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Abstract Excessive circulating FAs have been proposed to
promote insulin resistance (IR) of glucose metabolism by
increasing the oxidation of FAs over glucose. Therefore, in-
hibition of FA oxidation (FAOX) has been suggested to ame-
liorate IR. However, prolonged inhibition of FAOX would
presumably cause lipid accumulation and thereby promote
lipotoxicity. To understand the glycemic consequences of
acute and prolonged FAOX inhibition, we treated mice with
the carnitine palmitoyltransferase 1 (CPT-1) inhibitor, eto-
moxir (eto), in combination with short-term 45% high fat
diet feeding to increase FA availability. Eto acutely increased
glucose oxidation and peripheral glucose disposal, and
lowered circulating glucose, but this was associated with in-
creased circulating FAs and triacylglycerol accumulation in
the liver and heart within hours. Several days of FAOX inhi-
bition by daily eto administration induced hepatic steatosis
and glucose intolerance, specific to CPT-1 inhibition by eto.
Lower whole-body insulin sensitivity was accompanied by re-
duction in brown adipose tissue (BAT) uncoupling protein 1
(UCP1) protein content, diminished BAT glucose clearance,
and increased hepatic glucose production.ll Collectively,
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these data suggest that pharmacological inhibition of FAOX
is not a viable strategy to treat IR, and that sufficient rates of
FAOX are required for maintaining liver and BAT metabolic
function.—Lundsgaard, A-M., A. M. Fritzen, T. S. Nicolaisen,
C. S. Carl, K. A. Sjgberg, S. H. Raun, A. B. Klein, E. Sanchez-
Quant, J. Langer, C. @rskov, C. Clemmensen, M. H. Tschop,
E. A. Richter, B. Kiens, and M. Kleinert. Glucometabolic con-
sequences of acute and prolonged inhibition of fatty acid
oxidation. J. Lipid Res. 2020. 61: 10-19.
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resistance

Excess calorie intake, physical inactivity, and obesity are
risk factors for developing insulin resistance (IR) and are
often accompanied by an increase in circulating FAs. Sev-
eral paradigms attempt to mechanistically link augmented
FA availability and IR in peripheral tissues. Randle etal. (1)
proposed that increased FA availability for mitochondrial
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B-oxidation increased mitochondrial acetyl-CoA, NADH
to NAD+ ratio, and citrate levels, which collectively signal
to downregulate glucose oxidation and insulin-stimulated
glucose disposal.

Applying this model to human IR, it has been hypothe-
sized that augmented availability of FAs induces an increase
in -oxidation, which, by virtue of the substrate competition
model, impairs glucose utilization. Therefore, it has been
suggested that inhibition of FA oxidation (FAOX) should
be pursued as a pharmacological strategy to improve IR by
forcing increased glucose oxidation (2, 3). At the same
time, IR has been shown to be accompanied by an impaired
metabolic flexibility to (up)regulate FAOX in response to
feeding, fasting, and exercise (4-6). This mismatch can fur-
ther exacerbate IR due to the accumulation of cytosolic
and intra-mitochondrial lipid metabolites (7). To this end,
itseems imprudent to treat IR with pharmacological inhibi-
tion of FAOX. This conundrum exemplifies the uncertainty
surrounding the question of whether inhibition of FAOX
can improve glucose metabolism (8-10) or whether such a
strategy would aggravate metabolic complications (11).

Carnitine palmitoyltransferase 1 (CPT-1) is one of the
key enzymes for mitochondrial B-oxidation, facilitating the
import of long-chain FAs (LCFAs) into the mitochondria.
Located on the outer mitochondrial membrane, CPT-1
catalyzes the reaction between long-chain acyl-CoAs and
carnitine to form acylcarnitine, which is then shuttled via
carnitine-acylcarnitine translocase into the mitochondria,
converted back into acyl-CoA (by CPT-2), and then re-
leased to undergo B-oxidation (3). We herein used the
CPT-1 inhibitor, ethyl-2-[6-(4-chlorophenoxy)hexyl]oxi-
rane-2-carboxylate [etomoxir (eto)], to inhibit FAOX in
mice (12, 13) and, for the first time, compared how acute
versus prolonged inhibition of FAOX impacts glucose ho-
meostasis. Eto has been shown to inhibit CPT-1 activity in
both rat heart mitochondria (14, 15), homogenates of rat
heart and liver (15), and rat skeletal muscle mitochondria
(16), documenting nonselectivity for CPT-1A/B isoforms
and thus whole-body FAOX inhibition. To increase circu-
lating FA availability without increasing adiposity, we
provided a moderate high-fat diet (HFD) (45 E% fat) for
6 days prior to inhibition of whole-body FAOX by eto.
Importantly, we also performed additional diet experi-
ments with medium-chain FAs (MCFAs) to control for po-
tential eto off-target effects recently described in cell-based
systems (17, 18).

MATERIALS AND METHODS

Animals and diets

All animal experiments were approved by the Danish Animal
Experiments Inspectorate and complied with the European con-
vention for protection of vertebrate animals used for scientific
purposes. Male C57BL/ 6] mice aged 14-16 weeks (Janvier Labs,
France) were used for all experiments. Mice were housed on a
12 h dark-light cycle. After arrival, mice had free access to a stan-
dard rodent chow diet (Altromin #1324; Brogaarden, Denmark)
and were group-housed. Two weeks prior to and during both the

acute and prolonged experiments, mice were single-housed. Six
days before all experiments, and also during the prolonged ex-
periments (except for the experiment in Fig. 2), mice had ad libi-
tum access to a moderate HFD. The diet comprised 45 kcal% fat
(lard and soy bean oil) with 35 and 20 kcal% carbohydrate and
protein, respectively (D01060502G; Research Diets) (also see
Table 1). Because the fat in this diet predominantly consists of
LCFAs, we hereafter refer to this diet as LC-HFD. In addition to
this LC-HFD, we also used an additional HFD in some prolonged
experiments. In this diet, the 45 kcal% fat was solely comprised of
medium-chain triacylglycerol (TG) oil (caprylic and capric TG at
60% and 40%, respectively) (D18010905; Research Diets) (Table 1).
The MCFA-based diet was designed to have the same energy den-
sity (kilocalories per gram) and to be isocaloric with the LC-HFD
(Table 1). We hereafter refer to this diet as MC-HFD.

CPT-1 inhibitor. Eto (#1905; Sigma-Aldrich) was administered
by intraperitoneal injection at 20 mg/kg body weight (BW) as in
(8), diluted in 10 pl of saline per gram BW. Saline was adminis-
trated as vehicle. For all prolonged experiments, eto was adminis-
tered daily at 5:00 PM, prior to the 12 h dark cycle.

Acute eto experiments in mice fed LC-HFD

Compound tolerance test. Vehicle (n = 5) or eto (n = 5) was in-
jected in mice fasted for 5 h, and blood glucose in mixed tail
blood measured with a glucometer (Contour XT; Bayer) at basal
(0), 1, 2, 3, and 4 h. Mice then regained access to food, and blood
glucose was measured again at 24 h.

In vivo basal glucose clearance.  Vehicle (n=9) or eto (n=9) was
injected in mice fasted for 5 h. Blood glucose was measured in
mixed tail blood at basal (0). At 40 min, labeled 2-deoxyglucose
(3H-2-DG) (0.6 nCi/g BW) was intraperitoneally injected. Blood
glucose was measured and blood obtained for *H-enrichment
analyses at 50, 60, 70, and 80 min after vehicle/eto injection. Forty
minutes after "H-2-DG injection, mice were euthanized by cervi-
cal decapitation. Trunk blood was obtained and tissues quickly
excised [gastrocnemius muscle, heart, liver, epididymal white
adipose tissue (eWAT), and brown adipose tissue (BAT)] and
snap-frozen in liquid nitrogen. Two days before measurement of
glucose clearance, lean and fat mass were measured by MRI-scan
(EchoMIR 4-in-1; EchoMRI).

Twenty-four hour substrate oxidation. Mice (n = 12) were habitu-
ated to individual metabolic cages 3 days prior to measurement

TABLE 1. Composition of the LC-HFD and MC-HFD
D01060502G D18010905

g Yokcal g Yokcal
Protein 23.7 20 23.7 20
Carbohydrate 41.4 35 41.4 35
Fat 23.6 45 23.6 45
Total 88.7 100 88.7 100
Casein 200 800 200 800
L-cystine 3 12 3 12
Corn starch 220.6 882 220.6 882
Maltodextrin 10 125 500 125 500
Sucrose 0 0 0 0
Cellulose 50 0 50 0
Soybean oil 25 225 0 0
MCT oil 0 0 202.5 1,823
Lard 177.5 1598 0 0

Besides the fat source, diets were identical in macro- and micro-
nutrient composition. The medium-chain TG (MCT) oil was comprised
of caprylic and capric acid.
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and had ad libitum access to food and water at all times. Oxygen
uptake and CO, production were measured using a calorimetric
system (TSE Systems, Denmark). Glucose oxidation was calcu-
lated as 21.4 kJ/1 Oy x oxygen uptake (liters of Oy/kg BW/h) x
{(100% — [(RER-0.7)/0.3]}). Data shown for the vehicle group
represent basal untreated conditions. For eto, mice were intra-
peritoneally injected with eto at time point 3 h (10:00 AM). Mice
were followed for 24 h in each condition.

Glucose tolerance. Mice were fasted at 8:00 AM. At 10:00 AM,
blood glucose was measured in mixed tail blood and mice were
injected with vehicle (n =9) or eto (n =9). At either 11:00 AM
(1 h postinjection) or 2:00 PM (4 h postinjection), a glucose toler-
ance test (GTT) was commenced with an intraperitoneal in-
jection of 2 g of glucose per kilogram BW and blood glucose
determinations in mixed tail blood at 0, 15, 30, 60, and 120 min.

Ex vivo glucose oxidation in isolated muscle

The soleus muscle was removed from anesthetized male
C57Bl/6] mice (n = 2) and mounted in an incubation reservoir
(Radnoti). Muscles were bathed in 30°C Krebs-Henseleit bicar-
bonate buffer [5 mM glucose, 2% FA-free BSA, 0.5 mM palmitic
acid (pH 7.4)] plus 50 uM of eto or DMSO as control for 20 min.
The buffer was changed to fresh Krebs-Henseleit bicarbonate buf-
fer additionally containing 512 wCi/ml [14C]gluc0se (Amersham
BioSciences, UK) plus 50 M eto or DMSO. Following 25 min in-
cubation, incubation medium was collected and gaseous 1ﬁlCOQ
was liberated with 1 M acetic acid and trapped with vials contain-
ing 0.4 ml of benzethonium hydroxide. Radioactivity in trapped
"CO, was determined by liquid scintillation counting.

Prolonged FAOX inhibition with eto in mice fed either
LC-HFD or MC-HFD

Sixteen mice were fed a LC-HFD and 18 mice were fed a
MC-HFD (diet details in Table 1; schematic in Fig. 2A). After
6 days on the diets, half of the mice on each diet received daily
intraperitoneal injections of either vehicle or eto. After 8 days of
injections, a GTT (2 g/kg BW) was performed as described above
the following morning (day 9). After the GTT, diet feeding and
vehicle or eto intraperitoneal injections continued until day 11,
and the mice were euthanized the following morning (day 12)
after a 5 h fast. Liver, heart, and gastrocnemius muscle were
quickly excised and snap-frozen for analysis of lipid content.

Acute-after-prolonged FAOX inhibition with eto in mice
fed LC-HFD

Twenty-five mice were fed a LC-HFD (Table 1). After 6 days
on the diet, mice received daily intraperitoneal injections of
either vehicle (n = 9) or eto (n = 16). After 9 days of daily injec-
tions, a GTT (2 g/kg BW) was performed the next morning
(day 10). For this, the mice were fasted at 8:00 AM. At 10:00 AM,
blood glucose was measured in mixed tail blood and half of the
eto-treated group received another injection of eto (n = 8), while
the rest of the eto-treated group (n = 8) and the vehicle-treated
group (n =9) were injected with vehicle. At 2:00 PM, a GTT was
conducted as described above.

Glucose-induced glucose clearance after prolonged FAOX
inhibition with eto in LC-HFD-fed mice

Glucose-induced glucose clearance was evaluated in the morn-
ing after 8 days of vehicle (n =9) or eto treatment (n =9). After a
6 h fast, 2 g/kg BW glucose also containing *H-2-DG (0.6 wCi/g BW)
were intraperitoneally injected. At 0, 15, and 30 min, glucose
concentration was determined in mixed tail blood and additional
blood was collected into capillary tubes. At 30 min, mice were
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euthanized by cervical decapitation and trunk blood was collected
before tissues were collected and snap-frozen for later analyses.

Hepatic glucose production after prolonged FAOX
inhibition with eto in LC-HFD-fed mice

Whole-body insulin sensitivity and endogenous glucose rate
of appearance were evaluated on day 9 following 8 days of vehicle
(n=7) or eto treatment (n = 9). Mice were clamped in random-
ized order after a 5 h fasting period. Mice were anesthetized with an
intraperitoneal injection of 11 pl/g BW of fentanyl (0.05 mg/ml;
Dechra, Denmark), midazolam (5 mg/ml; Accord Healthcare,
UK), and acepromazine (10 mg/ml; Pharmaxim, Sweden), and
placed on a heating pad. A polyethylene cannula (PE50; Intra-
medic) was inserted into a jugular vein for administration of an-
esthetics, insulin, and glucose. Anesthesia was maintained by
constant infusion of the anesthetics (0.03 pl/g). After surgery, a
60 min continuous infusion (0.83 pl/min, 1.2 wCi/h) of D-[3-"H]
glucose (Perkin Elmer) was administered. Then, a 120 min hy-
perinsulinemic-euglycemic clamp was initiated, with a primed
(4.5 mU) infusion of insulin (3.8 U insulin/kg BW/min) (Actr-
apid; Novo Nordisk, Denmark) and D-[S—gH]glucose (0.83 pl/min,
1.2 wCi/h). Blood glucose was clamped at 6 mmol/]1 and main-
tained by variable infusion of 20% glucose solution. Blood was
sampled from the tail at 105 and 120 min for determination of
plasma glucose and plasma *H activity by scintillation counting
to determine the plasma specific activity. At 120 min, blood for
plasma insulin concentration was also obtained from the tail.
Animals were euthanized by cervical dislocation.

Analyses

Plasma analyses. Plasma insulin (Alpco) and glucagon (Mer-
codia, Sweden) concentrations were measured by ELISA. The
concentrations of plasma FA (NEFA C kit; Wako Chemicals,
Denmark), TG (GPO-PAP kit; Roche Diagnostics, Denmark), and
glycerol (Randox, UK) were measured colorimetrically on an
autoanalyzer [Pentra C400 analyzer (Horiba, Japan) |.

Tissue mRNA. Total RNA from BAT and liver was prepared
using an RNeasy kit (Qiagen, Denmark). cDNA synthesis was per-
formed with a QuantiTect reverse transcription kit (Qiagen, Den-
mark). Gene expression was profiled with SYBR Green-based
quantitative (q)PCR, using the 7900HT Fast real-time pcr system
(Thermo Fisher Scientific, Denmark). BAT and liver gene expres-
sion was normalized to hypoxanthine phosphoribosyltransferase
and peptidylpropyl isomerase B, respectively. Primer sequences
are given in supplemental Table S1.

Western blotting.  Tissues were homogenized in ice-cold ho-
mogenization buffer, rotated end-over-end for 1 h, and lysates
obtained after centrifugation at 12,000 gat 4°C (19). Lysates were
subjected to protein determination, diluted to the same protein
concentration, and subjected to SDS-PAGE and immunoblot-
ting as described (19). The primary antibodies are described in
supplemental Table S2. Bands were visualized using a Bio-Rad
ChemicDoc MP imaging system (Bio-Rad). Membranes were
Coomassie-stained to check for equal loading and transfer.

Tissue glycogen.  Liver, heart, and skeletal muscle glycogen con-
tent was determined fluorometrically as glycosyl units after acidic
hydrolysis (20).

Tissue TG. Liver TG content was measured in 20 mg of tissue
as described previously (21). For heart and gastrocnemius muscle
TG content, 20 mg were homogenized in 1 ml of chloroform/
methanol (2:1) in a Tissuelyser II (Qiagen), then shaken for 6 h.



Three hundred microliters of water were added, and phase sepa-
ration was achieved by centrifugation at 2,000 rpm for 20 min.
The organic phase was isolated and dried overnight (SpeedVacPlus
SC210A; Savant Instruments). TG content was measured by a col-
orimetric assay (#290-63701; Wako Chemicals, Denmark).

Liver histology. Tissue samples were fixed in paraformalde-
hyde and embedded in paraffin. Five micron sections were cut by
microtome and put on glass slides. The slides were subsequently
dewaxed and stained with H&E. Samples were then re-dehydrated
and mounted on coverslips with Pertex. The slides were viewed in
a Leitz Orthoplan microscope, and pictures were obtained using
a Zeiss Axiocam ICch camera.

Tissue ’H-2-DG uptake. Blood *H activity was measured in 5 i
of blood by scintillation counting. Ten to forty milligrams of each
tissue were used to determine the accumulation of phosphory-
lated *H-2-DG (*H-2-DG-6-P) by the precipitation method (22).
Glucose clearance was calculated by dividing the tissue "H-2-DG-
6-P DPM, accumulated in tissues over either 40 min (Fig. 1B) or
30 min (Fig. 4C) from tracer injection, by the average "H-2-DG
DPM in blood sampled during this period (23). For the relative
glucose disposal into different organs, calculations were based on
lean and fat mass measured by MRI-scan. Skeletal muscle was
assumed to represent 50% of the measured lean mass (24), and
heart and BAT weights were assumed to be 120 mg and 200 mg,
respectively, as representative for a nonobese male mouse with
body mass of ~30 g.

Statistical analyses. All data are expressed as mean + SE. Data
from Western blot analyses are presented as relative to the vehi-
cle group. The statistical analyses performed are described in
each figure legend. Statistical significance was defined as P <
0.05. Statistical analyses were performed in GraphPad PRISM 8
(GraphPad).

RESULTS

Acute FAOX inhibition lowers blood glucose and increases
glucose oxidation and peripheral glucose clearance, while
inducing systemic FA accumulation

Mice were maintained on a moderate LC-HFD for 6 days
prior to eto injection. This was chosen with the aim to in-
crease circulating FA availability without inducing con-
founding obesity and to replicate the protocol in a recent
study investigating glucose tolerance in mice following sev-
eral days of eto treatment (8). A single injection of eto
(acute eto) lowered fasting blood glucose over 4 h from 8.5
to 3.1 mmol/l, with a return to normal levels 24 h later
(Fig. 1A). Acute eto increased glucose clearance into heart,
BAT, skeletal muscle, and eWAT by 22.0-, 2.6-, 2.0-, and 2.9-
fold, respectively (Fig. 1B). Considering organ size, most of
the glucose disposed from the blood was taken up by skel-
etal muscle (~40%) and heart (~17%) (Fig. 1C). Ex vivo
incubation of soleus muscle documented an increase in
glucose oxidation within skeletal muscle with acute eto
(Fig. 1D). Twenty-four hour indirect calorimetry in ad libi-
tum-fed mice revealed that whole-body glucose oxidation
increased immediately following acute eto and remained
elevated for 9 h (Fig. 1E). When assessed at 4 h follow-
ing acute eto, where the lowering of blood glucose was

pronounced, basal circulating plasma insulin and TG con-
centrations were unaffected, while plasma FA levels in-
creased by 200%, but independently of increased plasma
glycerol (Fig. 1F-I). Plasma glucagon was increased by 450%
(Fig. 1]). At the same time, liver glycogen content was re-
duced by 79% with acute eto (Fig. 1K), with trends for
reduction of glycogen content in both heart and skeletal
muscle (Fig. 1L, M). Liver TG content was increased 400%
and heart TG by 160% at 4 h, while muscle TG content re-
mained unchanged by acute eto (Fig. IN-P). When a GTT
was conducted 1 h following eto injection, timely with the
increased basal peripheral glucose clearance, the GTT in-
cremental area under the curve (IAUC) was lowered by
53% (Fig. 1Q). When applied at 4 h following eto injec-
tion, timely with the increased plasma FAs and liver TG
accumulation, the GTT iAUC was increased by 30% (Fig.
1R). Of note, the greater GIT iAUC was observed despite
the findings of lower glycogen content in liver, muscle, and
heart. However, absolute blood glucose levels were de-
creased compared with control, as basal glucose levels at
the start of the GTT were 60% lower. Similar plasma insu-
lin response during the GTT was obtained for vehicle
and acute eto (Fig. 1S).

Downregulation of liver and heart but not skeletal mus-
cle PDH-Ela Ser”™” phosphorylation was obtained at 1 h
postinjection, concomitant with the increased glucose oxi-
dation (Fig. 1T). Collectively, these data suggest that the
blood glucose lowering with acute FAOX inhibition, which
can be interpreted as potentially anti-diabetic, is followed
by a rise in circulating FAs, massive accumulation of liver
TG, and altered glucose excursion during a GTT 4 h later.

Prolonged FAOX inhibition with eto causes glucose
intolerance and hepatic TG accumulation

Given the elevated circulating FAs following acute eto,
inhibition of FAOX with eto over several days (prolonged
eto; schematic in Fig. 2A) was hypothesized to cause ecto-
pic lipid accumulation and disrupt glucose homeostasis,
independently of the last injection.

Prolonged treatment with eto did not alter food intake
(supplemental Fig. S2). Importantly, to control for poten-
tal off-target effects of eto (17, 18), we took advantage of
the ability of MCFAs to enter the mitochondria and un-
dergo B-oxidation independently of the CPT-1 system (25—
27). Thus, medium-chain FAOX should not be affected by
eto-mediated CPT-1 inhibition. To this end, prolonged eto
studies were conducted in mice fed either LC-HFD or MC-
HFD (Table 1). BW was not affected by diet or treatment
(supplemental Fig. S3). The MC-HFD contained medium-
chain TG oil (consisting entirely of C8 and C10 MCFAs) as
the only fat source. Otherwise, the MC-HFD was matched
to the LC-HFD. Any effects of prolonged eto observed in
mice fed the LC-HFD should not be observed in MC-HFD-
fed mice.

In LC-HFD-fed mice, prolonged eto elicited an increase
in fasting blood glucose and greater absolute glucose val-
ues and glucose iIAUC during a GTT (Fig. 2B, C) when as-
sessed 20 h after the last injection. In contrast, prolonged
eto did not affect fasting glucose or glucose tolerance in
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Fig. 1. Glucometabolic effects of acute FAOX inhibition. Blood glucose levels (A) at indicated time points in mice injected at 0 h with
either vehicle (veh) or eto (20 mg/kg BW) (n =5). B: Basal glucose clearance into indicated tissues (SKM, skeletal muscle) assessed between
40 to 80 min after veh or acute eto injection (n = 9). C: Glucose clearance adjusted for the estimated size of the organs (see Materials and
Methods). D: Ex vivo glucose oxidation in soleus muscle incubated with veh or 50 uM eto for 45 min (n = 2). E: Whole-body glucose oxidation
determined from 24 h measurements in metabolic cages (n = 12), with veh or eto injected at 3 h. For F-P, mice were injected with veh or
acute eto and then euthanized at 4 h postinjection, with trunk blood and tissues collected for the indicated analyses (n =9). GTTs (2 g glu-
cose/kg BW) in mice fasted for 6 h, with veh or eto injection 1 h (Q) or 4 h (S) prior to GTT. iAUCs are shown (n =8). T: PDH-Ela Ser®™”
phosphorylation in indicated tissues obtained during basal conditions at 1 h or 4 h postinjection. Representative blots are shown in supple-
mental Fig. S1. Data are expressed as mean + SEM. Two-way RM ANOVA was applied in A, E, Q, and R, with Tukey’s multiple comparisons
post hoc test whenever interactions were detected by ANOVA. Unpaired two-tailed #tests were applied in all bar graphs. ###P < 0.001 and
##P < 0.01 are differences between veh and acute eto at the indicated time point. ¥P < 0.05, ¥*P < 0.01, and ***P < 0.001 are differences
between veh and acute eto.
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MC-HFD-fed mice (Fig. 2B, C). Importantly, this indicates
that the glucose intolerance after prolonged eto is specific
to the inhibition of CPT-1 by eto and the subsequently
lower availability of mitochondrial LCFAs for 3-oxidation.
Of note, vehicle-treated MC-HFD-fed mice were more glu-
cose tolerant than vehicle-treated LC-HFD-fed mice (Fig.
2B, C).

Basal plasma FA concentration was not changed by pro-
longed eto but was increased in MC-HFD-fed mice (Fig. 2D).
In LC-HFD-fed mice, prolonged eto induced a 3-fold in-
crease in liver TG content. Importantly, there was no effect
of prolonged eto on liver TG content in MC-HFD-fed mice
(Fig. 2E). Heart TG was unchanged (Fig. 2F), while there
was a modest (+11%) increase in skeletal muscle TG levels
with prolonged eto irrespective of diet (Fig. 2G).

A recent study reported that prolonged FAOX inhibi-
tion by eto had no detrimental effect on glucose toler-
ance in mice (8). This interpretation depends on whether
glucose tolerance is defined per absolute glucose values
or the blood glucose excursion curve relative to starting
value. Given the acute hypoglycemic effect of eto, we hy-
pothesized that timing of the last eto injection would have
great impact on glycemia. To test this, we assessed glucose
tolerance after 9 days of eto injections, with eto last admin-
istered either 20 h (prolonged eto) or 4 h (acute-after-
prolonged eto) before the GTT (Fig. 3A). Glucose tolerance
was impaired following prolonged eto (Fig. 3B,C), in agree-
ment with data in the prolonged experiment in Fig. 2. With
acute-after-prolonged eto, the absolute blood glucose
excursion was overall lower (Fig. 3B). However, relative
to starting glucose levels, glucose tolerance appeared to be

impaired, similar to the observation with acute eto in
Fig. 1Sand T.

The glucose intolerance in the prolonged eto group was
observed concomitantly with normal plasma FA levels at
the onset of the GTT (Fig. 3D), whereas the FA concentra-
tion was increased in the acute-after-prolonged eto group
(Fig. 3D). The increased GTT iAUC following acute-after-
prolonged eto was observed despite depletion of liver gly-
cogen and 29% reduction of muscle glycogen levels in the
basal state (Fig. 3E, F).

Collectively, these results indicate that longer-term in-
hibition of FAOX by eto impairs glucose tolerance and
increases ectopic lipid accumulation in the liver. The glu-
cose intolerance was not reversed by acute inhibition of
FAOX.

Prolonged FAOX inhibition with eto impairs hepatic and
BAT insulin sensitivity

Next, we wanted to understand whether the glucose in-
tolerance after prolonged eto is secondary to impairments
in peripheral insulin sensitivity or insulin secretion. Follow-
ing injection with glucose, plasma glucose levels were 36%
higher at 30 min in prolonged eto mice compared with
vehicle (Fig. 4A). Both groups, however, exhibited a simi-
lar increase in circulating insulin (Fig. 4B), indicating that
insulin secretion is unaffected by prolonged eto. Glucose-
induced glucose clearance into skeletal muscle, heart, and
eWAT was similar in both groups, but prolonged eto de-
creased glucose clearance into the BAT by 48% (Fig. 4C).
Glucose-induced Akt Thr*” phosphorylation was not im-
paired in BAT, skeletal muscle, or liver following prolonged
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eto (Fig. 4D). In BAT, a decreased protein content of
glucose transporter 4 (GLUT4) was observed, together
with decreased uncoupling protein 1 (UCP1) protein and
mitochondrial complex I-V (Fig. 4E). In agreement with a
dysregulation of BAT metabolism, lower mRNA content
was detected for UCP1, cytochrome C1 (Cycl), and PR
domain containing 16 (Prdml6) with prolonged eto
(Fig. 4G), while these browning genes remained unaltered
in BAT from prolonged eto MC-HFD-fed mice (Fig. 4H).
Visually, BAT excised from prolonged eto-treated LC-HFD-
fed mice showed a more beige phenotype (supplemental

Fig. S5).

Bl prolonged eto
1000+ Em acute-after-prolonged eto

¥V vehicle

Fig. 3. Timing of last eto injection influences glu-
cose tolerance following prolonged inhibition of
FAOX. Mice were fed a LC-HFD for 6 days before daily
intraperitoneal injections with either vehicle or eto
(20 mg/kg BW) for 9 days (A). The next day a GTT
(2 g glucose per kilogram BW) was performed. Four
hours prior to the start of the GTT, blood was collected
from the tail and mice in the vehicle and prolonged
eto groups received an injection of vehicle, while mice
in the acute-after-prolonged eto group were injected
with eto (A). Glucose excursion curves (B) and iAUC
(C). For D and E, mice were treated similar to (A), but
mice were euthanized before the GTT and 6 h fasted
plasma FA concentration (D), glycogen content in
liver (E), and skeletal muscle (F) were obtained. Data
are expressed as mean + SEM. One-way ANOVAs
were applied in C-F. ¥#* P<0.001, ** P<0.01, and
* P<0.05 are differences compared with the vehicle
group(n = 9 mice in veh, n = 8 mice in prolonged and
acute-after-prolonged eto).

In addition to a defect in BAT glucose clearance, the
elevation in hepatic TG content after prolonged eto (Fig.
2E) indicated that defects in liver glucose metabolism
might also contribute to the glucose intolerance. To un-
derstand whether hepatic glucose output was affected
by prolonged eto, a hyperinsulinemic-euglycemic clamp
was conducted. Plasma insulin and blood glucose (clamped
at ~6 mmol/1) were similar during the clamp in the vehi-
cle and prolonged eto groups (Fig. 5A, B). A reduction in
the glucose infusion rate was detected following prolonged
eto (Fig. 5C), and this was accompanied by increased he-
patic glucose production (Fig. 5D). After the clamp, liver

Fig. 4. Prolonged FAOX inhibition impairs glucose-
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glycogen content was not lower in prolonged eto mice
(Fig. 5E). It could thus be speculated that hepatic gluco-
neogenesis, rather than increased hepatic glycogenolysis,
contributed to the increased glucose output from the liver.
Histology of liver sections revealed no gross morphological
signs of hepatic fibrosis in livers after prolonged eto (Fig. 5F).
Fasting plasma TG was nonsignificantly increased by 85%
with prolonged eto (Fig. 5G). Hepatic protein and gene
expression analyses showed an increase in the protein con-
tent of cluster of differentiation 36/SR-B2 (CD36) (+50%),
a key enzyme for FA uptake (Fig. 5H). As phosphoenolpyru-
vate carboxykinase (PEPCK) protein content was increased
(+81%), together with increased glucose-6-phosphatase
(G6Pase) mRNA (+65%) and diminished angiopoietin-
like protein 8 (ANGPTL8) mRNA (—68%) (Fig. 5H, I),
this could indicate a greater hepatic gluconeogenic capac-
ity of the liver after prolonged eto. Expression of hepatic
FAOX genes, such as PPARa, PDK4, and CPT-1a, were not
significantly changed. Collectively, these data suggest that
the lower glucose tolerance following prolonged FAOX in-
hibition is a consequence of IR in the liver and BAT.

DISCUSSION

We show that inhibiting long-chain FAOX with eto
initially lowers basal blood glucose levels and increases
whole-body and skeletal muscle glucose oxidation, increases
peripheral glucose disposal in several oxidative tissues, and
leads to an initial reduction in blood glucose excursion fol-
lowing a GTT. The lowering of basal blood glucose is, how-
ever, accompanied by a substantial rise in circulating FAs,
accumulation of TG in liver and heart, and hours later a
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reduced glucose tolerance relative to starting glucose
levels. Furthermore, when FAOX is inhibited over several
days, severe metabolic dysfunctions manifest specifically in
liver and BAT, causing whole body IR. Importantly, using a
control diet, we verify that these findings directly relate to
the lack of mitochondrial oxidation of FAs and not to pos-
sible unspecific effects of eto.

Our observation that acute FAOX inhibition lowered
basal blood glucose levels is consistent with previous stud-
ies in rodents (28-30) and humans (3, 9, 31, 32). However,
our data provide new important insights. First, we for the
first time traced glucose clearance by several key metabolic
tissues that contribute to whole-body glucose homeostasis
and found that cardiac glucose disposal was robustly in-
creased by acute FAOX inhibition, likely related to FAs
being a major substrate for heart energy production (33).
Compared with the heart, glucose disposal into skeletal
muscle was induced to a lesser extent, with glucose clear-
ance increasing 2-fold following acute FAOX inhibition.
However, this 2-fold increase in muscle glucose clearance is
similar to the effect of physiological insulin stimulation in
mouse muscle in vivo (34); and taking organ size into con-
sideration, most of the systemic glucose was presumably
taken up by skeletal muscle. At the same time, it was shown
in isolated skeletal muscle that incubation with eto acutely
increased glucose oxidation. Second, efficient disposal of
glucose during a GTT was initially increased, while being
reduced 4 h later following acute inhibition of FAOX.
Thus, the lowering of glycemia with acute FAOX inhibition
by eto appears to be associated with a later onset of altered
glucose homeostatic control. A potential mechanism for
the greater relative glucose excursions during the GTT
after 4 h of acute eto is the concomitant rise in circulating

Fig. 5. Prolonged FAOX inhibition results in in-
creased hepatic glucose production under insulin
stimulation. Insulin-stimulated whole-body glucose
disposal and glucose production assessed during a 120
min hyperinsulinemic-euglycemic clamp combined
with D—[?)—f;H]glucose infusion. Experiments were per-
formed in mice subjected to prolonged FAOX inhibi-
tion, with the last vehicle (veh) or eto injection 20 h
before the experiment. Average plasma insulin (A),
glucose (B), and glucose infusion rate required to
maintain euglycemia (C) during the last 30 min of the
clamp. The glucose rate of appearance (Ra) (D) ob-
tained at 105 and 120 min. Liver glycogen content ob-
tained at 120 min in the clamp experiment is shown in
E. F: Representative images of H&E-stained liver sec-
tions. G: Fasting plasma TG after prolonged inhibition
of FAOX, with the last vehicle (veh) or eto injection
20 h before the experiment. Quantification of indicated
liver protein contents (H). Representative blots are
shown in supplemental Fig. S4. I: Hepatic mRNA con-
tent for indicated genes. Data are expressed as mean +
SEM. Unpaired ttests were applied in A-E and G-1.
#%kP<().001, **P< 0.01, and *P< 0.05 are differences
compared with the vehicle group. In A-E, n = 7 mice
in veh, n = 9 mice in prolonged eto. In G-I, n = 9 mice
in veh, n = 9 mice in prolonged eto. RU, relative units.
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FAs (13), likely related to the suppression of whole-body
FAOX with acute eto, as plasma glycerol levels did not
indicate increased whole-body lipolysis. According to
Randle’s findings, high systemic FA availability can acutely
downregulate insulin-stimulated glucose disposal (1, 35).
Associated with the increased plasma FA levels, hepatic TG
content was 4-fold increased, and it could be speculated
whether increased hepatic glucose output during the 4 h
GTT contributed to the greater GTT iAUC, similar to after
prolonged eto. Glucagon was markedly increased at 4 h,
likely induced by the marked hypoglycemia at that time
point rather than direct effects of eto on a-cells (36).
Together, the initial whole-body response to eto adminis-
tration highlights potential metabolic concerns regard-
ing the use of pharmacological FAOX inhibition to treat
hyperglycemia in diabetes.

The glycemic consequences of longer-term pharmaco-
logical FAOX inhibition were previously contradictory.
Rats treated with eto for a prolonged period were reported
to be insulin resistant (11). In contrast, prolonged FAOX
inhibition in mice lowered the absolute glucose concentra-
tions during a GTT despite elevated concentrations of skel-
etal muscle diacylglycerols (8). The present data show that
the findings by Timmers et al. (8) likely related to the fact
that eto in that study was administrated a few hours prior
to the GTT.

In our study, prolonged FAOX inhibition by eto caused
glucose intolerance by inducing IR in both liver and
BAT. The dysregulation of hepatic glucose production was
related to an increase in hepatic TG content and a pro-
gluconeogenic molecular signature. Hepatic TG accumu-
lation possibly resulted from the intermittent inhibitions
of hepatic FAOX after the daily eto injections, concomi-
tant with the intermittent increases in plasma FA availabil-
ity resulting from peripheral FAOX inhibition coupled
with a compensatory upregulation of the FA translocase,
CD36, in the liver over time. Of note, humans with car-
nitine deficiency, which impairs the function of the CPT
shuttle, also demonstrate hepatic TG accumulation (37, 38).
Moreover, when eto was administered to obese insulin-
resistant subjects for 3 days, the fasting concentration of
plasma FAs increased by 52% (3). Following prolonged
FAOX inhibition, we here show that protein content of
PEPCK, an enzyme facilitating the first committed step in
gluconeogenesis (39), was increased, while mRNA content
of ANGPTLS, with suppressing effects on gluconeogenic
gene transcription (40), was decreased. Together with an
increased G6Pase mRNA content, these data support that
prolonged inhibition of FAOX increases the capacity for
hepatic glucose output.

The observed IR in the BAT was not associated with de-
fective insulin signaling as judged by Akt Thr’”® phosphory-
lation, and seems rather to be related to the marked
downregulation of GLUT4 content and the impaired oxi-
dative /uncoupling capacity. In BAT, we made the observa-
tion of a decrease in UCPI protein content following
prolonged FAOX inhibition. It has been shown that LCFAs
are essential to activate UCP1 (41, 42), and that BAT ther-
mogenic function and UCP1 expression were impaired in
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the absence of LCFAs (43-45). To this end, reducing LCFA
availability by administration of the whole-body lipolysis in-
hibitor, nicotinic acid, in humans suppressed cold-induced
BAT thermogenesis (46). Sufficient FAOX thus appears to
be necessary for normal BAT function. As thermogenic
gene expression and BAT morphology remained normal
when eto was administered in MC-HFD-fed mice, this indi-
cates that the metabolic deterioration of BAT was specific
to mitochondrial FA availability and (-oxidation.

In conclusion, we show that acute inhibition of FAOX
reduces glucose tolerance relative to starting levels after a
few hours, and that prolonged FAOX inhibition induces
both glucose intolerance and IR. While acute inhibition of
FAOX actually lowers blood glucose, due to increased glu-
cose utilization primarily in skeletal muscle and the heart,
the accompanying increase in circulating FAs (and the re-
sulting liver TG accumulation) was likely the reason for the
altered glucose tolerance observed 4 h into FAOX inhibi-
tion. Prolonged inhibition of FAOX led to IR in liver and
BAT, independently of a concomitant increase in circulat-
ing FA levels, pointing to intrinsic tissue metabolic dysregu-
lation. Impaired hepatic glucoregulation seemed to be an
important mechanism for the impaired glucose homeostasis.
Collectively, our data suggest that pharmacological FAOX
inhibition, despite the transient stimulation of glucose oxi-
dation, does not appear to be a viable strategy to treat IR.Hl
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