chain fatty acid concentrations are elevated, they may act
directly on insulin-degrading enzyme to decrease insulin me-
tabolism and alter insulin action in intact cells. This mecha-
nism may contribute to the hyperinsulinemia and insulin resis-
tance seen with elevated fatty acids and obesity. (Endocrinology
144: 2404–2408, 2003)

OBESITY AND ELEVATED levels of free fatty acids
(FFAs) are associated with insulin resistance and the

development of type 2 diabetes mellitus. One consequence of
these conditions is a decrease in insulin processing. Hepatic
insulin clearance is reduced in overfed rats and negatively
correlated with hepatic triglyceride content (1). Similar re-
sults were found with bovine cells (2). Severely obese hu-
mans also demonstrate decreased insulin clearance, which is
significantly improved with weight loss (3). It is not just high
tissue lipid content that is responsible for this effect; addition
of FFAs to rat liver perfusate acutely decreased hepatic in-
sulin removal by up to 40% (4). In vivo experiments in dogs
have also shown that elevated circulating FFAs decrease
peripheral insulin clearance and hepatic insulin extraction
(5). In vitro experiments with FFAs and isolated hepatocytes
have shown a decrease in insulin binding and degradation
(6–8). These studies showed no effect of FFAs on partially
purified insulin receptors and support the idea that receptor
turnover and insulin processing were affected. Because
insulin-degrading enzyme is the enzyme primarily respon-
sible for initiating insulin degradation in endosomes (9), this
is an obvious possible target for the action of FFAs. Further-
more, using the ExPASy web site (http://expasy.cbr.nrc.ca),
proteomic tools for pattern and profile searches, the insulin-
degrading enzyme is found to possibly possess a “cytosolic
fatty-acid binding proteins signature” (Prosite access
PS00214). The consensus sequence and corresponding amino

acids of the rat and human insulin-degrading enzyme are
shown in Fig. 1. The human and rat enzymes are 66% and
77% similar to the consensus sequence. If the intervening
space-holding residues are included, the similarity rises to
83% and 89%, respectively. This is a strong indication that
insulin-degrading enzyme is capable of binding fatty acids.

Insulin-degrading enzyme is not only important in insulin
metabolism but also has effects on control of protein deg-
radation. We previously found that partial purification of
insulin-degrading enzyme from cytosol resulted in coisola-
tion of the proteasome, indicating a complex between pro-
teasome and insulin-degrading enzyme (10). We have fur-
ther shown that insulin acts on this complex to inhibit two
of the proteasome’s catalytic activities, the chymotrypsin-
and trypsin-like activities (11) with a noncompetitive type of
inhibition (12). Using a cell-permeable substrate of the pro-
teasome, we have shown that insulin, added to HepG2 hep-
atoma cells, will inhibit the chymotrypsin-like activity (13,
14). The action of insulin-degrading enzyme on proteasome
function applies to both the 20S and 26S forms (15). Thus,
insulin-degrading enzyme is important in insulin action as
well as hormone degradation. However, little has been pub-
lished on metabolic control of insulin-degrading enzyme,
with one report showing ATP could inhibit the enzyme (16).
The effect of elevated fatty acids to inhibit insulin clearance
prompted us to determine whether fatty acids had any effect
on insulin-degrading enzyme activity. In this study we show
that at physiological concentrations, FFAs, and acyl-coen-
zyme A (CoA) thioesters inhibit insulin-degrading enzyme
degradation of insulin and alter its ability to affect protea-
some activity.

Abbreviations: CoA, Coenzyme A; FFA, free fatty acid; LLVY,
succinyl-leu-leu-val-tyr-7-amido-4-methyl coumarin; LSTR, boc-leu-ser-
thr-arg-7-amido-4-methyl coumarin; TCA, trichloroacetic acid.
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Materials and Methods
Materials

Crystalline human insulin and 125I-insulin were provided by Lilly
Research Laboratories (Indianapolis, IN). Enzyme-grade ammonium
sulfate was purchased from ICN Biomedicals, Inc. (Irvine, CA). The
fluorogenic peptides succinyl-leu-leu-val-tyr-7-amido-4-methyl couma-
rin (LLVY) and boc-leu-ser-thr-arg-7-amido-4-methyl coumarin (LSTR),
fatty acids, and acyl-CoA thioesters were obtained from Sigma (St. Louis,
MO). All other chemicals were of at least reagent grade.

Enzyme preparation

Male Sprague Dawley rats were maintained and used in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, under a protocol approved by the Subcommittee
of Animal Studies and the Research and Development Committee of the
Omaha Veterans Affairs Medical Center. Insulin-degrading enzyme/
proteasome was prepared from rat liver by ultracentrifugation, ammo-
nium sulfate precipitation, and diethylaminoethyl-Sephacel batch elu-
tion similar to that described previously (17).

Assay of insulin degradation

The degradation of 125I-insulin was measured by the trichloroacetic
acid (TCA) solubility assay (17). Fatty acids were dissolved in ethanol
and added at the indicated concentrations. The final concentration of
ethanol was 1% (vol/vol), which altered insulin-degrading enzyme ac-
tivity by less than 10%. Briefly, an enzyme aliquot was incubated with
125I-[A14]-iodoinsulin in 1 ml Tris (pH 7.4) for 15 min at 37 C. The
reaction was stopped by addition of 0.5% (final) BSA and 10% (final)
TCA. The samples were centrifuged and the supernatant and pellet
counted on a � counter. Qualitative analysis of the products formed was
done by HPLC as described previously (18).

Covalent cross-linking of 125I-insulin to insulin-degrading
enzyme

Preparations of partially purified insulin-degrading enzyme were
covalently cross-linked to 125I-insulin using the homobifunctional
amine-reactive cross-linker disuccininmidyl suberate (Pierce Chemical
Co., Rockford, IL) by a procedure described previously (19).

Assay of proteasome activity

The proteasome has a number of peptidolytic activities, which can be
assayed by the cleavage of fluorogenic peptides. The degradation of
LLVY and LSTR were used as measures of the chymotrypsin-like and
trypsin-like activities, respectively, as described previously (11). The
enzyme sample was incubated with 13 �m LLVY or LSTR in 1 ml 100
mm Tris (pH 7.5), with additions as noted, for 1 h. The reaction was
stopped with 0.2 ml ice cold ethanol and activity expressed as the change
in fluorescence over time (excitation and emission wavelengths of 390
nm and 440 nm, respectively).

Data analysis

All data are shown as mean � sem. The IC50s and maximal effect were
determined by fitting the data to a one-site competition model with
nonlinear regression using GraphPad Prism (version 3.02 for Windows,

GraphPad Software, Inc., San Diego, CA). Means were compared by
ANOVA with Dunnett’s multiple comparison posttest. The Dixon plot
data were analyzed by fitting the data with linear regression.

Results

Figure 2 shows the inhibition of insulin-degrading enzyme
by selected fatty acids and fatty acyl CoA thioesters. Table 1
shows IC50 values and the maximal amount of inhibition
by all the compounds tested. Octanoic acid, acetyl-CoA,
malonyl-CoA, and lactic acid had no effect. Palmitic acid
(16:0), palmitoleic acid (16:1), arachidonic acid (20:4), arachi-
donoyl-CoA, and docosahexaenoic acid (22:6) had substan-
tial effects but only at the highest concentrations tested. The
C18 unsaturated FFAs were the most potent of those we
tested. Although the addition of the CoA group to arachi-
donic acid did not increase its effectiveness, linoleoyl-CoA,
oleoyl-CoA, and especially palmitoyl-CoA were more effec-
tive than their respective FFAs.

We also tested, by HPLC analysis, the qualitative effect of
FFAs on the generation of insulin products. Figure 3 shows
representative elution profiles of A14-iodoinsulin fragments
after incubation with insulin-degrading enzyme in the ab-
sence and presence of linoleic acid. The product patterns
were very similar, with no major products missing or addi-
tional peaks arising from the inclusion of linoleic acid. The
first three peaks were reduced with the FFA-treated enzyme,
which would account for the small difference in TCA solu-
bility between the two samples (4.6% vs. 3.6%, control vs.
linoleic acid). These preliminary results suggest that FFAs do
not alter the enzyme’s preference for the various cleavage
sites but generally decrease degradation.

To examine the nature of the inhibition, we cross-linked

FIG. 1. Cytosolic fatty acid-binding proteins
signature. The figure shows the 18 amino acid
fatty acid-binding protein consensus sequence
and the matching sequences in the rat and
human insulin-degrading enzymes. In the up-
per portion, the specific required residues are
shown in capital letters and undefined resi-
dues shown as x. In the lower portion, capital
letters indicate the amino acids consistent
with the consensus sequence, and underlined,
bold letters indicate amino acids that match
the specific required residues.

FIG. 2. Inhibition of insulin-degrading enzyme by fatty acid and fatty
acyl CoA thioesters. The effect of octanoic acid (n � 4), palmititic acid,
(n � 4), palmitoyl-CoA (n � 4), linoleic acid, (n � 5), and linoleoyl-CoA
(n � 4) on insulin-degrading activity are shown as indicated. The data
are expressed as a ratio to degradation with vehicle (ethanol) alone.
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insulin to insulin-degrading enzyme in the absence and pres-
ence of linoleic acid and linoleoyl-CoA. Figure 4 shows a sample
autoradiograph of the 110-kDa band (the molecular weight of
insulin-degrading enzyme) and quantification by densitome-
try. Interestingly, neither compound significantly suppressed
cross-linking, and in fact there appears to be a small increase.
Similar results were seen with other FFAs (data not shown).
This indicates that FFAs inhibit degradation without disrupting
binding and suggests a noncompetitive inhibition. Analysis of
FFA inhibition by Dixon plot confirms this conclusion (Fig. 5).
The inhibitory constants for linoleic acid and palmitoyl-CoA
were 23 � 3 and 15 � 1 �m, respectively.

We have previously shown that insulin will decrease the
chymotrypsin- and trypsin-like activities of the proteasome
when it is isolated in a complex with insulin-degrading en-
zyme. We tested whether fatty acids would have an effect on
this inhibition. Figure 6 shows that increasing concentrations

of fatty acid inhibit the chymotrypsin-like and trypsin-like
activities of the proteasome and insulin will not further de-
crease those activities. Thus, in the presence of fatty acids, the
ability of insulin to inhibit the proteasome is lost.

Discussion

Our data show that FFAs and related acyl-CoA thioesters
can inhibit the actions of insulin-degrading enzyme. This
inhibition has implications for two aspects of obesity and
diabetes, hyperinsulinemia and insulin resistance. Elevated
lipids and FFAs have been shown to affect insulin processing
at the cellular level (6–8) as well as insulin clearance in whole
animals (1–5). Our studies show FFAs noncompetitively in-
hibit insulin-degrading enzyme without changing the prod-
ucts produced. In the Zucker fatty rat model, palmitoyl-CoA
levels are doubled in livers and muscles (20) to a level that
would correlate to about a 50% increase in inhibition of
insulin-degrading enzyme, based on our data. Because
insulin-degrading enzyme is responsible for initiating insu-
lin degradation in endosomes (9), impairment of its action
could be responsible for decreased clearance and thereby
contribute to the hyperinsulinemia found in insulin-resistant
and diabetic conditions in animals and humans.

The inhibition of insulin-degrading enzyme by FFAs may
also represent a physiological control mechanism. The FFA
concentrations that show significant, though not complete,
inhibition are in the low micromolar range. The IC50s of the
most potent compounds are around 10 �m, a concentration
that is within physiological range and shows similar inhibi-
tion of hexokinase (21). Postprandial absorption of FFAs
could easily achieve these levels in the liver, decreasing liver
clearance and adding to the rise of peripheral insulin con-
centrations. Thus, FFAs are a likely metabolic control for the
action of insulin-degrading enzyme.

However, insulin-degrading enzyme has functions beyond
simply degrading hormones, and interruption of its actions
could have implications in hormone action and signal trans-
duction and thus insulin resistance. Internalization and pro-
cessing of insulin are necessary for insulin effects on cellular
protein degradation and amino acid transport but not insulin-
stimulated glycogen synthesis (22–24). Intracellular insulin, in-
ternalized by linking to ricin molecules or microinjection, has
biological effects (25–28). It has also been shown that insulin can
be internalized and transported to the nucleus, and insulin-
degrading enzyme is one of the proteins involved (29–32). The
intracellular receptors for androgens and glucocorticoids form
a complex with insulin-degrading enzyme that increases their
activities (33, 34). Addition of insulin to the insulin-degrading
enzyme-steroid receptor complex decreases the receptor’s bind-
ing of DNA, which agrees with the physiological effect of in-
sulin. We have similarly shown insulin-degrading enzyme
forms a complex with the proteasome that increases peptido-
lytic activity (10, 11, 15, 35). Insulin acts on this complex to cause
the dissociation of insulin-degrading enzyme, noncompeti-
tively decreasing two of the proteasome’s catalytic activities.
These data all support interactions among insulin, insulin-de-
grading enzyme, and various cytosolic proteins and raise the
possibility of an intracellular site of action for insulin (36, 37).

We have shown here that at least one of these interactions,

TABLE 1. IC50 and maximal inhibition of tested compounds

Compound IC50 (�M) % Maximal inhibition

Lactic acid 0
Malonyl-CoA 0
Acetyl-CoA 0
Octanoic acid (8:0) 0
Palmitic acid (16:0) 44 55
Palmitoyl-CoA 5 84
Palmitoleic acid (16:1) 30 64
Stearic acid (18:0) 11
Oleic acid (18:1) 31 72
Oleoyl-CoA 6 83
Linoleic acid (18:2) 9 89
Linoleoyl-CoA 4 84
Conjugated linoleic acid

(cis/trans, 9,11 and 10,12) 7 98
Linolenic acid (18:3) 14 70
Arachidonic acid (20:4) 34 75
Arachidonoyl-CoA 77 60
Docosahexaenoic acid (22:6) 34 61
Nervonic acid (24:1) 14

All compounds were tested on four independent enzyme prepara-
tions except: stearic acid, oleic acid conjugated linoleic acid, and do-
cosahexaenoic acid, n � 3; linoleic acid, n � 5; and arachidonic acid,
n � 6.

FIG. 3. HPLC analysis of insulin degradation products in the pres-
ence and absence of linoleic acid. The figure shows a representative
chromatograph of 125I-insulin incubated with partially purified
insulin-degrading enzyme for 15 min in the presence or absence of 100
�M linoleic acid. The experiment was performed at least nine times,
with TCA solubility varying from 3% to 30% and using three inde-
pendent enzyme preparations. Similar results have been obtained
with palmitoyl-CoA.
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with the proteasome, is affected by FFAs. In the absence of
insulin, increasing concentrations of palmitoyl-CoA decrease
the activity of the proteasome down to the level of that found

with maximal inhibition by insulin (1 �m). We believe that
binding of the fatty acid, like that of insulin, causes a dissoci-
ation of insulin-degrading enzyme from the proteasome, de-

FIG. 4. Effect of linoleic acid and lino-
leoyl-CoA on 125I-insulin cross-linking
to insulin-degrading enzyme. A, A rep-
resentative autoradiograph showing
the effect of 10 �M or 100 �M linoleic acid
and linoleoyl-CoA on the cross-linking
of 125I-insulin to insulin-degrading en-
zyme. Inhibition of cross-linking by 1
�M unlabeled insulin is shown as a con-
trol. B, The densitometric analysis of six
independent experiments. *, P � 0.05,
compared with 125I-insulin alone.

FIG. 5. Dixon plots of linoleic acid and palmitoyl-CoA inhibition of insulin-degrading enzyme. The data are plotted as the inverse of the velocity
vs. the concentration of inhibitor (linoleic acid, A, or palmitoyl-CoA, B) and represent the means of three experiments. The lines show the results
of linear regression of the data. The inhibitory constants were determined by the x-intercept.

FIG. 6. Loss of insulin-responsive proteasome activity by palmitoyl-CoA. The graph shows the effect of increasing concentrations of palmitoyl-
CoA on the chymotrypsin-like (A, n � 4) and trypsin-like (B, n � 4) activities of the proteasome. Open and closed circles show the effect in the
absence and presence of 1 �M insulin, respectively. High concentrations of palmitoyl-CoA do not inhibit the proteasome more than insulin alone.
The data are expressed as a ratio to degradation with vehicle alone.
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creasing peptidolytic activity. Insulin and FFAs are not addi-
tive, suggesting a similar mechanism. In metabolic states in
which FFAs are increased, protein degradation would be de-
creased, and, more importantly, the ability of insulin to alter
protein degradation via the proteasome would be abrogated.
Because insulin’s major effect on protein metabolism is to de-
crease protein degradation, this would be a form of insulin
resistance. Thus, FFA inhibition of insulin-degrading enzyme
may contribute to insulin resistance by disrupting control of
protein metabolism.

Although speculative, the possible implications of our re-
sults go beyond insulin and diabetes. Insulin-degrading en-
zyme has been shown to degrade a number of hormones such
as atrial natriuretic peptide, transforming growth factor-�,
and amylin (38–40). It has been implicated in the degrada-
tion of amyloid � (41) as well as the �-amyloid precursor
protein intracellular domain (42). Insulin-degrading enzyme
has also been shown to bind to FAK-related nonkinase (43).
Thus, insulin-degrading enzyme has a number of potential
ligands/substrates with which it interacts. The physiological
relevance of these interactions and whether they are altered
by FFAs remain to be elucidated.
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