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SUMMARY

To assess the effects of acylcarnitine accumulation on muscle insulin sensitivity, a model of muscle acylcar-
nitine accumulation was generated by deleting carnitine palmitoyltransferase 2 (CPT2) specifically from
skeletal muscle (Cpt2%~/~ mice). CPT2 is an irreplaceable enzyme for mitochondrial long-chain fatty acid
oxidation, converting matrix acylcarnitines to acyl-CoAs. Compared with controls, Cpt2°*~’~ muscles do
not accumulate anabolic lipids but do accumulate ~22-fold more long-chain acylcarnitines. High-fat-fed
Cpt25%~'~ mice resist weight gain, adiposity, glucose intolerance, insulin resistance, and impairments in
insulin-induced Akt phosphorylation. Obesity resistance of Cpt2%<~/~ mice could be attributed to increases
in lipid excretion via feces, GFD15 production, and energy expenditure. L-carnitine supplement intervention
lowers acylcarnitines and improves insulin sensitivity independent of muscle mitochondrial fatty acid oxida-
tive capacity. The loss of muscle CPT2 results in a high degree of long-chain acylcarnitine accumulation,

simultaneously protecting against diet-induced obesity and insulin resistance.

INTRODUCTION

Obesity and type 2 diabetes are caused by a combination of poor
diet quality, high caloric intake, and physical inactivity. The skel-
etal muscle accounts for 50% of total energy expenditure (EE),
and because it is highly bioenergetically demanding and insulin
responsive, it greatly affects systemic metabolism in physiolog-
ical and pathological scenarios. Disrupted skeletal muscle mito-
chondrial oxidative capacity is a consequence of overnutrition
and obesity and is a potential cause of insulin resistance.
However, obesity-induced mitochondrial dysfunction occurs at
many levels, and dissecting the differential junctures of mito-
chondrial metabolism to determine the key disruptions leading
to metabolic diseases remains ongoing. Among potential meta-
bolic disruptors are medium-chain acylcarnitines (MCACs) and
long-chain acylcarnitines (LCACs), fatty acid oxidative interme-
diates that when accumulate are implicated as causative in insu-
lin resistance (Adams et al., 2009; Aguer et al., 2015; Bou-
chouirab et al., 2018; Keung et al., 2013; Kim et al., 2014;
Koves et al., 2008; Li et al., 2015; Liepinsh et al., 2016, 2017;
Mai et al., 2013; McCoin et al., 2015b; Power et al., 2007; Ring-
seis et al., 2012; Samimi et al., 2016; Vavrova et al., 2016; Warfel
et al., 2017). LCACs accumulate during numerous physiological
and non-physiological stresses, including fasting, ketogenic
diet, exercise, overnutrition, heart disease, and insulin resistance
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(Adams et al., 2009; Bouchouirab et al., 2018; Mai et al., 2013;
McCoin et al., 2015a; Sampey et al., 2012; Schooneman et al.,
2013, 2014; Soeters et al., 2009; Su et al., 2005; Xu et al.,
2016; Zhang et al., 2017). We previously demonstrated a high
degree of LCAC accumulation in a mouse model of heart
and muscle carnitine palmitoyltransferase 2 (CPT2) deficiency
(Cpt2M~'7) (Pereyra et al., 2017). CPT2 is a critical, autonomous
enzyme required for carnitine-mediated oxidation of long-chain
fatty acids in the mitochondria by converting CPT1-generated
ACs into acyl-coenzyme A (CoA) coenzymes within the mito-
chondrial matrix. The Cpt2"~/~ mice develop severe cardiac hy-
pertrophy and ultimately heart failure (Pereyra et al., 2017) and
do not respond well to high-fat-diet feeding. Therefore, we
generated a skeletal muscle-specific CPT2-deficient mouse
model (Cpt25F~7) to investigate the role of muscle fatty acid
oxidation and LCAC accumulation in obesity and insulin sensi-
tivity. Cpt25%~/~ mice accumulate substantial levels of LCAC in
plasma and muscle, ~20-fold greater than control mice, thus
positioning the Cpt2%~'~ mice as an excellent model to study
the effects of LCAC accumulation. Loss of muscle CPT2 had
minimal effects on systemic metabolic parameters of mice fed
a low-fat diet; however, upon high-fat-diet feeding, Cpt25%~/~
mice resisted diet-induced weight gain and adiposity. Resis-
tance to obesity coincided with improved glucose homeostasis
and Akt phosphorylation in response to insulin in Cpt25%~/~
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Figure 1. Skeletal-Muscle-Specific CPT2-Deficient Mice Accumulate LCACs

(A) MRNA and protein expression of Cpt2 in skeletal muscle of Cpt25**+ and Cpt25*~/~ mice (n = 6).

(B-E) Complete and incomplete oxidation of "“C-palmitate, '*C-octanoate, and "*C-pyruvate in skeletal muscle homogenates of Cpt25*/* and Cpt25*~/~ mice
(n=3).

(F) Acylcarnitine quantification in TA muscle and plasma of Cpt25%*/* and Cpt25*~/~ female mice (n = 6).

(G and H) lon intensity per microgram of protein of LCACs and of medium- and short-chain ACs in skeletal muscle of Cpt25*+ and Cpt2%~/~ female mice,
24 weeks of age (n = 6).

(Iand J) lon intensity per microliter of plasma of LCACs and of medium- and short-chain ACs in plasma of Cp!
(n=6).

t25%+/+ and Cpt25*~/~ female mice, 24 weeks of age

(legend continued on next page)

2 Cell Reports 33, 108374, November 10, 2020



Cell Reports

mice compared with control mice. Thus, despite a high degree of
LCAC accumulation in skeletal muscle and plasma, the loss of
fatty acid oxidation capacity in the muscle resulted in retained
or heightened insulin sensitivity even under a high-fat dietary
challenge. Moreover, the improvements in glucose tolerance
and insulin sensitivity in Cpt25“~'~ mice after long-term L-carni-
tine (L-carn) supplementation in the drinking water suggests that
the carnitine-driven rescue mechanisms occur independent of
muscle mitochondrial fatty acid oxidative flux.

RESULTS

Skeletal-Muscle-Specific CPT2-Deficient Mice
Accumulate LCACs

Skeletal muscle-specific CPT2-deficient mice were generated by
crossing Cpt2'®“* mice (Lee et al., 2015) with Cre-recombinase-
expressing mice driven by the human a-actin 1-Cre (ACTA1/HSA)
transgene. Specific deletion was confirmed by Cpt2 mRNA and
protein that was absent from Cpt2%~~ muscle (Figure 1A) while
being preserved in liver (Figure S1K). As expected, the loss of
CPT2 reduced the rates of long-chain fatty acid oxidation into car-
bon dioxide in muscle homogenates (by 65%) (Figure 1B). How-
ever, no significant difference was observed for palmitate oxida-
tion in acid-soluble metabolites, in agreement with the formation
of acid-soluble ACs by CPT1 that are not further oxidized in the
absence of CPT2 (Figure 1C). Cpt25*~/~ muscle homogenates
maintained the capacity to oxidize the medium-chain fatty acid
free octanoate, which can bypass the CPT-carnitine shuttle for
mitochondrial fatty acid oxidation (Figure 1D), suggesting that
Cpt2%~'~ mitochondria are intact and capable of oxidizing fatty
acids in a carnitine-independent manner. Pyruvate oxidation
was increased 54% in Cpt25“~/~ muscle compared with control,
suggesting compensatory mechanisms to increase the use of
non-fatty acid substrates for energy production (Figure 1E).
Next, the specific AC species and the extent of its accumulation
was evaluated. Liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) quantitative assessment of both skeletal muscle
and plasma revealed that the tibialis anterior (TA) muscle of
Cpt2%~~ mice had increased LCACs, such as AC18 and
AC18:1 by ~5- and ~7.6-fold, respectively (Figure 1F).
Conversely, short-chain ACs like butyryl-carnitine (AC4) were
decreased in Cpt2%*~~ mice by 86% (Figure 1F). Plasma of
CPT2-deficient mice did not have reduced AC4 but showed a
similar profile of LCAC accumulation, with increased AC18 and
AC18:1 by 1.5- and 5.2-fold, respectively (Figure 1F). To obtain
a broad and comprehensive assessment of the many ACs
affected in Cpt2%%~/~ mice, we performed direct injection mass
spectrometry (DIMS). DIMS showed that although nearly all
LCACs 14 carbons and greater in length were increased in the
Cpt25“~/~ TA muscle relative to controls; the most abundant spe-
cies were AC18:1 (56-fold), AC18:2 (36-fold), AC18:0 (31-fold),
and AC16:0 (14-fold) (Figure 1G). In contrast, short- and me-
dium-chain ACs were significantly reduced in Cpt2%~~ muscle
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by ~61% (Figure 1H). Thus, the loss of CPT2 reduced medium-
and short-chain ACs and caused accumulation of LCACs. In
plasma, the same LCACs were elevated in Cpt25*~/~ mice
compared to controls, albeit to different degrees: AC18:1 (6.5-
fold), AC18:2 (6.2-fold), AC18:0 (5.5-fold), and AC16:0 (4.2-fold)
(Figure 11). Unlike the reductions observed in muscle for short-
and medium-chain ACs, no genotype effect was observed in
the plasma for these metabolites (Figure 1J). These data confirm
that the lack of CPT2 in the skeletal muscle results in a high de-
gree of LCAC accumulation, especially 16- and 18-carbon-long
ACs, but not medium- or short-chain ACs, in plasma and muscle.

Cpt25<~/~ Mice Are Protected from Obesity Induced by a
High-Fat Diet

When Cpt2%%~~ mice were fed a low-fat, standard diet, the loss
of mitochondrial long-chain fatty acid oxidation in skeletal mus-
cle did not affect body weight, body length, body fat, or lean
mass (Figures 1K and S1A). Specifically, inguinal and gonadal
fat depots and gastrocnemius (GA) and TA muscles had similar
mass between genotypes; however, the soleus (SOL) muscle
was 32% heavier than in controls (Figure S1B). Cpt2%~~ mice
exhibited similar whole-body EE, food intake, and ambulatory
activity compared with control mice (Figures 1L, S1C-S1E, and
S1l). However, when given access to a running wheel, voluntary
running in Cpt2%~~ mice was ~75% less than in controls (Fig-
ure 1M). These data suggest that the loss of muscle mitochon-
drial long-chain fatty acid oxidation does not overtly affect
whole-body energetic homeostasis but that Cpt2%~/~ mice
avoid voluntary wheel exercise.

Next, we exposed Cpt25%~/~ mice to a chronic high-fat dietary
challenge that resulted in complete resistance to weight gain in
Cpt25~/~ mice (Figure 2A). The lack of weight gain in Cpt25~/~
mice was attributed to adiposity resistance, because total body
fat was ~90% below that of high-fat-fed controls (Figure 2B). In
agreement, Cpt25“~/~ inguinal and gonadal white adipose tissue
(IWAT and gWAT, respectively) fat depot mass was ~70%-90%
less than that of controls (Figure 2C). Histological assessment of
gWAT revealed that Cpt25*~'~ mice were refractory to adipocyte
expansion and adipose inflammation induced by the high-fat
diet, as depicted by the lack of macrophage infiltrates in classic
crown-like structures (Figure 2D). Total lean mass was not signif-
icantly different between genotypes that spent up to 5 weeks on
a high-fat diet but became ~20% reduced in the Cpt2%%~~ mice
by 14 weeks of feeding, likely the consequence of resistance to
hepato- and cardio-megaly induced by the high-fat diet (Figures
2E and 2F). Despite the lack of weight gain in high-fat-fed
Cpt25~/'~ mice, they consumed similar food and water
compared with control mice (Figure 2G). Thus, obesity resis-
tance in Cpt25%~'~ mice results from lack of increased adiposity.

In a search for possible contributors to obesity resistance, we
found that high-fat-fed Cpt25*~/~ mice had fecal triacylglycerol
(TAG) content elevated by ~3-fold compared with control mice
on the high-fat diet (Figures 2H and S2E). Fecal free fatty acid,

(K) Body weight and length of Cpt25<*/* and Cpt2%~/~ male mice, 12 weeks of age (n = 7-12).

(L) Spontaneous, home-cage locomotor activity during light and dark cycles of male mice, 12 weeks of age (average of 2 recording days, n = 8).
(M) Voluntary wheel activity during light and dark cycles of male mice, 12 weeks of age (average of 2 recording days, n = 8).

Data are presented as mean + SEM. *p < 0.05 determined by Student’s t test. See also Figure S1.
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Figure 2. Cpt25%~/~ Protection from Obesity Induced by a High-Fat Diet
(A) Body weight of Cpt25%*+ and Cpt25~/~ female mice fed a low-fat (LF) or a high-fat (HF) diet for 16 weeks (n = 7-12).
(B) Whole-body fat mass after 2, 5, 10, and 14 weeks of HF diet fed to female mice (n = 7-12).

(C) Wet tissue mass of BAT, iWAT, and gWAT individual depots after 16 weeks of HF diet fed to female mice (n = 7-12).
(D) Representative histological image of gWAT after 8 weeks of HF diet, H&E stain. Scale bar, 100 um.

(E) Whole-body lean mass after 2, 5, 10, and 14 weeks of HF diet fed to female mice (n = 7-12).

(F) Wet tissue mass of liver, heart, GA, TA, and SOL muscle after 16 weeks of HF diet fed to female mice (n = 7-12).
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cholesterol ester, or acylcarnitine content was not elevated by
the high-fat diet between genotypes (Figures 21 and S2F-S2H).
We next considered another form of carbon wasting that is spe-
cific to the CPT2 deficiency model: urinary secretion of carbons
in the form of ACs. Plasma and urinary ACs were determined
before and after 10 days of high-fat-diet feeding, and despite
the high levels in the plasma, LCACs in the urine of Cpt25%—/~
mice were not changed relative to controls before or after the
high-fat diet (Figure 2J). The total abundance of short-, me-
dium-, and acetyl-ACs was not changed in urine of Cpt25%~/~
mice before or after the high-fat diet (Figures S2A and S2B),
yet the distribution of these metabolites was significantly regu-
lated by both diet and genotype. Specifically, high-fat-diet
feeding increased the percentage of dicarboxylic and hydroxyl-
ated ACs in both control and Cpt25~~ mice (Figure S20C).
Furthermore, loss of muscle CPT2 increased the percentage of
medium-chain dicarboxylated ACs (Figure 2K), biomarkers of
increased fatty acid oxidation at the endoplasmic reticulum
(ER) and peroxisome and often elevated in the urine of individ-
uals with metabolic myopathies (Vissing et al., 2019; Wanders
et al., 2011). Altogether, these data suggest that muscle CPT2
deficiency alone is sufficient to drive increased urinary excretion
of omega-oxidation products. These data also suggest that high
levels of plasma ACs in Cpt25*~/~ mice are not reflected in urine
or feces, acute high-fat-diet feeding does not increase urinary
ACs, and increased lipid excretion via feces might contribute
to obesity resistance in Cpt2%~/~ mice.

The inability of Cpt25*~/~ mice to gain weight on the high-fat
diet is consistent with models of impaired muscle mitochondrial
metabolism, an effect that has been linked to release of myomi-
tokines such as FGF21 and GFD15 that contribute to obesity
resistance (Bowman et al., 2016; Chung et al., 2017; Vandan-
magsar et al., 2016). Surprisingly, the mitokine FGF21, which is
commonly upregulated in mitochondrial metabolic disruption
models (Kliewer and Mangelsdorf, 2019), was not increased in
muscle or liver of Cpt25“~/~ high-fat-fed mice (Figure 2L). In
contrast, Gdf15 gene expression was upregulated in muscle of
Cpt2°%~'~ mice and corresponded with a 2.5-fold increase in
GDF15 plasma levels compared with high-fat-fed controls (Fig-
ures 2L and 2M). GDF15 expression can be induced in muscle
by the integrated stress response; however, the lack of elevation
in Cpt2%~'~ muscle of elF2A phosphorylation and of upregula-
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tion of its downstream effectors, such as Chop and Atf4, sug-
gests an alternate mechanism for GDF15 induction (Figures
S2l and S2J).

To assess the early metabolic adaptations to high-fat feeding,
indirect calorimetry was performed during the low- to high-fat-
diet transition. Inability to use fatty acids as fuel was evident
immediately after the dietary switch in Cpt25%~'~ mice, with res-
piratory exchange ratio (RER) values dropping below 0.7 by day
5 of high-fat-diet feeding, reflecting an acute switch to gluconeo-
genesis and ketogenesis (Schutz and Ravussin, 1980) (Figures
2Q and S1F-S1H). Next, whole-body metabolism was assessed
across the time course of chronic low- and high-fat-diet feeding.
As expected (Kaiyala and Schwartz, 2011; Tschop et al., 2011),
larger mice had significantly higher EE, oxygen consumption
(VO,), and carbon dioxide release (VCO,) relative to smaller,
thinner mice that became evident toward the end of the 16-
week-long intervention (Figures 2N, 20, and S1l). As such, the
leanness of Cpt25*~'~ mice on the high-fat diet was reflected
in lower EE relative to the heavier high-fat-fed controls. To re-
move the cofounding effect of body weight between high-fat-
fed control and Cpt2%~~ mice, we performed analysis of covari-
ance (ANCOVA) to estimate the group difference in EE control-
ling for body mass. This analysis revealed that high-fat-fed
Cpt25—/~ mice have higher EE (0.53 + 0.032 kcal/h) than con-
trols (0.4 + 0.032 kcal/h; p = 0.05) (Figure 2P). After two weeks
of high-fat-diet feeding, RER was changed only in a diet-depen-
dent manner (Figure 2Q). Altogether, these data suggest that a
32% increase in EE, increased fecal lipid excretion, and
increased myomitokines contributed to resistance to diet-
induced adiposity in Cpt2%~~ mice.

Loss of Muscle CPT2 Regulates Systemic Metabolism

Next, systemic metabolic homeostasis was assessed to deter-
mine how the lack of fatty acid mitochondrial oxidative energy
production in muscle affected peripheral metabolism. Cpt25<~/~
mice had reduced plasma glucose and increased free fatty acids
and ketones, an effect exacerbated by the high-fat diet (Figures
3A-3C). Plasma TAG and cholesterol were not significantly
affected by genotype on the low-fat diet; moreover, Cpt2%~/~
mice resisted increases in circulating TAG and cholesterol
induced by the high-fat diet (Figures 3D and 3E). Adrenergic-
driven phosphorylation of hormone-sensitive lipase (HSL) at

(G) Food and water intake at 2 and 14 weeks of HF diet fed to female mice (n = 7-12).

1) Fecal LCACs of male mice after 8 weeks of LF- or HF-diet feeding (n = 5).

(
(
(
(
feeding (n = 6).

(

(M) Plasmatic GDF15 of male mice fed a LF or HF diet for 8 weeks (n = 6).
(

(n = 3-5).

(

BW (n = 8).

H) Fecal TAGs of male mice after 8 weeks of LF- and HF-diet feeding (n = 5).

J) Urinary levels of LCACs before and after a 10-day-long HF-diet feeding of male mice (n = 6).
K) Distribution of the most abundant hydroxylated and dicarboxylated short- and medium-chain species in male mice before and after a 10-day-long HF-diet

L) Liver, muscle, and BAT mRNA abundance of genes involved in regulation of systemic metabolism of female mice fed a LF or HF diet for 16 weeks (n = 6).
N and O) Energy expenditure (EE) at 14 weeks of LF- or HF-diet feeding presented as both non-normalized and normalized to body lean mass of female mice

P) Regression plot of EE versus body weight (BW) at 14 weeks of HF-diet feeding. Each regression line represents the ANCOVA predicted mean EE per value of

(Q) Resting energy requirements (RERs) at several time points during LF- or HF-diet feeding of female mice (n = 5-10).
Data are presented as mean + SEM. *p < 0.05 determined by Student’s t test for Cot25“*/* HF diet versus Cpt2%%~/~ HF diet; ®p < 0.05 for Cpt25*/* LF diet versus
Cpt25%*"* HF diet. Statistical analysis by 2-way ANOVA for 4 groups and by ANCOVA for EE. Means depicting a different letter indicate significant differences

between groups (p < 0.05) (K-M). See also Figures S1 and S2.

Cell Reports 33, 108374, November 10, 2020 5




- ¢ CellP’ress Cell Reports

A 2001a a COgere B 09 ¢ ©C as; . D 3o A E  60;
= W sk LF _ . a
£ [ sk*™ HF o o = T
& 1501 |b| | Esc-HF 5 5 £ c & b
= c 5 067 a 8 207 S401, [ |b
5 g < a b 3
o) e =
£ 1001 2 2 T | = 3
£ 03 £ € 10 £
§ ol 2 2 Q o)
8 i o = I
> T = O
o z =
o+ 0.0- 0- 0-
F 2.5+ G 2- Uc H 304 A
: p1 []sk*LF b
LF HF a s B sk LF
Sk Sk Sk Sk 2.0 S L] sk HF l
< g 2 M sk HF
- R B 5 = ® 5.
pS563 — | () % - E 3
pS660 | e g || 1l - --‘% o Z 11 <
I &
HSL [ g [ e [ # [ o] % = 1.0 > z
Actin | e s || v we (| g oy ey — %-05 QE: g
' [e2]
0.0- 0- 0
S563 S660 iIWAT BAT Tnfa F4/80 Mcp1
| 57 b mFAO sk LF J 4 Ketogenesis K 37 Carnitine synthesis
. ¢ W sk LF . )
B 4 CIsk’" 2 B
2 WSk H 3 3
@®© (U (U
3 ¥ 2 3
< < <
Z 21 z Z
[S £ IS
2 14 2 2
3 — 3
0.
Cpt1a Cpt2  Acadm Acadl  Acadvl Hmgecs2 Bdh1  Slc16a1l Creb3I3 Tmlhe Bbox1
L 6, Gluconeogenesis b M 4, Lactate catabolism N 2 Glycolysis )
E E E
. S : ;
® ® ®
< < <
Z P4
(4 Z 4
IS € 1S
g 3 g
— 3 3
0
Pcx Pck1 Fbp1 G6pc Sic2a2 Ldha Pdha1 Pdhb  Sic16a7 Hk2 Pkir

Figure 3. Loss of Muscle CPT2 Regulates Systemic Metabolism

(A) Plasma glucose levels of Cpt25%*/* and Cpt25*~/~ female mice fed a LF or HF diet for 16 weeks (n = 6-14).

(B) Non-esterified fatty acids (NEFAs) of female mice fed a LF or HF diet for 16 weeks (n = 6-14).

(C) B-hydroxybutyrate (B-OH) of female mice fed a LF or HF diet for 16 weeks (n = 6-14).

(D) Triacylglycerol (TAG) of female mice fed a LF or HF diet for 16 weeks (n = 6-14).

(E) Cholesterol esters (CHOLs) of female mice fed a LF or HF diet for 16 weeks (n = 6-14).

(F) Phosphorylation status of hormone-sensitive lipase (HSL) at serine residues S563 and S660 in gWAT of female mice fed a LF or HF diet for 16 weeks. Data are
normalized to control mice on a LF diet (n = 6).

(G) iIWAT and BAT mRNA abundance thermogenesis marker of female mice fed a LF or HF diet for 16 weeks. Data are normalized to control mice on a LF diet (n = 6).
(H) gWAT mRNA abundance inflammatory markers of female mice fed a LF or HF diet for 16 weeks. Data are normalized to control mice on a LF diet (n = 6).
(I-N) Liver mRNA abundance of female mice fed a LF or HF diet for 16 weeks. Data are normalized to control mice on a LF diet (n = 6).

Data are presented as mean + SEM. Statistical analysis by 2-way ANOVA. Means depicting a different letter indicate significant differences between groups
(p < 0.05).

6 Cell Reports 33, 108374, November 10, 2020



Cell Reports

protein kinase A (PKA) target sites in adipose tissue increased
~2-fold in high-fat-fed Cpt25*~~ mice when compared with
controls (Figure 3F). Models of obesity resistance and persistent
adrenergic stimuli often undergo browning of white adipose tis-
sue; however, Ucp? mRNA was not changed between geno-
types in inguinal white adipose tissue or in interscapular brown
adipose tissue (BAT), and no histological evidence of browning
was observed in gonadal adipose (Figures 2D, 3G, S3C, and
S3D). Lack of inflammation induced by the high-fat diet in
Cpt25%~'~ white adipose tissue, as initially observed in tissue
sections, was confirmed by gene expression of Tnfa, F4/80,
and Mcp1 (Figures 2D and 3H). Liver gene expression profiles
related to ketogenesis, B-oxidation, carnitine synthesis, gluco-
neogenesis, and lactate catabolism were increased, whereas
glycolytic genes were decreased in Cpt25%~~ mice compared
with control mice, particularly on the high-fat diet, in agreement
with elevated circulating fatty acids and ketones and reduced
RER below 0.7 (Schutz and Ravussin, 1980) (Figures 3I-3N). In-
crease in Cpt2%%~~ mice of key ketogenesis enzyme 3-hydroxy-
3-methylglutaryl-CoA synthase 2 (HMGCS2) was confirmed at
the protein level (Figure S3E). These data suggest that loss of
muscle fatty acid oxidation increases adrenergic tone, ketogen-
esis, and gluconeogenesis in the absence of white adipose
browning.

Improved Glucose Tolerance in Cpt25“~/~ Mice

Because LCACs have been implicated in interfering with insulin-
induced Akt signaling (Aguer et al., 2015; Blackburn et al., 2020;
Liepinsh et al., 2016, 2017; McCoin et al., 2015b), the effect of
LCAC accumulation on insulin responsiveness was assessed.
In the low-fat diet paradigm, Akt phosphorylation in muscle was
not affected by CPT2 deficiency, with or without insulin stimula-
tion (Figure 4A). Although high-fat-diet feeding trended toward
reduced insulin-induced Akt phosphorylation in muscle of control
mice, Cpt2%*~/~ mice retained a high degree of insulin-depen-
dent Akt phosphorylation (Figure 4A). In Cpt2%~~ liver and
gonadal white adipose, Akt phosphorylation was suppressed at
basal conditions in both low- and high-fat-diet feeding (Figures
4B and 4C); however, in response to insulin stimulation, Akt phos-
phorylation increased to similar levels across the groups. Thus,
the net effect of insulin-induced Akt phosphorylation was
increased in Cpt25F~/~ liver and adipose compared with control
mice independent of diet (Figures 4B and 4C).

Despite reduced fasting glycaemia (Figure 3A), Cpt2%~~ mice
on the high-fat diet have normal fasting insulin plasma and resist
hyperinsulinemia induced by the high-fat diet (Figure 4D). These
features are highly indicative of retained insulin sensitivity and
supported by Homeostatic Model Assessment of Insulin Resis-
tance (HOMA-IR) index values (Figure S3F). In agreement, during
a glucose tolerance test, Cpt2%*~'~ male mice responded simi-
larly to controls when fed a low-fat diet while resisting impair-
ments in glucose tolerance induced by the high-fat diet (Fig-
ure 4E). In response to a systemic insulin challenge, low-fat-fed
Cpt25—'~ mice, compared with control mice, had greater glyce-
mic reductions and resisted high-fat diet-induced insulin
resistance (Figure 4F). Altogether, these data suggest that in
Cpt25%~'~ mice, glucose tolerance is preserved because of re-
tained insulin sensitivity despite LCAC accumulation.
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Loss of Muscle CPT2 Does Not Increase Muscle
Complex Lipids

A metabolic consequence of limiting fatty acid catabolic flux is
the accumulation of anabolic lipid metabolites, such as phos-
pholipids, TAG, and ceramides (Kim et al., 2014; Vandanmagsar
et al., 2016). Muscle lipidomic profiling revealed that despite the
inability to oxidize long-chain fatty acids, Cpt25*~~ mice do no
accumulate excess of TAG or ceramides and resist increases
in muscle TAG and ceramides induced by the high-fat diet rela-
tive to controls (Figures 5A and 5B). To determine whether lack of
TAG accumulation was a result of increased lipolytic activity,
HSL phosphorylation at two PKA target sites (S563 and S660)
was assessed in muscle but was not changed by genotype on
either the low- or the high-fat diet (Figure 5C). We next ques-
tioned whether the AC species that most significantly accumu-
late (AC16:0, AC16:1, AC18:0, AC18:1, and AC18:2) (Figure 5D)
could flux back to acyl-CoAs for repurposing into complex lipid
synthesis. Therefore, the acyl-chain composition of complex
lipids was profiled, and within the TAG pool, no change in the
composition of acyl chains was observed between genotypes;
rather, increase in all species was evident in high-fat-fed control
mice (Figure 5E). Total phospholipid content was relatively
higher in Cpt2°%~'~ mice compared with controls on the low-
fat diet; however, after high-fat diet feeding, total phospholipids
decreased by ~60% (Figure 5F), as reflected by significant
changes in all classes of glycerophospholipids and sphingomye-
lin (Figure 5G). Membrane phospholipid acyl-chainacyl-chain
composition affects membrane dynamics (Harayama and Riez-
man, 2018). Analysis of the phospholipid acyl-chain composition
revealed several genotype-driven alterations. Specifically,
although most phosphatidylcholines (PCs) containing 1 unsatu-
rated acyl chain were not changed in Cpt25*~/~ muscle relative
to controls, PCs containing 2 and 3 unsaturated bonds were
~4-fold more abundant (Figures 5H and S4A). Conversely, in
Cpt25—'~ muscle compared with controls, PCs containing 0,
4, 5, 6, and >7 unsaturated bonds were between 15% and
70% less abundant (Figures 5H and S4A). This shift from highly
unsaturated acyl chains in membrane lipids was observed
across all phospholipids, including PC, phosphatidylethanol-
amine, phosphatidylglycerol, phosphatidylinositol, and phos-
phatidylserine, as well as sphingomyelin (Figures S4B-S4F).
The reported changes in PC acyl-chain composition were
augmented by high-fat diet, especially the reductions in highly
unsaturated phospholipids of 5, 6, and >7 unsaturated bonds
that decreased in Cpt25~/~ muscle by ~90% (Figures 5H and
S4A). Altogether, these data demonstrate that the loss of CPT2
in muscle reduces highly unsaturated fatty acids in membrane
phospholipids, potentially affecting membrane dynamics. In
addition, these data suggest that fatty acid oxidative metabolic
flux proceeds to acylcarnitine formation by CPT1b but does
not revert back to acyl-CoA for subsequent complex lipid
synthesis.

Carnitine Supplementation Lowers LCACs Independent
of Fatty Acid Oxidative Metabolism

Increasing free carnitine via exogenous supplementation is well
known to improve glucose homeostasis in animal models. It is
predicted that the mechanism through which this protection
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Figure 4. Systemic and Tissue-Specific Insulin Sensitivity in Cpt2%*~~ Mice
(A) Phosphorylation status of Akt protein in TA muscle of Cpt25**/* and Cpt2%%~/~ female mice fed a LF or HF diet for 16 weeks with (+Ins) or without (-Ins) insulin

stimuli. Data are normalized to control mice on a LF diet without insulin (n = 6).

(B) Phosphorylation status of Akt protein in liver of female mice fed a LF or HF diet. Data are normalized to control mice on a LF diet without insulin (n = 6).
(C) Phosphorylation status of Akt protein in gWAT of female mice fed a LF or HF diet. Data are normalized to control mice on a LF diet without insulin (n = 6).

(D) Fasting insulinemia of male mice fed a LF or HF diet for 8 weeks (n = 6).

(E) Glucose tolerance test of male mice fed a LF or HF diet for 8 weeks. Glycaemia over time (left) and the corresponding area under the curve (right) (n = 8-10).
(F) Insulin tolerance test of male mice fed a LF or HF diet for 8 weeks. Glycaemia over time (left) and the corresponding area under the curve (right) (n = 8-10).
Data are presented as mean + SEM. Statistical analysis by 2-way ANOVA. Means depicting a different letter indicate significant differences between groups
(p < 0.05). *p < 0.05 determined by Student’s t test between the —Ins versus the +Ins group for each genotype and diet.

occurs is mediated partly by lowering ACs (Morand et al., 2014;
Noland et al., 2009; Power et al., 2007; Ringseis et al., 2012).
Here, we questioned the requirement of muscle fatty acid oxida-
tive flux in the ability of free carnitine to improve glucose homeo-
stasis. Therefore, control and Cpt25*~/~ mice on the low- and
high-fat diets received L-carn supplementation in the drinking
water for 16 weeks. L-carn did not affect weight gain or adiposity
relative to the non-carnitine-treated mice on the low- or high-fat

8 Cell Reports 33, 108374, November 10, 2020

diet; however, L-carn did prevent liver TAG accumulation
induced by the high-fat diet (Figures 6A-6C). In Cpt2%%~~ mus-
cle, L-carn modestly rescued free carnitine and acetyl-carnitine
levels in the high-fat-diet condition (Figure 6D). Short- and me-
dium-chain ACs were increased by L-carn in control low-fat-
fed mice and Cpt25%~/~ high-fat-fed mice (Figures 6E and 6F).
Despite lower acetylcaritine in Cpt25*~~ muscle, acetyl
sequestration on lysine residues (Davies et al., 2016) was not
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(B) lon intensity per microgram of protein for ceramides of female mice fed a LF or HF diet (n = 6).

(C) Phosphorylation status of HSL at serine residues S563 and S660 in TA muscle of female mice fed a LF or HF diet (n = 6).

(D) lon intensity per microgram of protein for LCACs of female mice on a HF diet (n = 6).

(E) lon intensity per microgram of protein for fatty acyl residues used as product ions for the DIMS scans used for TAGs screening of female mice fed a LF or HF
diet (n = 6).

(F) lon intensity per microgram of protein for total phospholipids of female mice fed a LF or HF diet (n = 6).

(G) lon intensity per microgram of protein for phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidylserine (PS), and sphingomyelin (SM) of female mice fed a LF or HF diet (n = 6).

(H) lon intensity per microgram of protein for PC species arranged by unsaturation degree as number of double bonds (DBs) of female mice fed a LF or HF diet (n =
6).

Data are presented as mean + SEM. *p < 0.05 determined by Student’s t test. Statistical analysis by 2-way ANOVA. Means depicting a different letter indicate
significant differences between groups (p < 0.05). See also Figures S2 and S3.

different from that of control mice (Figure S2D). High-fat diet
feeding, a known physiological inducer of LCAC accumulation,
increased control mice LCACs by ~3-fold in muscle; surpris-

ingly, however, the high-fat diet did not increase but rather signif-
icantly decreased Cpt25F~/~ muscle LCACs by 40% relative to
low-fat diet conditions (Figure 6G). Importantly, L-carn was
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highly effective at lowering LCACs in both control and Cpt25</~
muscle by 50%-86% (Figure 6G). L-carn normalized total
phospholipids across all diets and genotypes, driven mainly
by significant reductions in total PC, sphingomyelin, and phos-
phatidylethanolamine in low-fat-fed Cpt25*~~ mice and high-
fat-fed control mice (Figures 5F, 6G, S4G, and S4H). Similar to
skeletal muscle without L-carn (Figure 5H), Cpt2%*~~ mice
receiving L-carn for 16 weeks retained elevations in 2 and 3 un-
saturated phospholipids and reductions in highly unsaturated
phospholipids, regardless of diet (Figure 6l). Thus, L-carn sup-
plementation affected muscle acyl-carnitine levels, but not
membrane acyl-chain composition, in a CPT2-independent
manner.

Next, we assessed how L-carn affected circulating ACs in the
context of CPT2 muscle deficiency. In the plasma of Cpt25~/~
mice, endogenous free carnitine was reduced ~48% with the
low-fat diet and ~67 % with the high-fat diet, suggesting a further
systemic free carnitine deficiency in Cpt2%~~ by high-fat
feeding (Figure 6J). L-carn rescued the plasma free carnitine
deficit in Cpt25“~'~ mice on both diets but had greater effects
in high-fat-fed mice, increasing it by ~8-fold (Figure 6J).
Cpt25%~~ mice resisted the reductions in plasma acetyl-,
short-, and medium-chain ACs induced by the high-fat diet
that were observed in control mice (Figures 6K and 6L). Upon
supplementation with L-carn, plasma acetylcarnitine increased
in all groups, whereas short- and medium-chain ACs increased
in control mice, but not in Cpt2%*~~ mice (Figures 6K and 6L).
Plasma LCACs were 5- to 6-fold greater in Cot25*~~ mice, inde-
pendent of diet, and L-carn significantly reduced plasma LCACs
by ~25%-50%, regardless of genotype and diet (Figure 6M).
Thus, plasma acetyl-, short-, and medium-chain ACs did not
mirror but LCACs did mirror the genotype-driven effects
observed in muscle. These data show that L-carn supplementa-
tion rescued plasma free carnitine deficiency and effectively low-
ered LCACs with a greater effect in high-fat fed-mice and that
these outcomes occurred independent of muscle fatty acid
oxidation.

Although excess circulating ACs in Cpt2%%~/~ mice are not
excreted in urine (Figure 2J) or in feces (Figure 2l), the metabolic
fate of circulating ACs remains unclear. The hepatic lipid profile
was assessed to determine whether shifting concentrations of
plasma ACs and free carnitine affected the liver. Surprisingly,
neither high-fat-diet feeding nor loss of CPT2 in skeletal muscle
affected hepatic levels of free-carnitine, short- or medium- ACs,
or LCACs (Figures S5A-S5D). L-carn supplementation increased
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hepatic free carnitine by ~2- to 3-fold in control and Cpt25<~/~
mice fed a low-fat diet, with no effect on high-fat-fed mice (Fig-
ures S5A-S5D). In control mice, hepatic phospholipids and
ceramides were not altered between low- and high-fat diet con-
ditions; however, in Cpt25~~ mice, high-fat diet feeding
increased total hepatic phospholipids, each phospholipid class,
and ceramides by ~40% relative to low-fat-fed mice, indepen-
dent of L-carn supplementation (Figures S5F and S5G). These
data suggest that the liver lipid homeostasis is refractory to sys-
temic effects caused by loss of muscle fatty acid oxidation,
dysregulated plasma ACs, high-fat diet feeding, and carnitine
supplementation. Altogether, these data demonstrate that carni-
tine supplementation was highly effective at lowering LCACs in
plasma and muscle in a manner that does not depend on shut-
tling fatty acids into muscle phospholipids or toward oxidative
flux, suggesting that carnitine supplementation may lower ACs
in muscle by facilitating their flux out of cells, potentially for cata-
bolic metabolism in peripheral tissues.

Insulin Sensitivity Is Improved by L-Carn
Supplementation Independent of Fatty Acid Oxidative
Flux

L-carn supplementation is well established to improve fatty acid
oxidative flux in carnitine-deficient patients and in healthy indi-
viduals and to improve insulin sensitivity (Muller et al., 2002).
The question remains as to whether the beneficial effects of
carnitine supplementation on glucose homeostasis depend on
fatty acid oxidative flux in muscle. To address this question,
we first assessed circulating metabolites important to metabolic
disease outcomes. L-carn slightly reduced plasma glucose
~10%-15% across genotypes and diets and prevented hyper-
triglyceridemia induced by the high-fat diet in control mice
without affecting adiposity (Figures 3D, 7A, and 7B). Although
carnitine supplementation did not affect circulating free fatty
acids, the major regulatory mechanism driving ketogenesis, it
did increase circulating ketones in control mice on the low-fat
diet by ~3.5-fold, an effect attributable to L-carn-induced
increases in genes regulating hepatic fatty acid oxidation, keto-
genesis, lactate catabolism, and gluconeogenesis (Figures 7C-
7E). In control mice on the low-fat diet, L-carn supplementation
did not affect response to a glucose tolerance test but did
improve response to insulin tolerance test and insulin-induced
Akt phosphorylation under high-fat diet (Figures 7F and 7G).
Remarkably, in Cpt25*~~ mice fed either the low- or the high-
fat diet, L-carn had a greater impact compared with control

Figure 6. Carnitine Supplementation Lowers LCACs Independent of Fatty Acid Oxidative Metabolism

(A) Body weight of Cpt25%** and Cpt25%~/~ female mice fed a LF or HF diet supplemented with (+Carn) or without (-Carn) L-carnitine for 16 weeks (n = 6-9).
(B) Whole-body fat mass of female mice fed a LF or HF diet with L-carnitine supplementation (n = 6-9).

(C) lon intensity per milligram of liver for TAGs of female mice fed a LF or HF diet with and without L-carnitine (n = 6 for —Carn and n = 3—4 for +Carn).

(D-G) lon intensity per microgram of protein for free carnitine, acetyl-carnitine, short- and medium-chain ACs, and LCACs in skeletal muscle of female mice fed a
LF or HF diet with and without L-carnitine (n = 6 for —Carn and n = 3-4 for +Carn).

(H) Fold change (+Carn/—Carn) for the sum of total phospholipids in TA muscle after L-carnitine supplementation of female mice (n = 6 for —Carn and n = 3-4

for +Carn).

(I) Heatmap for normalized abundance of PC species arranged by unsaturation degree of female mice fed a LF or HF diet with L-carnitine (n = 3).

(J-M) lon intensity per microliter of plasma for free carnitine, acetyl-carnitine, short- and medium-chain ACs, and LCACs of female mice fed a LF or HF diet with
and without L-carnitine (n = 6 for —Carn and n = 3—4 for +Carn).

Data are presented as mean + SEM. *p < 0.05 determined by Student’s t test. Statistical analysis by 2-way ANOVA. Means depicting a different letter indicate
significant differences between groups (p < 0.05). See also Figures S4 and S5.
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mice, improving both glucose tolerance and insulin sensitivity
even further (Figures 7F and 7G). Carnitine supplementation eli-
cited greater effects during the insulin tolerance test, rather than
the glucose tolerance test, suggesting that most affects insulin
responsiveness. In muscle, L-carn significantly increased insu-
lin-stimulated Akt phosphorylation compared with non-carnitine
in both high-fat-fed groups, by ~1.8-fold in controls and ~3.2-
fold in Cpt2%%~~ mice (Figure 7H). Thus, L-carn supplementation
prevented glucose intolerance and insulin resistance induced by
the high-fat diet independent of effects on adiposity and
enhanced insulin-dependent Akt phosphorylation in muscle. L-
carn also enhanced ketogenic and gluconeogenic gene expres-
sion profiles in the liver in both control and Cpt2%%~~ mice, an ef-
fect elicited concomitant to reductions in muscle and plasma
LCACs but independent of muscle mitochondrial long-chain
fatty acid oxidative metabolism.

DISCUSSION

Although the consumption of high-fat diets and the obesity
epidemic have revealed that disruptions in fat metabolism are
mechanistic drivers of metabolic disease, it is unclear which spe-
cific metabolites and metabolic processes are the major etiolog-
ical contributors. Among the proposed mechanistic culprits are
LCACs, which accumulate as intermediates of incomplete mito-
chondrial fatty acid oxidation during metabolic disease. Interest
in studying non-canonical, lipotoxic roles for ACs has largely
arisen from an increasing number of reports that observe differ-
ences in LCACs during numerous stresses, including fasting,
ketogenic diet, exercise, overnutrition, heart disease, and insulin
resistance (Adams et al., 2009; Bouchouirab et al., 2018; Mai
etal., 2013; McCoin et al., 2015a; Sampey et al., 2012; Schoone-
man et al., 2013, 2014; Soeters et al., 2009; Su et al., 2005; Xu
etal., 2016; Zhang et al., 2017). LCACs are accused of interfering
with insulin signaling (Adams et al., 2009; Aguer et al., 2015; Bou-
chouirab et al., 2018; Keung et al., 2013; Kim et al., 2014; Koves
et al., 2008; Li et al., 2015; Liepinsh et al., 2016, 2017; Mai et al.,
2013; McCoin et al., 2015b; Power et al., 2007; Ringseis et al.,
2012; Samimi et al.,, 2016; Vavrova et al.,, 2016; Warfel
et al., 2017), and they accumulate at particularly high levels in
the skeletal muscle, compared with other tissues (Pradas
et al., 2018). However, the lack of mouse models with consistent
and specific increases in endogenously generated muscle
LCACs has hampered the assessment of their biological effects.
Here, we developed a model of LCAC accumulation in skeletal
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muscle. The Cpt2%*~~ muscle and plasma have the capacity
to accumulate up to 22-fold more total LCACs, with species
such as AC18:1 up to 56 times higher, than in control mice.
The high degree of LCAC accumulation in the muscle and heart
(Pereyra et al., 2017), but less so in the adipose or liver of CPT2-
deficient mouse models (Lee et al., 2015), suggests that striated
muscle provides a stable environment for LCAC accumulation,
the rate of LCAC production is greater in these tissues, LCACs
are metabolically stable in muscle, or the proteins responsible
for export of cellular LCACs regulate the degree of accumulation.
LCACs cannot freely pass through membrane bilayers, unlike
free fatty acids, and thus require protein-mediated transport.
Although, the accumulation of LCACs in the circulation
reflects protein-mediated export from muscle, the regulators of
their export out of muscle and subsequent import into peripheral
tissues and the downstream metabolic handling remains
unclear.

We have generated a muscle-specific model of CPT2 defi-
ciency to block mitochondrial long-chain fatty acid oxidation;
however, CPT1, not CPT2, is the frequent target in fatty acid
oxidation research, because it is the regulated step of the
pathway. Genetically deficient Cpt1b mice, manipulations of
Cpt1’s allosteric inhibitor malonyl-CoA, and chemical inhibitors
such as etomoxir have been used to study the effects of CPT1
inhibition of mitochondrial fatty acid oxidation in muscle (Tim-
mers et al., 2012; Vandanmagsar et al., 2016; Warfel et al.,
2016, 2017). Although targeting CPT1b and CPT2 blocks the
same pathway, the biochemical distinction between inhibiting
fatty acid oxidation either before (at CPT1) or after (at CPT2)
the formation of ACs results in numerous distinct metabolic
and molecular signatures. Biochemically, the inhibition of CPT1
results in accumulation of its substrate acyl-CoAs, which are
toxic and readily ciphered into complex lipids, resulting in accu-
mulation of TAG in the CPT1b-deficient mice (Warfel et al., 2017;
Wicks et al., 2015). Conversely, blocking CPT2 results in accu-
mulation of its substrate LCACs, which unlike acyl-CoAs, accu-
mulate extensively in muscle and do not trigger increases in
complex lipids (Figure 5). Another biochemical distinction is the
lack of CPT2 isoenzymes, whereas in CPT1b-deficient muscle,
CPT1a is shown to be upregulated to partially compensate for
the loss of CPT1b (Wicks et al., 2015). Thus, the loss of CPT2,
compared with CPT1b, stands to more severely block mitochon-
drial long-chain fatty acid oxidation and result in the accumula-
tion of LCACs, but not complex lipids. Phenotypically, both
models demonstrate resistance to weight gain on high-fat diets

Figure 7. Carnitine Supplementation Improves Systemic Metabolism and Insulin Sensitivity in Cpt25¢~/~ Mice

A) Plasma glucose of Cpt25** and Cpt25%~'~ female mice fed a LF or HF diet supplemented with L-carnitine for 16 weeks (n = 12).
B) Plasma triacylglycerol of female mice fed a LF or HF diet with L-carnitine (n = 12).

C) Plasma free fatty acids of female mice fed a LF or HF diet with L-carnitine (n = 12).

E) Liver mRNA relative abundance of female mice fed a LF or HF diet with L-carnitine. Data are normalized to the —Carn respective group (n = 3-4).

F) Glucose tolerance test of female mice fed a LF or HF diet with and without L-carnitine (n = 6 for —Carn and n = 3—4 for +Carn).

G) Insulin tolerance test of female mice fed a LF or HF diet with and without L-carnitine (n = 6 for —Carn and n = 3—-4 for +Carn).

(H) Phosphorylation status of Akt protein in TA muscle of female mice fed a LF or HF diet with and without L-carnitine (n = 6 for —Carn and n = 3-4

¢
(
(
(D) Plasma B-OH of female mice fed a LF or HF diet with L-carnitine (n = 12).
(
(
(

for +Carn).

Data are presented as mean + SEM. *p < 0.05 between the —Ins versus the +Ins group for each genotype and diet determined by Student’s t test; *p < 0.05
between +Carn versus —Carn for each genotype and diet determined by Student’s t test. Statistical analysis by 2-way ANOVA. Means depicting a different letter

indicate significant differences between groups (p < 0.05).
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and improved glucose tolerance. However, there are several
phenotypical distinctions between the models. For example,
CPT1b deficiency, but not CPT2 deficiency, induces an increase
in FGF21 in muscle and serum and browning of white adipose. In
the CPT2 muscle-deficient mice, but not in CPT1b-deficient
mice, insulin tolerance is improved and LCACs accumulate. It
is unknown whether muscle CPT1b deficiency similarly affects
fecal lipid loss, modulates changes in membrane lipids, or is
responsive to L-carn supplementation. In summary, targeting
different steps in the muscle mitochondrial long-chain fatty
acid oxidation pathway (Cpt1b versus Cpt2) results in overlap-
ping (weight resistance) and distinct (lipid accumulation and in-
sulin sensitivity) outcomes.

Resistance of Cpt2%*~/~ mice to obesity under the high-fat
diet agrees with several other muscle mitochondrial metaboli-
cally dysfunctional mouse models (Ghosh et al., 2019; Kim
et al., 2014; Morrow et al., 2017; Vandanmagsar et al., 2016;
Zhang et al., 2010; Zhao et al., 2019). The mechanistic explana-
tion for obesity resistance in these models has been attributed
to FGF21-mediated modifications of systemic metabolism and
the induction of browning of white adipose tissue. However, the
Cpt2%~~ mice do not exhibit browning or the induction of
Fgf21 while on the high-fat diet. The lack of Fgf21 induction
is particularly surprising, because it is often elevated in
response to a myriad of metabolic stresses (Kliewer and Man-
gelsdorf, 2019), including CPT2 deficiency in the liver and adi-
pose tissue (Lee et al., 2015, 2016), but is in agreement with re-
ports of normal FGF21-serum levels in patients with CPT2
deficiency (Motlagh Scholle et al., 2019). Moreover, the in-
crease in hepatic Fgf21 gene expression in response to
L-carn supplementation yielded no change in adiposity resis-
tance but stands to contribute to improvements in glucose
tolerance. The higher EE, higher fecal lipid loss, and mitohor-
metic induction of GDF15 are likely the major contributors to
Cpt25k~'~ obesity resistance.

Contrary to reports that AC accumulation and/or exogenous
AC exposure to cells in vitro or muscle in vivo results in
impaired insulin-induced signaling (Aguer et al., 2015; Black-
burn et al., 2020; Liepinsh et al., 2016, 2017), we find that
high LCAC accumulation in plasma and muscle does not impair
basal or insulin-mediated Akt signaling. In agreement, whole-
body glucose homeostasis was improved in Cpt2%~~ mice.
Although glucose homeostasis in a CPT2-deficient mouse is
inherently intertwined with the lack of fatty acid oxidative meta-
bolism as a major source of energy for the muscle, we used
carnitine supplementation to target AC accumulation in our
model and assess insulin-responsive outcomes. Surprisingly,
L-carn supplementation in the drinking water for 16 weeks
not only managed to lower ACs in the absence of fatty acid
oxidative flux but also improved insulin responsiveness in
Cpt2%~'~ mice. Thus, we have discovered that L-carn supple-
mentation lowers ACs in a manner that is independent of mus-
cle mitochondrial fatty acid oxidation. The question arises as to
how carnitine lowers ACs in the absence of fatty acid oxidation.
It is possible that carnitine supplementation inhibits fatty acid
oxidation, thereby preventing the formation of new ACs. How-
ever, this concept is in contradiction to reports that carnitine
supplementation increases fatty acid oxidative flux (Center
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et al., 2012; Muller et al., 2002). Conversely, the carnitine-acyl-
carnitine translocase (CACT) is a bidirectional transporter mov-
ing ACs into and free carnitine out of the mitochondria, and free
carnitine supplementation could drive backward flux because
of carnitine accumulation in the cytosolic compartment or
gradient-based limitations could prevent flux of AC transport
into the mitochondria. Ultimately, this type of compartmentali-
zation could allow cytosolic accumulation of ACs available for
shuttling out of the cell. After exit from the cell or tissue, our
data suggest that some LCACs are likely taken up by the liver
to fuel ketogenesis in Cpt25*~~ mice. In addition, the same
acyl chains of the accumulated ACs were increased in phos-
pholipids of the liver, particularly on the high-fat diet, suggest-
ing some of these acyl chains are fluxing into liver phospho-
lipids. Although it has been speculated that circulating ACs
are partially secreted in the urine, a factor that could contribute
to obesity resistance in Cpt25*~~ mice, we did not observe
significant increases in urinary ACs with or without high-fat-
diet exposure. Another potential destination for the ACs is
that they are fluxing into muscle phospholipids; however, mus-
cle phospholipids were not increased in Cpt25*~/~ mice, yet the
acyl-chain composition was highly irregular and deficient in
highly unsaturated fatty acids. It is possible that the observed
reduction in muscle phospholipid unsaturation reflects greater
flux of acyl chains from LCACs into phospholipids. Saturated
fatty acids are the predominant accumulating LCACs, yet
membrane saturated acyl chains are not increased in the
Cpt2°%~~ mice, casting doubt on this theory. An additional
consideration is the unknown spatial and biological format of
LCAC accumulation in muscle. The amphipathic nature of
ACs could allow them to reside within membranes, and if so,
they may interfere with membrane properties. The remarkable
reduction in highly unsaturated fatty acids in the muscle mem-
branes of Cpt2%*~~ mice could reflect cell biology-mediated
modifications that restore critical properties of acylcarnitine-en-
riched membranes. Lastly, the reduction in highly unsaturated
acyl-residues in membrane lipids could reflect increased flux
of these fatty acids through alternative oxidation pathways,
such as peroxisomal oxidation.

Altogether, our work solves a fundamental and long-standing
mystery in metabolic control of insulin sensitivity and the role of
ACs therein. The importance of muscle fatty acid metabolism
has remained a central, but contested, player in metabolic dis-
ease and insulin resistance. These data put forth the concept
that ACs do not result in insulin resistance; rather, it seems
that mice unable to flux fatty acids through mitochondrial
B-oxidation are refractory to diet-induced insulin resistance,
suggesting a role for downstream fatty acid catabolism,
beyond AC formation, in the etiology of insulin resistance.
The disconnect between AC accumulation and anabolic lipid
accumulation suggests that LCAC accumulates are non-toxic
in the context of insulin sensitivity. In addition, L-carn supple-
mentation elicited beneficial effects on insulin sensitivity inde-
pendent of muscle fatty acid oxidation; thus, although carnitine
supplementation remains a promising therapy for insulin-resis-
tant individuals, its use in individuals with fatty acid oxidation
disorders should be managed with care given to glycemic
monitoring.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HSP70 Cell Signaling Cat#4872S; RRID: AB_2279841
Anti-Beta Actin Cell Signaling Cat#3700S; RRID: AB_2242334
Anti-Alpha Tubulin Sigma Cat#T0198; RRID: AB_477556
Anti-CPT2 Millipore Cat#ABS85; RRID: AB_11204869
Mouse anti-pan Akt Cell Signaling Cat#2920S; RRID: AB_1147620
Anti-phospho Akt Ser 473 Cell Signaling Cat#4060S; RRID: AB_2315049
Anti-total HSL Cell Signaling Cat#4107S; RRID: AB_2296900
Anti-phospho HSL Ser 563 Cell Signaling Cat#4139S; RRID: AB_2135495
Anti-phospho HSL Ser 660 Cell Signaling Cat#4126S; RRID: AB_490997
Anti-elF2A Cell Signaling Cat#9722S; RRID: AB_2230924
Anti-phospho elF2A Ser 51 Cell Signaling Cat#3398S; RRID: AB_2096481
Rabbit anti-acetylated lysine Cell Signaling Cat#9441S; RRID: AB_331805
Anti-HMGCS2 Cell Signaling Cat#40364S; RRID: AB_2799175
Goat anti-rabbit IgG (H+L) IRDye 800CW LI-COR Cat#926-32211; RRID: AB_621843
Goat anti-rabbit IgG (H+L) IRDye 680RD LI-COR Cat#926-68071; RRID: AB_10956166
Goat anti-mouse IgG (H+L) IRDye 800CW LI-COR Cat#926-32212; RRID: AB_621847
Goat anti-mouse IgG (H+L) IRDye 680RD LI-COR Cat#926-68070; RRID: AB_10956588
Chemicals, Peptides, and Recombinant Proteins

Insulin solution from bovine pancreas Sigma Cat#l0516

Glucose Sigma Cat#G7021

Labeled Carnitine Standards Set B Cambridge Isotope Laboratories Cat#NSK-B-1
Stearoyl-L-carnitine-d3 Cayman Cat#26580

Oleoyl-L-carnitine-d3 Cayman Cat#26578

Palmitic Acid, [1-'4C] American Radiolabeled Chemicals Cat#ARCO0172A

Octanoic Acid, Sodium Salt, [1-'“C]
Pyruvic Acid, Sodium Salt, [2-'4C]

American Radiolabeled Chemicals

Perkin Elmer

Cat#ARC0149-50
Cat# NEC256050UC

Critical Commercial Assays

HR Series NEFA-HR (2)

Triglyceride and Free Glycerol Kits and Reagents
B-Hydroxybutyrate (Ketone Body) Colorimetric Assay Kit
Mouse/Rat GDF-15 Quantikine® ELISA kit

Mouse Ultrasensitive Insulin ELISA assay

FUJIFILM Wako

Sigma-Aldrich
Cayman Chemical
R&D Systems
ALPCO

Cat#999-35691, 999-34791, 999-34891,
999-35191, 276-76491

Cat#F6428 and T2449
Cat# 700190
Cat#MGD150
Cat#80-INSMSU-EO1

Experimental Models: Organisms/Strains

Mouse: Cptztm‘l Mon/Cptztm1 Mwol
Mouse: B6.Cg-Tg(ACTA1-cre)79Jme/J

PMID: 25578732
The Jackson Laboratory

MGl: 6283566; RRID:MG1:6283566
JAX: 006149; RRID:IMSR_JAX:006149

Oligonucleotides

See also Table S1 for more primers

Cpt2 F: CAACTCGTATACCCAAACCCAGTC
Cpt2 R: GTTCCCATCTTGATCGAGGACATC
Fgf21 F: CTGCTGGGGGTCTACCAAG
Fgf21 R: CTGCGCCTACCACTGTTCC
Gdf15 F: GCTATGCTGCCCTCTGGCGG
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Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

https://www.idtdna.com/pages
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Gdf15 R: TCGCCCACGCACATGCTCAG
Tnfa F: GACCCTCACACTCAGATCAT
Tnfa R: TTGAAGAGAACCTGGGAGTA
F4/80 F: TGACTCACCTTGTGGTCCTAA
F4/80 R: CTTCCCAGAATCCAGTCTTTCC

Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

https://www.idtdna.com/pages
https://www.idtdna.com/pages
https://www.idtdna.com/pages
https://www.idtdna.com/pages

https://www.idtdna.com/pages

Software and Algorithms

Heatmapper Wishart Research Group, University http://www.heatmapper.ca/
of Alberta, Edmonton, Canada
NIDDK Mouse Metabolic
Phenotyping Centers

Energy Expenditure Analysis https://www.mmpc.org/shared/

regression.aspx

Prism 8.0 GraphPad Software https://www.graphpad.com/
Other

High Fat Diet (60% calories from fat; 5.49 kcal/gm) Bio-Serv Cat# F3282

Low Fat Diet (3.93 kcal/gm) Bio-Serv Cat# F4031

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and fulfilled by the Lead Contact, Jessica M. Ellis
(ellisje18@ecu.edu).

Materials Availability
This study did not generate unique reagents.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

CPT2 conditionally, Cre-dependent, deficient mice were generated as described (Lee et al., 2015). CPT2-floxed mice were then
crossed with the skeletal muscle-specific Cre Recombinase expressing mice driven by the human alpha-skeletal actin promoter
(The Jackson Laboratory; Stock No: 006149). Littermates lacking the Cre gene (Cpt25%*/*) were used as controls. All mice were of
C57BL/6J genetic background. Both, female and male mice were used ranging from 8 weeks of age to 26 weeks of age. Details
for each experiment are provided in corresponding figure legend. All procedures were performed in accordance with the Animal
Care and Use Committee, Purdue Assurance (Assurance A3231-01) and East Carolina University (Assurance A3469-01).

METHOD DETAILS

Dietary intervention and indirect calorimetry

Mice were given free access to water and standard chow (PicoLab 5053, Lab Diets, Richmond, IN), in pathogen-free housing under
12-hour light-dark cycles. Indirect calorimetry was determined in either Oxymax chambers (Columbus Instruments) in Figure 3
(14 week) or by TSE Metabolic Cages in Figures 1 and 3 (2 weeks) with or without free access to a running wheel attached to the
indirect calorimetry recording system. Fat and lean mass was determined by EchoMRI-700™ (EchoMRI LLC, Houston, TX). For
diet studies, mice were given ad libitum access to either high-fat diet (Bio-Serv 3282, 60% fat calories) or the matched low-fat
diet (Bio-Serv 4031). For carnitine studies, powdered L-carnitine (L(-)-Carnitine, 99+%, ACROS Organics) was directly dissolved
into the drinking water at 300 mg/kg/day.

Blood/plasma assays

Glucose and insulin tolerance tests were performed after 4-hour food deprivation and initiated with intraperitoneal injections of
glucose (Sigma G7021; 2 g/kg) or insulin (Sigma 10516; 0.7 U/kg). Blood glucose was determined by glucometer (NovaMax, Billerica,
MA). Blood was collected in 5%-10% 0.5M EDTA and plasma NEFAs (Wako, Richmond, VA), triacylglycerol (Sigma Aldrich,
St. Louis, MO), and beta-hydroxybutyrate (Cayman Chemical, Ann Arbor, MI) were determined by colorimetric assay per
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manufacturer’s instruction. GDF15 levels in plasma were determined using the Mouse/Rat GDF-15 Quantikine® ELISA kit (R&D Sys-
tems, Inc., Minneapolis, MN) per manufacturer’s instruction. Basal insulinemia was determined in plasma collected after 3-4 hours of
fasting using the Mouse Ultrasensitive Insulin ELISA assay (ALPCO, Salem, NH) per manufacturer’s instruction.

Lipid analysis

AC quantitation in muscle and plasma was performed by LC-MS/MS analysis. Briefly, each samples were was spiked with a 25uL of a
mix of deuterated acylcarnitine internal standards (Cat#NSK-B-1, Cambridge Isotope Laboratories, Inc, Andover, MA) as well as
100ng of Stearoyl-L-carnitine-d3 (Cat#26580, Cayman Chemicals, Ann Arbor, Ml) and 100ng of Oleoyl-L-carnitine-d3 (Cat#26578,
Cayman Chemicals, Ann Arbor, M) before lipids acylcarnitines were extracted with 1.5mL acetonitrile (ACN). Supernatant was recov-
ered, dried in a speedvac concentrator, reconstituted in 75% ACN and analyzed using an Agilent 6460 6470 QQQ coupled to a 1290
Infinity Il UPLC system (Agilent Technologies, Palo Alto, CA)1200 Rapid Resolution LC. A Waters BEH HILIC column was used for
separation and data was collected in multiple reaction monitoring mode. Mobile phase A was water with 0.1% formic acid and mobile
phase B was acetonitrile with 0.1% formic acid. Initial conditions were 100:0 A:B, held for 3 minutes, followed by a linear gradient to
5:95 at 13.5 min. Column re-equilibration was performed by returning to 100:0 A:B at 14 minutes and held until 15 minutes. Column
flow rate was 0.3 mL/min. Concentration of endogenous acylcarnitines was determined based on ratio to corresponding internal
standard and further normalized to sample protein concentration measured in advance.

High-throughput lipid profiling of tissue, feces, plasma, and urine was performed by direct injection mass spectrometry (DIMS) as
previously described (Pereyra et al., 2017). Briefly, lipids were extracted using Bligh and Dyer Method (Bligh and Dyer, 1959) and
both, the lipid and the polar phases were dried separately, resuspended in ACN:MeOH:NH4Ac and directly injected via a micro-
autosampler (G1377A) into a triple quadrupole mass spectrometer (QQQ6410 from Agilent Technologies, San Jose, CA) operated
in the positive ion mode and equipped with ESI ion source Data was collected in multiple reaction monitoring mode (de Lima
etal.,, 2018; Franco et al., 2018; Pereyra et al., 2017). lon intensities acquired by an in-house script were further normalized to sample
protein concentration for tissues or extraction volume for biological fluids.

Total TAGs and cholesterol in plasma and feces were measured by colorimetric enzymatic assays per manufacturer’s instructions
(Stanbio, Boerne, TX) and NEFAs (Wako, Richmond, VA). For this, fecal lipids were extracted using a modified Folch method (Kraus
et al., 2015; Mataki et al., 2007). Briefly, feces were collected from individually house mice over 24 hours and homogenized in normal
saline (ratio 1:12, gr/mL) using a Potter-Elvehjem grinder and drill. Then, same volume of chloroform:methanol (2:1) was added and
vigorously vortexed. Suspension was centrifuged at 1000 g for 10 min and the lower, organic phase was recovered and dried. Lipid
extracts were resuspended in 1% Triton-X in water.

Adipose histology

Immediately after euthanasia the gonadal white adipose tissue was collected, fixed in 4% PFA in PBS overnight and kept in 70%
ethanol in water until paraffin embedded. 10-12uM-thick sections were collected and stained with Hematoxylin-Eosin mixture. Im-
ages were acquired at 20X using a ZEISS Axio Observer microscope.

Gene expression

RNA was isolated using Trizol (Invitrogen, Waltham, MA) and RNA was converted to cDNA (Applied Biosystems High Capacity cDNA
RT Kit) and used for SYBR Green (Bio-Rad, Hercules, CA) based real time PCR. Results were normalized to housekeeping gene and
expressed as arbitrary units of 227, Primers were purchased from Integrated DNA Technologies (https://www.idtdna.com/pages).
For sequence details see Key Resources Table and Table S1.

Immunoblots

Tissues were harvested after 3-4 hours of food deprivation with or without insulin injected intraperitoneal (1 U/kg) 10 min prior to tis-
sue harvest. All data obtained from female mice were fed either a low-fat (LF) or a high-fat (HF) diet for 16 weeks, unless otherwise
specified. Total homogenates were collected in sucrose media (10mM Tris, TmM EDTA, 250mM sucrose) with protease and phos-
phatase inhibitors. Lysates were collected in lysis buffer (50mM Tris-HCI, 150mM NaCl, 1mM EDTA, 1% Triton X-100) with protease
and phosphatase inhibitors. Homogenates or lysates were equally loaded (15-30 pg) and electrophoresed on SDS polyacrylamide
gels, transferred to nitrocellulose membrane, blocked with 5% milk-TBST for 1h, incubated with primary antibody (1:1,000-1:2,000)
against: HSP70 Cell Signaling 4872S; Actin, Cell Signaling 3700S; alpha-tubulin, Sigma T0198; CPT2, Millipore ABS85; AKT and
AKT(S473) Cell Signaling 2920S and 4060S; HSL, HSL(S563), and HSL(S660), Cell Signaling 4107S, 4139S, 41268S; elF2A and
elF2A(S51), Cell Signaling 9722S and 3398S; acetylated lysine Cell Signaling 9441S; HMGCS2 Cell Signaling 40364S, washed,
and incubated with secondary anti-mouse or anti-rabbit antibodies conjugated to IR dye 800CW or 680LT (LI-COR, Lincoln, NE).
Proteins were visualized with Odyssey (LI-COR, Lincoln, NE) and quantified using Image Studio (LI-COR, Lincoln, NE).

Substrate oxidation assay

Freshly isolated muscle was minced and homogenized with a motor-driven Teflon pestle and glass mortar in ice-cold buffer oxidation
buffer (100 mM KClI, 40 mM Tris-HCI, 10 mM Tris base, 5 mM MgCI2-6H20, 1 mM EDTA, and 1 mM ATP, pH 7.4) at a 20-fold dilution
(wt/vol) and the rate of [1-'“C]palmitate, [1-'*CJoctanoate, or [2-'*C]pyruvate, was measured, as previously described (Ellis et al.,
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2010; Pereyra et al., 2017). Briefly, carbon dioxide was trapped in a suspended well filled with sodium hydroxide-soaked filter paper.
Acid soluble metabolites (ASM) were detected from unprecipitated incubation materials exposed to sulfuric acid.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data is presented as mean + SEM, unless otherwise specified. Statistical analysis and figures were generated using GraphPad Prism
version 8.0.0 for Windows (GraphPad Software, San Diego, California USA). Data was compared using either a paired (urinary acyl-
carnitines before-after high-fat diet feeding) or unpaired Student’s t test, or 2-way ANOVA followed by multiple comparison analysis.
Significance level was set at p < 0.05. Statistical details for each dataset are described on figure legends. Heatmapper online tool was
used to generate heatmaps (Wishart Research Group, University of Alberta, Edmonton, Canada). The EE ANCOVA analysis was done
using the NIDDK Mouse Metabolic Phenotyping Centers (MMPC) Energy Expenditure Analysis page (http://www.mmpc.org/shared/
regression.aspx).

Artwork
Graphical Abstract was created with BioRender.com
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Figure S1. Metabolic parameters in Cpt2Sk-/- mice and CPT2 expression in liver. Related to
Figure 1.

(A) Whole-body composition of Cpt2Sk+/+ and Cpt2Sk-/- male mice at 16 weeks of age (n=7-12).

(B) Wet mass of gastrocnemius (GA), tibialis anterior (TA), soleus (SOL) muscle and gonadal- (QWAT),
inguinal (IWAT), and brown-adipose tissue (BAT), males, 18 weeks of age (n=7-10).

(C) Food and water intake registered during indirect calorimetry, males, 12 weeks of age (n=8).

(D) Resting energy requirements (RER) during light and dark cycles, with and without voluntary physical
activity as measured by indirect calorimetry, males, 12 weeks (n==8).

(E) Energy expenditure (EE) during light and dark cycles, with and without voluntary physical activity as
measured by indirect calorimetry, males, 12 weeks (n=8).

(F) EE during low-fat to high-fat diet transition, males, 12 weeks (n=4-5).

(G) RER during low-fat to high-fat diet transition on light (left) and dark (right) cycles males, 12 weeks
(n=4-5).

(H) Spontaneous home cage activity during low-fat to high-fat diet transition, males, 12 weeks of age
(n=4-5).

(I) Oxygen consumption (VO,; top) and carbon dioxide production (VCO,; bottom) at 14 weeks of LF or
HF diet feeding, non-normalized (left) and normalized (right) to lean body mass, females (n=3-5).

(J) Energy expenditure (EE) at several time points during HF diet feeding, females (n=3-10).

(K) Expression of CPT2 protein in liver of Cpt2Sk+/+ and Cpt2Sk-/- female mice at 26 weeks of age
(n=5).

Data is presented as meantSEM. *P<0.05 determined by Student’s t-test for Cpt2Sk+/+ HF diet vs.
Cpt2Sk-/- HF diet; $P<0.05 for Cpt2Sk+/+ LF diet vs. Cpt2Sk+/+ HF diet.
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Figure S2. Loss of muscle CPT2 does not affect urinary acylcarnitine excretion nor protein acetylation
nor integrated stress response but increases fecal lipid content during high-fat diet feeding. Related to
Figure 2.

(A) Urinary levels of acetyl-carnitine before and after a 10-day long HF diet feeding, males (n=6).

(B) Urinary levels of short- and medium-chain acylcarnitines before and after a 10-day long HF diet feeding,
males (n=6).

(C) Urinary levels of unmodified, hydroxylated (-OH) and dicarboxylated (-DC) short- and medium-chain
acylcarnitines before and after a 10-day long HF diet feeding, males (n=6).

(D) Acetylated-lysine in skeletal muscle homogenates, males on low-fat diet, 12 weeks (n=6).

(E) Macroscopic aspect of feces after 8 weeks of LF or HF diet feeding, males.

(F) Fecal levels of non-esterified fatty acids (NEFASs) after 8 weeks of LF or HF diet feeding, males (n=5).
(G) Fecal levels of cholesterol esters (CHOL) after 8 weeks of LF or HF diet feeding, males (n=5).

(H) Fecal levels of acyl-carnitines (ACs) after 8 weeks of LF or HF diet feeding, males (n=5).

(D Phosphorylation status of Eukaryotic Translation Initiation Factor 2A (elF2A) at serine residue 51 in TA
muscle, females, LF and HF diet for 16 weeks. Data is normalized to control mice on low-fat diet (n=6).

(J) Muscle mRNA abundance of markers of the mitochondrial stress response, females, LF and HF diet for 16
weeks. Data is normalized to control mice on low-fat diet (n=6).

Data is presented as meantSEM. Statistical analysis by 2-way ANOVA. Means depicting a different letter
indicate significant differences between groups (P<0.05). *indicates multiple comparisons for unmodified
acylcarnitines in (C).
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Figure S3. Expression of lipid metabolism genes in gWAT and BAT and ketogenesis enzymes in
liver. Related to Figure 2, 3 and 4.

(A-B) gWAT mRNA abundance of markers of lipid metabolism, females, LF and HF diet for 16 weeks. Data
is normalized to control mice on low-fat diet (n=6).

(C-D) BAT mRNA abundance of markers of fatty acid oxidation and thermogenesis, females, LF and HF
diet for 16 weeks. Data is normalized to control mice on low-fat diet (n=6).

(E) Liver expression of ketogenesis enzyme HMGCS2, females, LF and HF diet for 16 weeks. Data is
normalized to control mice on low-fat diet (n=6).

(F) Homeostatic model assessment of insulin resistance (HOMA-IR) index, males, LF and HF diet for 8
weeks (n=6).

Data is presented as mean+SEM. Statistical analysis by 2-way ANOVA. Means depicting a different letter
indicate significant differences between groups (P<0.05).
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Figure S4. Loss of muscle CPT2 alters phospholipid acyl-chain composition. Effects of L-carnitine
supplementation. Related to Figure 5.

(A-F) Relative abundance of phosphatidyl-choline (PC), - ethanolamine (PE), -glycerol (PG), -serine (PS) and
inositol (PI) and, sphingomyelin (SM) respectively, TA muscle, females, LF and HF diet for 16 weeks (n=6).

(G) Relative abundance of phosphatidyl-choline (PC), - ethanolamine (PE), -glycerol (PG), -serine (PS) and
inositol (PI) and, sphingomyelin (SM) in TA muscle of female mice, LF and HF diet with L-carnitine
supplementation for 16 weeks (n=3-4).

(H) Fold change of phospholipids presented in S4A from no carnitine equivalent samples (n=6 for —Carn and
n=3-4 for +Carn).

Data is presented as meantSEM. Statistical analysis by 2-way ANOVA. Means depicting a different letter
indicate significant differences between groups (P<0.05). *Depicts p<0.05 between +Carn versus —Carn for
each genotype and diet determined by Student’s t-test.
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Figure S5. Effects of muscle-specific CPT2 deficiency in hepatic lipid profile. Related to Figure 6.

(A-D) Relative abundance of free carnitine, acetyl-carnitine, short- and medium-chain acylcarnitines and long-
chain acylcarnitines respectively in liver, females, LF and HF diet, with and without L-carnitine (n=6 for —Carn
and n=3-4 for +Carn).

(E) Relative abundance of total phospholipids in liver, females, LF and HF diet, with and without L-carnitine
(n=6 for —Carn and n=3-4 for +Carn).

(F) Relative abundance of phosphatidyl-choline (PC), - ethanolamine (PE), -glycerol (PG), -serine (PS) and
inositol (Pl) and, sphingomyelin (SM) in liver of female mice, LF and HF diet for 16 weeks (n=6).

(G) Relative abundance of ceramides in liver, females, LF and HF diet, with and without L-carnitine (n=6 for —
Carn and n=3-4 for +Carn).

Data is presented as mean+SEM. Statistical analysis by 2-way ANOVA. Means depicting a different letter
indicate significant differences between groups (P<0.05). *Depicts p<0.05 between +Carn versus —Carn for
each genotype and diet determined by Student’s t-test.
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