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(Bacl(ground: Fenretinide, an in-trial chemotherapeutic, improves insulin sensitivity in mice and humans.
Results: Fenretinide reduces Desl expression and prevents ceramide accumulation, while protecting against lipid-induced

Conclusion: Fenretinide decreases ceramide biosynthesis, and increases levels of dihydroceramides, thus preserving insulin

Significance: These data suggest that Desl may be a viable therapeutic target for normalizing glucose homeostasis.
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Fenretinide is a synthetic retinoid that is being tested in clin-
ical trials for the treatment of breast cancer and insulin resist-
ance, but its mechanism of action has been elusive. Recent in
vitro data indicate that fenretinide inhibits dihydroceramide
desaturase, an enzyme involved in the biosynthesis of lipotoxic
ceramides that antagonize insulin action. Because of this find-
ing, we assessed whether fenretinide could improve insulin sen-
sitivity and glucose homeostasis iz vitro and in vivo by control-
ling ceramide production. The effect of fenretinide on insulin
action and the cellular lipidome was assessed in a number of
lipid-challenged models including cultured myotubes and iso-
lated muscles strips incubated with exogenous fatty acids and
mice fed a high-fat diet. Insulin action was evaluated in the var-
ious models by measuring glucose uptake or disposal and the
activation of Akt/PKB, a serine/threonine kinase that is obligate
for insulin-stimulated anabolism. The effects of fenretinide on
cellular lipid levels were assessed by LC-MS/MS. Fenretinide
negated lipid-induced insulin resistance in each of the model
systems assayed. Simultaneously, the drug depleted cells of cer-
amide, while promoting the accumulation of the precursor dihy-
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droceramide, a substrate for the reaction catalyzed by Desl.
These data suggest that fenretinide improves insulin sensitivity,
atleast in part, by inhibiting Des1 and suggest that therapeutics
targeting this enzyme may be a viable therapeutic means for
normalizing glucose homeostasis in the overweight and
diabetic.

The rapid and unabated climb of type 2 diabetes has
prompted the search for novel therapies, and recent efforts
have placed a renewed appreciation on the utility of drugs
intended to treat other diseases. This focus on teaching old
drugs new tricks (1, 2) has led to a paradigm shift from the
maxim “one drug, one target” to “one drug, many targets.” Fen-
retinide is a prime example of an increasingly promiscuous
drug. Originally slated as an anticancer therapy (3, 4), fen-
retinide has recently been shown to have insulin-sensitizing
and antidiabetic effects in mice and overweight humans (5-7).
Clinical trials are currently underway investigating the utility of
this compound in the control of insulin resistance.” Although
initial studies cited retinol-binding protein 4 (RBP4)> as the
relevant target of fenretinide that explains its insulin-sensitiz-
ing effects (6), more recent evidence suggested that fenretinide
might have additional actions relevant to metabolic disease (5).
Interestingly, fenretinide was recently shown to block the syn-
thesis of ceramide, a mediator of lipid- and inflammation-in-
duced insulin resistance (9, 10), by inhibiting dihydroceramide

2 Veterans Research Medical Foundation, unpublished data.

3 The abbreviations used are: RBP4, retinol-binding protein 4; Des1, dihydro-
ceramide desaturase 1; CerS, (dihydro)ceramide synthase; FEN, fen-
retinide; HFD, high-fat diet; SD, standard diet; HOMA-IR, homeostatic
model assessment of insulin resistance; DAG, diacylglycerol; TAG, triacyl-
glycerol; RSV, resveratrol; PA, palmitate; OA, oleate.
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desaturase (Des1), which catalyzes the final step in de novo cer-
amide synthesis (5, 11-13).

De novo ceramide production involves a biosynthetic path-
way initiated by the enzyme serine palmitoyltransferase, which
condenses serine and palmitoyl-CoA to produce 3-ketosphin-
ganine. Sequential reactions catalyzed by 3-ketosphinganine
reductase, (dihydro)ceramide synthase (CerS), and Desl
enzymes lead to ceramide formation. Inhibitors of serine
palmitoyltransferase (i.e. myriocin and cycloserine) and CerS
(fumonisin B1) have potent insulin-sensitizing effects both in
vitro and in vivo (9, 10). The final reaction in this pathway is
catalyzed by Desl, which introduces a characteristic double
bond in the fatty acyl chain that forms the sphingosine back-
bone of ceramide.

Inhibition of Desl allows a quantifiable accumulation of
dihydroceramide, which can be incorporated into other sphin-
golipids, while preventing ceramide accumulation. Using a cell
culture model of insulin resistance, we herein demonstrate that
fenretinide blocks lipid-induced insulin resistance by prevent-
ing ceramide accumulation, while simultaneously inducing
dihydroceramide accrual. After confirming the role of Desl
using cell culture models, we found that a single injection of a
therapeutic dose of fenretinide in mice was sufficient to
promote dihydroceramide accumulation. Moreover, prolonged
fenretinide treatment of diet-induced obese mice improved
diet-induced insulin resistance and hepatic steatosis, while
selectively lowering ceramide/dihydroceramide ratios. These
observations identify a new mechanism of action for fenretinide
that contributes to its insulin-sensitizing properties. Moreover,
the studies suggest that therapeutics targeting ceramide
synthesis through the inhibition of Des1 may be efficacious in
the treatment of insulin resistance.

EXPERIMENTAL PROCEDURES

Animals—Male mice (C57Bl/6) were from The Jackson Lab-
oratory (Bar Harbor, ME). Male Sprague-Dawley rats were
obtained from Charles River Laboratories (Wilmington, MA).
Mice were separated at 6 weeks to continue eating standard
chow or high-fat diet (D12492; Research Diets, Inc., New
Brunswick, NJ). Studies were conducted in accordance with the
principles and procedures outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the Duke-National University of Singapore
Graduate Medical School.

Cell Culture—Cells were maintained in DMEM + 10% fetal
bovine serum (Invitrogen). For differentiation into myotubes,
C2C12 myoblasts were grown to confluency, and the medium
was replaced with DMEM + 10% horse serum (Invitrogen).
Myotubes were used for experiments on day 4 of differentia-
tion. For lipid treatment, palmitic acid (Sigma P5585), oleic acid
(Sigma 0O1008), or N-acetyl-p-sphingosine (C2-ceramide;
Sigma A7191) was dissolved in ethanol and diluted to the
desired concentration in DMEM. Palmitate and oleate solu-
tions were then conjugated to 2% (w/v) BSA (Sigma A9576).
Fenretinide (H7779) and resveratrol (R5010) were from Sigma.
Desl siRNA oligonucleotide was added to Opti-MEM and
Lipofectamine (Invitrogen) and left to incubate for 15 min

MAY 18,2012+VOLUME 287 +NUMBER 21

Fenretinide Inhibits Ceramide Biosynthesis

before placing on confluent cells overnight. Cells were treated
for 48 h following transfection.

Isolated Muscles—Palmitate was dissolved in ethanol (200
mwm), and ethanol or free fatty acids were conjugated to bovine
serum albumin (BSA) by diluting 1:25 in Krebs-Henseleit buffer
supplemented with 20% BSA and heating (55 °C for 30 min,
with occasional vortexing). The final incubation medium was
prepared by diluting the conjugated BSA solution 1:8 in freshly
oxygenated Krebs-Henseleit buffer. Male Sprague-Dawley rats
(150-200 grams) were deeply anesthetized with sodium pento-
barbital (110 mg/kg, intraperitoneal), and soleus muscles were
isolated, laterally bisected, and transferred to 25-ml Erlenmeyer
flasks containing 2 ml of Krebs-Henseleit buffer supplemented
with 2.5% BSA, 8 mm glucose, and 1 mm HEPES (pH 7.2). Mus-
cles were maintained in a shaking water bath at 29 °C while
being continuously gassed with 95% O,, 5% CO,. Following this
incubation, muscles were rapidly frozen in liquid nitrogen or
stimulated with insulin (300 microunits) for 60 min, and the
incorporation of 2-[*’H]DOG was assessed during the final 20
min of the incubation using methods described previously (14).
Free fatty acids were present throughout the 2-DOG uptake
assay. Insufficient tissue remained for lipid analysis.

Single-dose Injections—C57Bl/6 mice received intraperito-
neal injections of fenretinide (10 mg/kg) 12 h before sacrifice.
Fenretinide was dissolved in dimethyl sulfoxide (DMSO) and
resuspended in warmed PBS (15).

High-fat Diet and Fenretinide Intervention—Male mice
(C57Bl6) were fed a standard chow or a high-fat diet
(HFD)(D12492; Research Diets, Inc., New Brunswick, NJ) from
5 to 17 weeks, at which point half of the HFD-fed mice began
receiving fenretinide in drinking water for 4 weeks. Fenretinide
(FEN; H7779, Sigma) was dissolved in 100% ethanol and diluted
in water to 10 ug/ml. Control treatment water received an
equal amount of ethanol (0.5%). FEN water was prepared in
low-light conditions and administered in light-protective bot-
tles. Water was replaced every 1-2 days, and no precipitation of
FEN was noted at any time. Animal weights were recorded at
the beginning and end of the treatment period. Following a
4-week FEN treatment, mice underwent intraperitoneal glu-
cose (G7021, Sigma) and insulin (Actrapid, Novo Nordisk) tol-
erance tests. For both tests, mice were fasted for 6 h and
received an injection of either glucose (1 g/kg of body weight) or
insulin (0.75 units/kg of body weight). Blood glucose was deter-
mined at the times indicated by the Bayer Contour® glucose
meter, and insulin was measured with the rat/mouse insulin
ELISA kit (EZRMI-13K; Millipore; Billerica, MA). The insulin
resistance index was assessed by using fasting blood glucose
and insulin levels to compute the homeostatic model assess-
ment of insulin resistance (HOMA-IR), where a higher number
represents greater insulin resistance.

Lipid Analysis—For isolation of lipids, pellets were resus-
pended in 900 ul of ice-cold chloroform/methanol (1:2) and
incubated for 15 min on ice and then briefly vortexed. For cell
lipid analysis, a portion of the cell suspension (prior to pellet-
ing) was used for protein measurement (Thermo Scientific).
Separation of aqueous and organic phases required the addition
of 400 ul of ice-cold water and 300 ul of ice-cold chloroform.
The organic phase was collected into a fresh vial, and lipids
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were dried under a gentle nitrogen stream. An Agilent high
performance liquid chromatography (HPLC) system coupled
with an Applied Biosystems triple quadrupole/ion trap mass
spectrometer (3200 QTRAP) was used for quantification of
individual phospholipids. Multiple reaction monitoring transi-
tions were set up for quantitative analysis of various polar lipids
(16, 17). Levels of individual lipids were quantified using spiked
internal standards, including dimyristoyl phosphatidylcholine
(28:0-PC), C17-ceramide, C8-glucosylceramide, and C12-sph-
ingomyelin, which were obtained from Avanti Polar Lipids
(Alabaster, AL). Neutral lipids were analyzed using a sensitivity
HPLC/electrospray mass ionization/multiple reaction moni-
toring method, modified from a previous method (18). TAG
was calculated as relative contents to the spiked d5-TAG 48:0
internal standard (CDN Isotopes), whereas DAG was quanti-
fied using 4ME 16:0 Diether DG (Avanti) as an internal stand-
ard. Lipids of interest were compared with cellular phosphate
levels to ensure equal and accurate comparison between
treatments.

Histological Analysis of Liver—Frozen livers were embedded
in OCT compound (Tissue-Tek) and sectioned at 10 wm in a
cryostat. Sections were stained with Oil red O (Sigma) dissolved
in 70% isopropyl alcohol.

Quantitative Real-time PCR—Total RNA was extracted and
purified from tissues using TRIzol (Invitrogen) according to the
manufacturer’s recommendations. ¢cDNA was synthesized
from mRNA by reverse transcription-PCR using a commercial
c¢DNA synthesis kit with oligo(dT) primers (iScript select
c¢DNA synthesis; Bio-Rad). Quantitative real-time PCR was
performed by following the instructions accompanying the
Qiagen QuantiFast SYBR Green PCR kit and using a Qiagen
QIAcube. A sample containing no cDNA was used as a nontem-
plate control to verify the absence of primer dimers. 3-Actin
reactions were performed side by side with every sample ana-
lyzed. Changes in the mRNA level of each gene for each treat-
ment were normalized to that of the B-actin control mRNA
according to Pfaffl (19).

Protein Analysis—Tissue extracts were resolved by SDS-
PAGE, transferred to nitrocellulose, and immunoblotted using
methods described previously (20). Protein detection was per-
formed using the Odyssey infrared imaging system (LI-COR;
Lincoln NE) according to the manufacturer’s instructions. Pri-
mary antibodies were from Cell Signaling, and secondary anti-
bodies were from LI-COR.

Statistics—Data are presented as the mean * S.E. Data were
compared by two-tailed Student’s ¢ test or two-way analysis of
variance with Tukey’s post hoc analysis (GraphPad Prism; La
Jolla, CA). Significance was set at p < 0.05.

RESULTS

Fenretinide Inhibits Ceramide Formation and Protects Insu-
lin Signaling in Cultured Myotubes and Isolated Muscle Strips—
Prolonged incubation of cells and tissues with palmitate is
known to induce endogenous ceramide synthesis, which
potently inhibits insulin-stimulated signaling and glucose
uptake. As described above, inhibitors of the first and third
enzymatic steps (i.e. serine palmitoyltransferase and ceramide
synthase, respectively) prevent lipid-induced insulin resistance
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in vitro and in vivo (10, 21). Of the various interventions we (9)
and others (22, 23) have used to inhibit ceramide synthesis to
restore insulin signaling in high-lipid conditions, relatively little
has been done to elucidate the efficacy of Des1 inhibition on
these same outcomes.

FEN was shown previously to improve insulin resistance in
diet-induced obese mice (6). The proposed mechanism was
that it promotes the urinary excretion of RBP4, an adipose-
derived secretagogue implicated in insulin resistance. How-
ever, subsequent studies revealed that the compound could
combat hepatic steatosis and obesity in RBP4-null mice, sug-
gesting the existence of other targets that mediated its antidia-
betic actions (5). We were intrigued by recent observations
using cell culture systems revealing that fenretinide inhibits
Desl (13, 24), which prompted us to speculate that the regula-
tion of ceramide levels may be an essential component of the
antidiabetic actions of the drug. We tested this hypothesis ini-
tially in cultured myotubes treated with exogenous palmitate
conjugated to BSA. We had previously shown that in this sys-
tem, palmitate inhibited insulin activation of Akt/PKB by
inducing sphingolipid formation. Indeed, inhibition of cer-
amide biosynthesis using inhibitors of serine palmitoyltrans-
ferase or ceramide synthase negated this ceramide effect (10).
Herein we demonstrate that fenretinide negates the antagonis-
tic effects of palmitate on insulin action (Fig. 14), whereas the
readdition of ceramide to the culture bypasses the protective
effect of FEN (Fig. 1B). Indeed, even at relatively low doses (20
M), the addition of C2-ceramide overrode the protective effect
of FEN on insulin signaling (Fig. 1C). The effect of fenretinide in
this system was not via RBP4 as the protein was not detected in
the cell-autonomous myotube culture (Fig. 1D). In support of
its role as a Desl inhibitor, FEN completely prevented the
palmitate-induced increase in ceramides (Fig. 1E), while elicit-
ing a roughly 5-fold increase in dihydroceramides (Fig. 1F).

With recent evidence suggesting that resveratrol (RSV), a
well studied component of red wine that also has insulin-sensi-
tizing properties, shared structural similarity with fenretinide,
which also rendered it a direct Desl inhibitor (25), we per-
formed parallel experiments with RSV. The results were com-
parable; RSV restored insulin signaling (Fig. 24) and inhibited
palmitate (PA)-induced ceramide accumulation (Fig. 2C),
whereas preferentially inducing dihydroceramides (Fig. 2D).
These effects appear to be independent of the RSV target sirtl
as neither treatment with nicotinamide (Fig. 24) nor reducing
sirtl using shRNA (Fig. 2B) had an effect on insulin signaling
(Fig. 2E).

Having established the efficacy of a purported pharmacolog-
ical inhibitor of Desl in preventing lipid-induced insulin resist-
ance, we sought to eliminate any concern over the possibility of
the insulin-sensitizing effects of FEN being the result of other
off-target effects. To validate the efficacy of Des1 inhibition on
modifying sphingolipid profile and protecting insulin signaling,
Des1 siRNA was used to lower myotube Des1 levels (Fig. 3A).
Of'the two Des1 isoforms in mammals, Des1 displays specificity
for synthesis of ceramide (via A*-desaturase), whereas Des2 (via
A*-desaturase/C4-hydroxylase) produces both ceramides and
phytoceramides. Additionally, the two isoforms exhibit diverse
tissue distribution, with Des2 being highly enriched in epithe-
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FIGURE 1. Ceramide inhibition with fenretinide protects insulin signaling. A, murine C2C12 myotubes were treated with 0.75 mm BSA-conjugated PA for
16 hiin the presence or absence of FEN (5 um) followed by 10 min of insulin treatment (100 nm). pAkt, phosphorylated Akt; pGSK33, phospho-glycogen synthase
kinase 33; GSK3, glycogen synthase kinase 33. Band C, the readdition of C2-ceramide (100 um) bypassed the protection offered by FEN (B), an effect seen with
as little as 20 um ceramide (C). D, the improvement in insulin signaling with FEN does not require RBP4 as C2C12 cells appear to lack the protein. £ and
F,although PA induces ceramide and dihydroceramide accumulation, FEN prevents ceramide synthesis (E), whereas accumulating dihydroceramides (F). *, p <

0.05 for treatment versus BSA. +, p < 0.05 for PA+FEN versus PA (n = 3-6).

lial cells (gut, kidneys, skin) (24). Accordingly, Desl was
explored in this system. As opposed to scrambled siRNA,
siRNA directed against Des1 prevented the antagonistic effects
of palmitate on insulin-stimulated Akt/PKB phosphorylation
(Fig. 3, A and B). The treatment additionally prevented the
phosphorylation of glycogen synthase kinase 33 (GSK3p), an
anabolic enzyme that is an Akt/PKB substrate. As predicted,
Des1 knockdown prevented the significant increase in cera-
mides in response to PA seen in cells treated with a scrambled
siRNA construct (Fig. 3C). Moreover, Desl knockdown

AV N
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increased dihydroceramide levels in both the absence and the
presence of PA (Fig. 3D). The prominent glycerolipids TAG
and DAG were not affected by Desl knockdown (data not
shown).

These data strongly indicate that FEN negates the palmitate-
induced impairment of insulin signaling in cultured myotubes
by inhibiting ceramide formation. Also, the increase in dihy-
droceramide is highly suggestive that Desl is the likely site of
action. To further explore the role of FEN on insulin action, we
measured glucose uptake in isolated rat soleus muscle strips.
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We have used this system previously, where we showed that
palmitate induced insulin resistance via a ceramide-dependent
mechanism (10). Moreover, using this model, we demonstrated
that muscles haploinsufficient for Desl are protected from
palmitate-induced insulin resistance (9). As predicted, the
reduction in insulin-stimulated glucose uptake caused by
palmitate was improved by the inclusion of FEN in the medium
(Fig. 4A). As in the cultured myotubes, we found virtually no
RBP4 in the rodent muscle (Fig. 4B), confirming that the drug
has an alternative mechanism of action. These data strongly
indicate that fenretinide can improve insulin sensitivity in a
cell- and tissue-autonomous manner.
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Fenretinide Improves Glucose Homeostasis and Alters Sphin-
golipid Levels in Vivo—To determine whether FEN is able to
target the sphingolipid synthesis pathway in vivo, we measured
lipids from soleus muscle and liver of mice 12 h after the deliv-
ery of the drug by intraperitoneal injection. The single injection
of the drug only slightly reduced muscle ceramide levels, but
robustly increased dihydroceramide levels (Fig. 5, A and B). A
similar, although less robust, effect was observed in the liver
(Fig. 5, C and D). However, although FEN had a more pro-
nounced effect on shorter acyl chain dihydroceramide spe-
cies (e.g. C16) in muscle, it appeared to affect a longer chain
species more specifically in the liver (C24). This is consistent
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with the recent observation that the dominant ceramide syn-
thase in the liver (CerS2) makes predominantly longer cera-
mides. Altogether, these data again indicate that FEN mod-
ulates sphingolipid levels and are highly suggestive that it
inhibits Desl in vivo.
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With evidence supporting an acute effect of fenretinide in
the regulation of Des1, we sought next to determine the effect of
chronic FEN on lipid profiles and metabolic parameters in an in
vivo model of obesity and insulin resistance. Five-week-old
mice (C57Bl1/6) were placed on an HFD for 16 weeks, with a
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versus PBS injection (n = 5).

subset receiving FEN for the final 4 weeks. FEN treatment
improved glucose tolerance and insulin sensitivity as deter-
mined by both glucose and insulin tolerance tests (Fig. 6, A and
B). The improvement in insulin sensitivity in HFD-fed mice
receiving FEN was confirmed by computing the HOMA-IR
from fasting blood glucose and insulin levels (Fig. 6C). The
magnitude of effects observed is comparable with those
reported previously (5). However, in contrast to earlier studies
(5), we did not see a significant discrepancy in weight between
mice on HED versus those receiving an HFD plus FEN (Fig. 6D).

Mice fed an HFD demonstrated significantly elevated muscle
and hepatic ceramides when compared with animals on a
standard diet (SD) (Fig. 7, A and C). Treatment with FEN
(HFD+FEN) completely normalized ceramide levels such that
by the end of the treatment period, tissue ceramide levels were
not different from the SD controls (Fig. 7, A and C). Dihydro-
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ceramides in both tissues increased in a stepwise manner with
HED and HFD+EFEN (Fig. 7, B and D). Note that when the FEN
was given over the prolonged, 4-week period, it was included in
the drinking water, rather than being given by an acute intra-
peritoneal injection. Thus, the differences in ceramides and
dihydroceramides likely reflect the pharmacodynamics of drug
action.

Previous studies have observed that ceramides strongly cor-
relate with the degree of hepatic steatosis (26) and that treat-
ment of diet-induced obese rodents with various sphingolipid
inhibitors prevents and reverses hepatic steatosis (22, 27-30).
We report similar findings with FEN. Although FEN did not
affect hepatic DAG levels (Fig. 84), the drug significantly
reduced hepatic TAG levels (Fig. 8B). Oil red O staining of liver
sections further confirmed a reversal of steatosis with FEN sup-
plementation (Fig. 8C).
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Fenretinide Regulates Desl Expression—We were surprised
to observe that high-fat feeding markedly increased Des1 tran-
script and protein levels in the liver (Fig. 94). Even more sur-
prising, treatment with fenretinide, which inhibits Des1 activity
in cell culture (31), reduced hepatic Desl expression in vivo
(Fig. 9C). A smaller effect was observed in muscle, where the
Des1l mRNA did not show a statistically significant increase
(p = 0.063). However, as in the liver, FEN treatment signifi-
cantly reduced Desl mRNA (Fig. 9B). These data suggest that
prolonged inhibition of Des1 activity may lead to a compensa-
tory down-regulation in protein expression levels.

Monounsaturated Oleate Prevents Desl Expression—We
have previously shown that ceramide synthesis occurs only in
response to saturated, not unsaturated, fatty acids (9, 32). A
number of studies have shown that the monounsaturated fatty
acid oleate (OA) protects cells from insulin resistance and cer-
amide synthesis. This was previously attributed to an increased
shunting of lipids into the glycerolipid pathway as many of the
enzymes involved in that process show preference for that fatty
acid (33). We confirm earlier observations that OA protects
myotubes from the deleterious effects of PA on insulin signal-
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ing (supplemental Fig. 1A4). In exploring the mechanism of this
protection, we found that OA completely prevented the PA
induction of ceramide (supplemental Fig. 1C). Interestingly,
although OA prevented the increase in ceramide caused by
palmitate, these treatment conditions were associated with a
robust induction of dihydroceramides (supplemental Fig. 1D).
We analyzed Desl1 transcript levels and found that OA pre-
vented the transcription of Des1 mRNA caused by PA (supple-
mental Fig. 1B). Rather than increasing amounts of DAG or
TAG, OA, when given in concert with PA, decreased DAG lev-
els (supplemental Fig.1F) without affecting TAG (supplemental
Fig. 1E). These findings corroborate other recent work by Hu et
al. (34) and suggest that some of the protective effects of OA
may relate to its ability to specifically modulate Desl
expression.

DISCUSSION

Because of its ability to slow tumor growth and its favorable
toxicological profile, fenretinide has been studied extensively as
a chemotherapeutic for slowing cancer progression. Interest-
ingly, studies in both rodents and humans reveal that the com-
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pound has insulin-sensitizing properties, suggesting an alterna-
tive use for this drug (5-7). Because of these studies, clinical
trials evaluating the utility of the drug for treating insulin resist-
ance have been initiated.

The data presented herein indicate that the insulin-sensitiz-
ing effect of fenretinide in liver and muscle results from its
ability to, in a cell-autonomous fashion, inhibit the formation of
ceramides. Evidence supporting this includes the following.
First, the addition of C2-ceramide in place of palmitate
bypasses the site of fenretinide action (Fig. 1); second, knock-
down of Desl by siRNA recapitulates the effects of fenretinide
in vitro (Fig. 3); and third, fenretinide improves glucose home-
ostasis, while selectively lowering the ceramide/dihydrocera-
mide ratio in vivo (Figs. 5-7). When considered in concert with
the recent observation that FEN inhibits Des1 activity in vitro
(31), the data are suggestive of a role for fenretinide in the reg-
ulation of Desl activity in vivo.

The earliest report of the efficacy of fenretinide in controlling
glucose homeostasis came from the Barbara Kahn laboratory
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(6), which demonstrated that the compound was efficacious in
high-fat-fed mice. The work derived from studies on RBP4, an
adipose-derived secretagogue implicated in insulin resistance.
Knock-out mice lacking RBP4 placed on a high-fat diet have
increased insulin sensitivity when compared with wild-type lit-
termates. Fenretinide displaces retinol from RBP4, leading to
the excretion of the latter through the kidneys. However, the
subsequent observation that fenretinide had antiobesity and
antisteatotic actions in RBP4-null mice suggests that the com-
pound has additional targets relevant to metabolic disease (5).
Herein we demonstrate that the insulin-sensitizing effects of
fenretinide in cultured myotubes and isolated muscles are inde-
pendent of RBP4, which is not present in these systems. It is
noteworthy that although Preitner et al. (5) observed a lack of
obesity in the mice fed HFD with fenretinide, we observed no
significant weight difference; HFD mice fed fenretinide gained
weight comparable with HFD mice receiving no fenretinide
(Fig. 6D). We suspect that the difference lies in the treatment
periods. Although Preitner et al. (5) began fenretinide treat-
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ment at the onset of HFD intervention, our fenretinide treat-
ment was intentionally much more acute and introduced later
in life, after obesity was already achieved.

A quick review of the literature is likely to create confusion
about the effect of fenretinide on ceramide metabolism. Early
studies erroneously suggested that fenretinide induced a gen-
eral elevation of ceramides (36 —38). Indeed, this increase was
thought to trigger the stress responses that halt the growth and
promote death of transformed cells. However, the methods
used to measure sphingolipids in these early studies could not
distinguish ceramides from dihydroceramides. When conduct-
ing a lipidomic profile of fenretinide-treated cells using mass
spectroscopy, the Merrill group (13) found that fenretinide
actually inhibits ceramide synthesis, resulting in the accumula-
tion of its immediate precursor, dihydroceramide (12). This
finding is corroborated in the studies here. Importantly, fen-
retinide exerts similar effects on ceramide metabolism in vivo in
both acute and chronic conditions. We observed an increase in
dihydroceramides in the liver and soleus muscle of mice follow-
ing an acute single injection of fenretinide. The observed differ-
ences in ceramide were minor (~20-30%) following this acute
dosing regimen. Due to the fact that a typical cell has substan-
tially more ceramides than dihydroceramides, a slight change in
ceramide inhibition at the level of Desl translates into a com-
parably large change in dihydroceramides. Nonetheless, this
finding shows that a single dose of fenretinide is capable of
promoting dihydroceramide accumulation, and greater effects
would possibly be noticed with the alteration of the drug dose
and injection site. When exploring the chronic effects of fen-
retinide, we determined that 4 weeks of fenretinide treatment is
sufficient to significantly modify tissue lipid profiles and
improve insulin sensitivity in diet-induced obese mice. Specif-
ically, diet-induced obese mice receiving fenretinide had
reduced ceramide levels and elevated dihydroceramides, which
was associated with a reduced HOMA-IR value and improved
glucose and insulin tolerance. Interestingly, fenretinide also
significantly reduced hepatic TAG, suggesting a reversal in
hepatic steatosis (35).

Fenretinide (N-(4-hydroxyphenyl)retinamide) is synthesized
from the modification of the carboxyl end of retinoic acid with
an N-4-hydroxyphenyl group. Until very recently, the precise
mechanisms and full extent of the antagonizing effect of fen-
retinide on Des]1 activity have not been completely elucidated.
Work in the Merrill laboratory (13) points to a critical role for
the molecular structure of fenretinide. In particular, their work
implicates the phenol group found on fenretinide, which may
disrupt the electron transport necessary for the desaturation of
the dihydroceramide backbone to form ceramide (8), a propo-
sition supported by the similar effects of the polyphenol res-
veratrol in Desl inhibition (25). Additionally, fenretinide has a
structure roughly similar to dihydroceramide. Rahmaniyan et
al. (31) found that this structural similarity allows fenretinide to
directly bind Des1, displaying a competitive and then irrevers-
ible dose-dependent inhibition as early as 2 h.

In conclusion, these experiments reveal that the modulation
of ceramide synthesis likely accounts for some of the effects of
fenretinide, which is being explored as a therapeutic means to
improve insulin sensitivity in the obese. Because it selectively
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alters ratios of the substrates versus products of the Desl reac-
tion, it suggests that Desl is a probable target in vivo. The
peripheral studies here support the idea that Desl may be a
viable therapeutic target for improving insulin resistance. The
enzyme is induced by factors associated with obesity, and
silencing the enzyme pharmacologically or genetically has a
potent insulin-sensitizing effect. Studies evaluating whether it
is capable of inducing ceramides and lowering dihydrocera-
mides in the human subjects receiving the drug are warranted.
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