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Bscl2−/− mice recapitulate many of the major metabolic manifestations in Berardinelli-Seip congenital lipodystrophy type 2 (BSCL2) individuals, including lipodystrophy, hepatosteatosis, muscular hypertrophy, and
insulin resistance. Metabolic defects in Bscl2−/− mice with regard to glucose and lipid metabolism in skeletal
muscle have never been investigated. Here, we identiﬁed Bscl2−/− mice displayed reduced intramyocellular
triglyceride (IMTG) content but increased glycogen storage predominantly in oxidative type I soleus muscle
(SM). These changes were associated with increased incomplete fatty acid oxidation and glycogen synthesis.
Interestingly, SM in Bscl2−/− mice demonstrated a fasting duration induced insulin sensitivity which was further
conﬁrmed by hyperinsulinemic-euglycemic clamp in SM of overnight fasted Bscl2−/− mice but reversed by
raising circulating NEFA levels through intralipid infusion. Furthermore, mice with skeletal muscle-speciﬁc
inactivation of BSCL2 manifested no changes in muscle deposition of lipids and glycogen, suggesting BSCL2 does
not play a cell-autonomous role in muscle lipid and glucose homeostasis. Our study uncovers a novel link between muscle metabolic defects and insulin resistance, and underscores an important role of circulating NEFA in
regulating oxidative muscle insulin signaling in BSCL2 lipodystrophy.

1. Introduction
Skeletal muscle represents a major insulin active organ that accounts for 80–90% of insulin-stimulated glucose uptake from circulation. It is also a major site of fatty acid (FA) uptake and oxidation with
lipid catabolism supplying approximately 70% of the energy requirement for resting muscle. Skeletal muscle is composed of diﬀerent ﬁber
types which vary in their insulin mediated glucose metabolism, fuel
storage and utilization. Type I “oxidative” myoﬁbers possess most intramyocellular triglyceride (IMTG) and greater fatty acid oxidation
(FAO) capacity, and appear to be inherently more insulin sensitive than
type II “glycolytic” myoﬁbers (Bassel-Duby and Olson, 2006; Shaw
et al., 2012). Insulin resistance is a core defect in obesity, lipodystrophy
and type 2 diabetes. Research over the past three decades has established a compelling connection between aberrant lipid and glucose

metabolism and muscle insulin resistance in obesity and type 2 diabetes
(Shulman, 2004; Holland et al., 2007; Yu et al., 2002). In lipodystrophy,
elevated muscle triglyceride content was shown to be associated with
insulin resistance in A-ZIP/F-1 fatless (Kim et al., 2000). However,
excess of lipid accumulation was not consistently observed in muscle of
patients with Dunnigan-type familial partial lipodystrophy (FPLD)
(Boschmann et al., 2010; Vantyghem et al., 2004). Examination of
muscle biopsies from human PTRF linked generalized lipodystrophy
also fails to identify an increase in IMTG (Hayashi et al., 2009). The link
between muscle metabolic deviation and insulin resistance in lipodystrophy needs to be further studied.
Congenital generalized lipodystrophy (CGL), also called
Berardinelli-Seip congenital lipodystrophy (BSCL), is a rare autosomal
recessive disorder characterized by a near total absence of body fat
from birth or infancy, associated with a prominent muscular
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temperature. Mice were sacriﬁced under fed condition at 4:00 p.m. or
after 4–6 h fast (9:00 a.m.-1-3:00 p.m.) [4 h fast (4 hF) was used
throughout the text considering the negligible diﬀerences between 4 h
and 6 h fasting] or overnight 16 h fast (16 hF, 5:00 p.m. to 9:00 a.m.).
Male mice were mainly used. Similar data were obtained in female
mice. All animal experiments were done using protocols approved by
the IACUC at Augusta University.

appearance and enlarged internal organs (Berardinelli, 1954; Seip and
Trygstad, 1996). Aﬀected individuals develop metabolic abnormalities
that include hyperinsulinemia, hypertriglyceridemia, insulin resistance
and type 2 diabetes (Garg, 2011). Mutations in human BSCL2 (also
called Seipin) gene underlie type 2 BSCL (Magre et al., 2001). Four
independent groups (including ours) have generated Bscl2-knockout
(Bscl2−/−) mice, which recapitulate most of the metabolic manifestations including hyperinsulinemia, insulin resistance and hepatosteatosis
in type 2 BSCL patients (Cui et al., 2011; Chen et al., 2012; Prieur et al.,
2013; McIlroy et al., 2018). Various mechanisms whereby lack of
BSCL2 leads to lipodystrophy have been proposed. Speciﬁcally in rodents, BSCL2 was reported to be involved in regulating phospholipid
metabolism and PPARγ activity (Liu et al., 2014) potentially through
interacting with glycerol-3-phosphate acyltransferase (GPAT) (Pagac
et al., 2016). Our own work has consistently demonstrated an essential
role of BSCL2 in regulating PKA-mediated lipolysis thus adipocyte differentiation and maturation (Chen et al., 2012). Interestingly, in contrast to other lipodystrophic animal models such as A-ZIP/F-1 (Moitra
et al., 1998), aP2-SREBP-1c (Shimomura et al., 1998) and Agpat2−/−
(Cortes et al., 2009) mice, Bscl2−/− mice demonstrate unique metabolic phenotypes highlighted by lack of overt fasting hyperglycemia
and hypertriglyceridemia. Instead, a 4-h short fast leads to lower
plasma levels of glucose, triglyceride (TG), nonesteriﬁed free fatty acids
(NEFA) and glycerol, with the latter three further decreased after an
overnight fast as compared to those in wild-type mice (Chen et al.,
2012; Prieur et al., 2013). These unique metabolic phenotypes suggest a
markedly diﬀerent regulation of glucose and lipid metabolism in lipodystrophic Bscl2−/− mice.
Impaired glycogen synthesis and accumulation of intramyocellular
triglyceride (IMTG) have been implicated in the pathogenesis of muscle
insulin resistance (DeFronzo and Tripathy, 2009; Dohm et al., 1988).
Prior work has demonstrated severe insulin resistance after a short fast
but an acutely improved insulin action after a prolonged fast in lipodystrophic Bscl2−/− mice (Chen et al., 2014). Notably, Bscl2−/− mice
present prominent muscular features and contain 117% more lean
muscle mass as compared to the wild-type (Chen et al., 2012). However, the metabolic activity and insulin action in skeletal muscle of lipodystrophic Bscl2−/− mice remain largely uncharacterized. It is also
not known whether BSCL2 plays a cell-autonomous role in regulating
skeletal muscle fuel metabolism and whole-body insulin resistance.
In this study, we dissected the molecular underpinnings of metabolic adaptations and the eﬀect of fasting duration on insulin action in
diﬀerent muscle ﬁber types of Bscl2−/− mice under the fed, short-term,
and prolonged fasting states. We also generated mice with skeletal
muscle-speciﬁc deletion of BSCL2 to study the possible autonomous
role of BSCL2 in skeletal muscle metabolism. Our experiments documented the absence of any signiﬁcant abnormalities in muscle lipid and
glucose homeostasis in mice with striated muscle-speciﬁc deletion of
BSCL2. Instead, we uncovered reduced IMTG and elevated glycogen
accumulation which were associated with enhanced β-oxidation and
glycogen synthesis in oxidative muscle of fed Bscl2−/− mice. We further identiﬁed an unusual modiﬁcation of oxidative muscle FAO and
insulin sensitivity by circulating NEFA levels in global Bscl2−/− mice.

2.2. Hyperinsulinemic-euglycemic clamp with or without intralipid/heparin
infusion
Hyperinsulinemic-euglycemic clamps on conscious male Bscl2−/−
mice after a 16 h fast were previously reported (Chen et al., 2014). For
tissue speciﬁc uptake, we injected a bolus (10 μCi) of 2-deoxy-D[1,-14C] glucose (2-[14C]DG; NEN Life Science Products Inc.) at the end
of 2 h hyperinsulinemic-euglycemic clamp for an additional 45 min.
Tissues were taken and snap-frozen in liquid nitrogen, and stored at
−80 °C for analysis. Glucose uptake in soleus muscle (SM) and gastrocnemius muscle (GM) was calculated from plasma 2-[14C]DG proﬁle
ﬁtted with double exponential curve and tissue content of 2-[14C]DG-6P as previously described (Kraegen et al., 1985). Muscle insulin sensitivity after clamp was further analyzed by western blot.
Lipid infusion to increase circulating NEFA followed by hyperinsulinemic-euglycemic clamp was performed in Bscl2−/− mice as
previously described (Kim et al., 2002). Brieﬂy, at t = −240 min, two
groups of overnight (16 hF) fasted Bscl2−/− mice were preinfused with
saline/heparin or intralipid (20% emulsion, I141 Sigma) combined with
heparin (1:3 v/v). A primed-continuous infusion of [3-3H] glucose (10μCi bolus and 0.1 μCi/min infusion) was started at t = −120 min. The
insulin clamp was begun at t = 0 min with a continuous infusion of
human insulin (2.5 mU/kg/min Humulin R; Eli Lilly, Indianapolis, IN).
2-deoxy-D-[1,-14C] glucose was injected at t = 120 min for an additional 45 min. Tissue speciﬁc glucose uptake was measured as above.
Saline/heparin or lipid/heparin infusion was continued throughout the
experiment. Blood glucose levels were monitored with an OneTouch
UltraSmart blood glucose monitoring system (Life Scan). Plasma NEFA
(Wako) was measured colorimetrically. Insulin levels were determined
from samples obtained at t = 0 and 120 min by enzyme-linked immunosorbent assays according to the instructions of the manufacturers
(Mercodia). Rates of glucose infusion, glucose production, glucose
disposal and glucose uptake in the muscles were compared between the
two groups as previously reported (Chen et al., 2014).
2.3. Insulin tolerance test (ITT) and skeletal muscle insulin signaling
analysis
ITT was performed in mice fasted for 6 h and then injected intraperitoneally (i.p.) with human insulin (Humulin, Novo Nordisk) at
0.75 U/kg. Blood glucose levels were measured by One-touch Ultra
glucose meter before and at 15, 30, 60 and 120 min after injection.
Skeletal muscle insulin signaling was performed on mice either fasted
for 6 h (9:00 a.m.-3:00 p.m.) or overnight 16 h (16 h, 5:00 p.m. to 9:00
a.m.) and i.p. injected with human insulin (Humulin, Novo Nordisk) at
1.0 U/kg. Exactly 15 min later, tissues were excised and immediately
snap frozen in liquid nitrogen. Protein extracts from tissues were analyzed by western blot.

2. Materials and methods
2.1. Mice

2.4. Measurements of muscle metabolites and citrate synthase activity
Global Bscl2−/− mice (backcrossed to C57BL/6J for 5 generations)
and Bscl2f/f mice (backcrossed to C57BL/6J for 8 generations) were
previously generated in the lab (Chen et al., 2012). Striated musclespeciﬁc Bscl2 deﬁcient mice (i.e. Bscl2Mck−/−) were generated by
crossing Bscl2f/f mice with Mck-Cre transgenic mice (Jackson Laboratory stock#:8154). Bscl2f/f littermates were used as control (Ctrl). All
mice were fed with a chow diet and maintained under standard conditions with controlled 12 h/12 h light-dark cycle and 21 °C room

Intramyocellular triglycerides were extracted and determined using
a triglyceride assay kit (ThermoFisher Scientiﬁc) and normalized to
tissue weights as previously described (Chen et al., 2014). Muscle glycogen was precipitated and quantiﬁed using a glucose HK assay
(ThermoFisher Scientiﬁc) as previously described (Chen et al., 2014).
Citrate synthase activity was measured using MitoCheck® Citrate Synthase Activity Assay Kit (Cayman Chemicals) as instructed and
2
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2.9. Statistical analysis

normalized to protein.

Quantitative data were presented as means ± SEM. Other than
clamp study, in vivo animal experiments were performed on at least two
independent cohorts. Diﬀerences between groups were examined for
statistical signiﬁcance with 2-tailed Student's t-test. A P value of less
than 0.05 was considered statistically signiﬁcant.

2.5. Fatty acid and glucose oxidation
Fatty acid oxidation (FAO) assays with soleus muscle homogenates
were performed as previously described (Hirschey et al., 2010). Brieﬂy,
fresh soleus muscles were dissected and placed in STE buﬀer (1M sucrose, 10 mM Tris, pH = 7.5 and 1 mM EDTA) containing a protease
inhibitor and homogenized using a glass douncer (20 loose and 20 tight
strokes). 20 μL tissue homogenates were incubated with 380 μL reaction
buﬀer (100 mM sucrose, 10 mM Tris-HCl, 5 mM KH2PO4, 0.2 mM
EDTA, 0.3% fatty acid-free BSA, 80 mM KCl, 1 mM MgCl2, 2 mM Lcarnitine, 0.1 mM malate, 0.05 mM coenzyme A, and adjust to pH 8.0)
with freshly added 1 mM DTT, 2 mM ATP, 300 μM cold BSA-conjugated
palmitate and 1 μCi/mL [1–14C] palmitic acid substrate for fatty acid
oxidation or 200 μM cold glucose and 0.1 μCi D-[14C(U)]-glucose/reaction for glucose oxidation. After 2.5 h incubation at 37 °C, 200 μL 1 M
perchloric acid was injected into the tubes to release the [14C]CO2
which was captured by hydroamine soaked ﬁlter paper. The released
[14C]CO2 was measured by scintillation counting of the ﬁlter paper,
while acid-soluble metabolites (ASM) were analyzed by centrifugation
and counting of 14C radioactivity in the supernatant. Data were normalized to the total protein contents for SM homogenates.

3. Results
3.1. Reduced triglyceride accumulation and increased fatty acid oxidation
in skeletal muscle of nonfasted Bscl2−/− mice
In lipodystrophy, the inability to store triglycerides safely in adipocytes results in ectopic deposition of lipids in tissues such as liver
(Agarwal and Garg, 2006). Like CGL2 patients, Bscl2−/− mice display
severe hepatomegaly associated with steatosis (Chen et al., 2012). Their
lean mass is 117% more than wild-type littermates, but it is not known
whether hypertrophic muscle accumulates more IMTG in Bscl2−/−
mice. We ﬁrst examined the IMTG contents in oxidative SM, mixed GM
and glycolytic extensor digitorum longus muscle (EDL) of fed Bscl2−/−
mice. To our surprise, we found the IMTG contents in SM and GM of
Bscl2−/− mice were reduced by 75% and 25% respectively as compared
to wild-type mice; whereas no diﬀerence was found in EDL between
two genotypes (Fig. 1A). As SM presented most reduction in IMTG, we
further examined the expression of genes involved in lipid storage
(Plin2, Plin5), fatty acid β-oxidation (Pparα, Acadl, Acadm, Cpt1α,
Cpt1β) and a major TG lipolytic enzyme Atgl in SM. Only Plin2 mRNA
level was signiﬁcantly increased by 2.18 fold in SM of Bscl2−/− mice,
while no changes were found in other genes (Fig. 1B). Western blot
further conﬁrmed lack of pronounced changes in CD36 (fatty acid uptake) and ATGL at their protein levels in SM of two genotypes. However, the protein expressions of PLIN2, PLIN5 and CPT1β were signiﬁcantly elevated in SM of fed Bscl2−/− mice as compared to that of
wild-type fed Bscl2+/+ mice (Fig. 1C and quantiﬁed in Fig. 1D). There
were also a signiﬁcant upregulation of PLIN2 protein and a tendency of
higher expression of PLIN5 in GM of Bscl2−/− mice, albeit to a less
extent (Fig. 1C and D). When analyzing mitochondrial β-oxidation
using crude SM homogenates, we found no diﬀerence in complete FAO
as judged by the release of [14C]eCO2 between Bscl2+/+ and Bscl2−/−
mice under fed states (Fig. 1E). Interestingly, Bscl2−/− SM contained a
2.2 fold higher level of acid-soluble metabolites (ASM) (Fig. 1F), suggesting increased incomplete FAO. Despite the elevated FAO rate, there
was no diﬀerence in mitochondrial biogenesis, since the mRNA expression of Pgc1α and Tfam as well as the mitochondrial electron
transport complex (ETC) components including Ndufb8 (complex I),
Cycs and Cox4a (complex IV) and Atp5a1 (complex V) were comparable
between two genotypes (Fig. 1G). Lack of changes in mitochondrial
biogenesis was further conﬁrmed by similar citrate synthase activities
in SM between fed Bscl2+/+ and Bscl2−/− mice (Fig. 1H). These data
suggest oxidative muscle of Bscl2−/− mice is more TG-deﬁcient and
associated with upregulation of incomplete FAO under fed states.

2.6. Muscle fractionation and membrane localization of glucose
transporters
Soleus muscles (≈20 mg) were homogenized in bullet blender in
Buﬀer A (20 mM Tris-HCl PH 7.5, 1 mM EDTA, 0.25 mM EGTA and
0.25 M sucrose) with freshly added protease and phosphatase inhibitor
cocktails (Sigma). Homogenized samples were ﬁrst spun at 400×g for
15 min. The supernatant was then ultracentrifuged at 105,000×g for
45 min. The sediment (membrane) fraction was resuspended in 50 μL
Buﬀer A and then mixed with 100 μL Buﬀer B (Buﬀer A without sucrose
but 2% Triton X-100). Proteins were solubilized by vortexing, quantiﬁed by BCA assay, and then used for western blot.
2.7. Immunoblot analysis
Snap frozen muscle tissues were lysed in lysis buﬀer containing
25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100
and 10% glycerol with freshly added protease and phosphatase inhibitor cocktail (Sigma). The protein concentration was determined by
BCA protein assay (Bio-Rad). Same amounts of protein were loaded and
immunoblot analyses were carried out according to the standard protocol. Membranes were developed using the ECL chemiluminescence
system and imaged by AMERSHAM Imager 600 (GE Healthcare) followed by densitometry analysis using ImageQuantTL (GE healthcare).
The following antibodies were used: p-AKT-Ser473 (#4060); AKT
(#9272); GLUT4 (#2213); Phospho-GSK3β (Ser9) (#9322); GSK3β
(#9832) were from Cell Signaling Technology; ATGL (10006409,
Cayman Chemicals); rabbit antibodies against murine PLIN2 and PLIN5
were previously reported (Chen et al., 2013); CD36 (18836-1-AP),
CPT1β (22170-1-AP) and GAPDH (60004-1-IG) were from Proteintech
Inc.; GLUT1 (sc-377228) and PKCε (sc-214) were from Santa Cruz.

3.2. Diﬀerential glycogen storage in skeletal muscle of lipodystrophic
Bscl2−/− mice
Skeletal muscle is a major organ to store glycogen. We next measured glycogen content in various muscle types of nonfasting Bscl2+/+
and Bscl2−/− mice. As indicated in Fig. 2A, we observed signiﬁcant
elevation of glycogen levels in the oxidative SM and glycolytic EDL but
not mixed GM of fed Bscl2−/− mice (Fig. 2A). Again, as SM demonstrated more accumulation of glycogen in Bscl2−/− mice, we speciﬁcally focused on oxidative SM to dissect the underlying mechanisms.
We found the mRNA expression of genes involved in glucose transport
(Glut1, Glut4) and glucose oxidation (Pdk4) was not signiﬁcantly altered, despite a tendency of lower Glut1 mRNA expression in SM of fed

2.8. Reverse transcription and real time PCR
Total RNA was isolated from tissues with TRIzol (Invitrogen) and
reverse-transcribed using MLV-V reverse transcriptase using random
primers (Invitrogen). Real-time quantitative RT-PCR was performed on
the Stratagene MX3005. Data were normalized to 2 house-keeping
genes (Ppia and β-actin) based on Genorm algorithm (medgen.ugent.be/
genorm/) and expressed as fold changes relative to wild-type controls.
3
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Fig. 1. Reduced triglyceride accumulation and increased fatty acid oxidation in oxidative muscle of fed Bscl2−/− mice. (A) Intramyocellular triglyceride
(TG) contents in soleus muscle (SM), gastrocnemius muscle (GM) and extensor digitorum longus muscle (EDL) as normalized to tissue weight (n = 6–8/group). (B)
mRNA expression of genes involved in lipid droplet, fatty acid oxidation and lipolysis in SM (n = 6/group). (C) Western blot and (D) quantiﬁcation of protein
expression in SM and GM (n = 3/group). (E) CO2 and (F) acid-soluble metabolites (ASM) production after incubating SM crude mitochondrial fraction with 14Cpalmitate (n = 4/group). (G) mRNA expression of genes involved in mitochondrial biogenesis and electron transfer complex proteins and (H) citrate synthase activity
in SM (n = 6/group). 3 months old male Bscl2+/+ (+/+) and Bscl2−/− (−/−) mice under fed states were used in all studies. *: p < 0.05; **: p < 0.005 vs
Bscl2+/+ mice.

Bscl2−/− mice (Fig. 2B). Membrane localization of GLUT1 and GLUT4
(the major muscle glucose transporter) was also comparable in SM of
fed Bscl2+/+ and Bscl2−/− mice (Fig. 2C). Moreover, measurement of
glucose oxidation capacity in crude SM homogenates did not identify a
signiﬁcant diﬀerence between two genotypes, in agreement with lack of
a change in Pdk4 expression (Fig. 2D). Glycogen synthase (GS) is a key
enzyme in glycogen synthesis. Insulin mediated phosphorylation at the
inhibitory Ser9 phosphorylation at GSK3β inactivates its activity, thus
leading to dephosphorylation and activation of GS (Friedman and
Larner, 1963). Interestingly, we found elevated AKT phosphorylation at
Ser473 and its downstream GSK3β inhibitory Ser9 phosphorylation in
nonfasting Bscl2−/− SM (Fig. 2E and F). Collectively, these data highlight an increased glycogen storage in SM of fed Bscl2−/− mice which
could not be attributed to the elevated glucose transport, or the impaired glucose oxidation, rather, a potential activation of GS due to
inhibition of GSK3β.

signaling in Bscl2−/− mice responds to fasting is not known. Interestingly, we found basal AKT phosphorylation at Ser473 was enhanced in
the SM of Bscl2−/− mice after a short 4 h fast (Fig. 3A). Upon acute
insulin injection, both SM and GM in 4 h-fasted Bscl2−/− mice displayed impaired insulin-mediated AKT phosphorylation (Fig. 3A–D), in
agreement with the whole-body insulin resistance in 4 h-fasted Bscl2−/
−
mice (Chen et al., 2014). However, after a prolonged overnight
fasting, whereas no diﬀerence at basal AKT phosphorylation was detected, SM in Bscl2−/− mice displayed augmented response to insulinmediated AKT phosphorylation (Fig. 3A and B). Prolonged fasting resulted in similar basal and insulin-mediated AKT phosphorylation in
GM of Bscl2+/+ and Bscl2−/− mice (Fig. 3C and D).
Our previous hyperinsulinemic-euglycemic clamp study has identiﬁed overnight-fasted Bscl2−/− mice are more insulin sensitive, exhibiting elevated glucose infusion and completely suppressed hepatic
glucose production (Chen et al., 2014). Here, we further examined
muscle glucose uptake and insulin sensitivity in the same clamped mice.
We ﬁrst conﬁrmed comparable clamped blood glucose levels between
the two genotypes (Fig. 3E). Not surprisingly, the glucose uptake rates
of SM, but not GM, were greater in clamped Bscl2−/− mice as compared
to wild-type mice (Fig. 3F), suggesting a better insulin response in the
oxidative muscle of Bscl2−/− mice after a prolonged fast. Insulinmediated AKT phosphorylation at Ser473 was 1.6-fold elevated in SM of

3.3. Fasting-dependent insulin signaling in skeletal muscle of lipodystrophic
Bscl2−/− mice
Previously we have demonstrated a surprising fasting durationmodulated insulin sensitivity in the liver of lipodystrophic Bscl2−/−
mice (Chen et al., 2014). However, how skeletal muscle insulin
4
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Fig. 2. Diﬀerential glycogen deposition in skeletal muscles of fed Bscl2−/− mice. (A) Intramyocellular glycogen content as normalized to tissue weight in soleus
muscle (SM), gastrocnemius muscle (GM) and extensor digitorum longus muscle (EDL), n = 8/group. (B) RT-PCR analysis of genes involved in glucose transport and
metabolism in SM, n = 6/group. (C) Targeting of GLUT1 and GLUT4 to membrane in SM. PKCε was used as loading control. n = 3/group. (D) Glucose oxidation
assay by measuring CO2 production after incubating SM crude mitochondrial fraction with 14C-glucose, n = 4/group. (E) Phosphorylation of AKT at Ser473 and
GSK3β at Ser9 in SM; (F) pAKT/AKT ratio; (G) pGSK3β/GSK3β ratio, n = 5/group. All experiments were performed in 13 week old male Bscl2+/+ (+/+) and
Bscl2−/− (−/−) mice under fed states. *: p < 0.05.

Bscl2−/− mice under clamped conditions (Fig. 3F and quantiﬁed in
Fig. 3G), in line with improved insulin sensitivity in SM of overnightfasted Bscl2−/− mice after an acute insulin treatment (Fig. 3A and B).
Despite no change in glucose uptake rate, the overall insulin-mediated
AKT phosphorylation in GM of Bscl2−/− mice was slightly downregulated (Fig. 3G and H). Together, these data suggest prolonged
fasting duration accentuates insulin signaling more potently in oxidative SM than mixed GM in Bscl2−/− mice.

rate as compared to saline infusion in Bscl2−/− mice, suggesting worsened whole-body insulin sensitivity (Fig. 4E). Rates of basal glucose
production were not altered among two groups (Fig. 4F). However,
hepatic glucose production during clamp was highly suppressed in
saline-infused but not intralipid-infused Bscl2−/− mice, suggesting
impaired hepatic insulin sensitivity after intralipid infusion (Fig. 4F).
Whole-body glucose disposal rates (Fig. 4G) as well as glucose uptake
rates in SM and GM (Fig. 4H) were all attenuated in intralipid-infused
Bscl2−/− mice, as compared to Bscl2−/− mice with saline infusion.
These data emphasize that circulating NEFA level is a critical factor that
modulates muscular fatty acid oxidation and insulin sensitivity in lipodystrophic Bscl2−/− mice.

3.4. Circulating NEFA regulates muscle insulin sensitivity in Bscl2−/− mice
Factors contributing to the heightened insulin sensitivity in skeletal
muscle of overnight-fasted Bscl2−/− mice remain unknown. Plasma
NEFA level has direct relevance in regulating muscle FAO and insulin
sensitivity (Kim et al., 1996). Previously we have demonstrated extremely low circulating NEFA levels in overnight fasted Bscl2−/− mice
as compared to Bscl2+/+ mice (Chen et al., 2012). Next, we ﬁrst
compared the SM mitochondrial FAO capabilities in Bscl2+/+ and
Bscl2−/− mice after a prolonged fast. Similar to fed mice (Fig. 1E), we
found no diﬀerence in complete FAO as judged by the release of [14C]
eCO2 using crude SM homogenates from overnight fasted Bscl2+/+
and Bscl2−/− mice (Fig. 4A). However, in contrast to fed mice (Fig. 1F),
the level of ASM released by Bscl2−/− SM was ≈25% lower as compared to that of Bscl2+/+ SM (Fig. 4B). This suggests the capacity of
incomplete FAO in SM was diminished in response to extremely low
circulating NEFA in overnight fasted Bscl2−/− mice.
Acute lipid infusion could raise circulating fatty acids and cause
insulin resistance in peripheral organs (Boden et al., 2001). To further
test whether the extremely low circulating NEFA enhances muscle insulin sensitivity in Bscl2−/− mice, we performed saline/heparin or intralipid/heparin infusion coupled with hyperinsulinemic-euglycemic
clamp in overnight-fasted Bscl2−/− mice. Blood glucose levels were
maintained at similar levels in Bscl2−/− mice infused with saline or
intralipid before and during the clamp (Fig. 4C). Intralipid infusion
signiﬁcantly raised plasma NEFA levels in Bscl2−/− mice (Fig. 4D).
While basal insulin levels were comparable before clamp, steady-state
clamped insulin levels in intralipid-infused Bscl2−/− mice were slightly
higher as compared to those in saline-infused group. Nevertheless, intralipid infusion signiﬁcantly decreased whole-body glucose infusion

3.5. BSCL2 does not play a cell-autonomous role in regulating muscle TG
and glycogen metabolism
BSCL2 is expressed in skeletal muscle, albeit at a lower level compared with white adipose tissue (Chen et al., 2009). It is, however, not
known whether BSCL2 directly mediates metabolic and insulin actions
in skeletal muscle. We next generated striated muscle-speciﬁc Bscl2knockout mice (Bscl2Mck−/−) by crossing Bscl2f/f mice with Mck-Cre
transgenic mice. Bscl2f/f mice were used as control (Ctrl). There was an
about 80% reduction of Bscl2 mRNA in both SM and GM of Bscl2Mck−/−
mice (Fig. 5A). These mice were grossly normal with similar body
weights (data not shown) and lean masses (Fig. 5B) as their Bscl2f/f
counterparts. In contrast with the reduced muscle IMTG contents in
global Bscl2−/− mice (Fig. 1A), the IMTG contents in both SM and GM
were not signiﬁcantly diﬀerent between Ctrl and Bscl2Mck−/− mice
(Fig. 5C). The glycogen contents in SM and GM were also comparable
between two genotypes (Fig. 5D). Moreover, these mice responded
normally to a bolus of insulin injection, suggesting unaltered insulin
sensitivity (Fig. 5E). Furthermore, there were no changes in protein
expressions of PLIN2, PLIN5 and CPT1β in both SM and GM between
two genotypes (Fig. 5F). These data underscore that BSCL2 does not
play an autonomous role in directly mediating muscle lipid and glucose
metabolism as well as insulin resistance.
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Fig. 3. Fasting-dependent insulin signaling in skeletal muscle of Bscl2−/− mice. (A) Representative western blot of saline (Sal) and insulin-stimulated AKT
Ser473 phosphorylation and (B) quantiﬁcation of the ratio of insulin-stimulated pAKT/AKT in soleus muscle (SM). (C) Representative western blot of saline (Sal) and
insulin-stimulated AKT Ser473 phosphorylation and (D) quantiﬁcation of the ratio of insulin-stimulated pAKT/AKT in gastrocnemius muscle (GM). 10–13 week old
male mice were injected with saline or insulin at 1 unit/kg BW by ip after 4 h fast (4 hF) or overnight 16 h fast (16 hF). Tissues were harvested after 15 min n = 4/
group. (E) Blood glucose during a 2 h hyperinsulinemic-euglycemic clamp and (F) glucose uptake in soleus muscle (SM) and gastrocnemius muscle (GM) of overnight
(16 h) fasted Bscl2+/+ (+/+) and Bscl2−/− (−/−) mice after hyperinsulinemic-euglycemic clamp. n = 6/group. (G) Insulin mediated AKT Ser473 phosphorylation
and (H) ratios of pAKT/AKT in SM and GM under clamp. Three representative animals were shown for each group (n = 6 total). *: p < 0.05 vs Bscl2+/+ mice.

4. Discussion

mice contained excessive IMTG (Kim et al., 2000; Kim et al., 2003).
Interestingly, in our Bscl2−/− mice which recapitulate human BSCL2
lipodystrophy, we were not able to identify excess IMTG under both fed
(Fig. 1A) and 4 h fasted states (data not shown). In contrast, type I
oxidative soleus muscle and mixed gastrocnemius muscle displayed
reduced IMTG in fed Bscl2−/− mice (Fig. 1A). Such changes are associated with elevated incomplete FAO (as evidenced by increased ASM
production) at least in SM of Bscl2−/− mice. These ﬁndings are somewhat surprising as increased incomplete FAO in skeletal muscle normally occurs in the context of increased intramyocellular lipid content
and contributes to insulin resistance in obesity and type 2 diabetes
(Boden et al., 2001). So far, it is not known whether SM of Bscl2−/−
mice could more avidly uptake circulating NEFA under fed states which
results in mitochondria overload thus higher incomplete FAO despite
reduced IMTG. Notably, enhanced incomplete FAO together with lack
of ectopic lipid accumulation are also observed in skeletal muscle of
patients with FPLD (Boschmann et al., 2010). Thus, diﬀerences exist in
muscle lipid metabolism in lipodystrophy as compared to obesity and
diabetes, of which the underlying mechanisms await further clariﬁcation.

In this study, we for the ﬁrst time identiﬁed adipose atrophy in
Bscl2−/− mice did not cause ectopic deposition of fat into muscle, instead, reduced IMTG, elevated incomplete FAO and increased glycogen
storage especially in oxidative muscle ﬁbers. The oxidative muscle was
insulin resistant after a short fast, but insulin sensitivity was accentuated after an overnight fast. Such changes were largely due to the
prolonged circulating NEFA deﬁciency, as an increase in NEFA via intralipid infusion reduced insulin sensitivity within 6 h in the oxidative
muscle of Bscl2−/− mice. These ﬁndings provide novel molecular mechanisms underlying skeletal muscle metabolic dysfunction in lipodystrophy.
Ectopic accumulation of fat in liver is commonly seen in patients
with lipodystrophy. Lipodystrophic patients are normally associated
with muscular hypertrophy. However, clinical data about muscle lipid
deposition in lipodystrophic patients are scarce, with only three studies
demonstrating either more or less IMTG in muscle biopsies from patients with FPLD or generalized lipodystrophy (Boschmann et al., 2010;
Vantyghem et al., 2004; Hayashi et al., 2009). The A-ZIP/F-1 fatless
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Fig. 4. Altered oxidative muscle fatty acid oxidation and
reversal of insulin sensitivity by intralipid infusion in
overnight fasted Bscl2−/− mice. (A) CO2 and (B) acidsoluble metabolites (ASM) production after incubating 14Cpalmitate with crude mitochondrial fraction isolated from
SM of overnight fasted Bscl2+/+ and Bscl2−/− male mice
(n = 4/group). (C) A time line of procedures for saline (Sal)/
intralipid infusion, basal 3-[3H] glucose infusion, hyperinsulinemic-euglycemic clamp and 2-[14C]DG injection in
13–15 weeks old male Bscl2−/− mice after an overnight
(16 h) fast with blood glucose levels indicated at each stage.
(D) Plasma NEFA before and during 6 h saline and intralipid
infusion. (E) Basal and clamped insulin levels. (F) Glucose
infusion rates (GIR) during the 120 min hyperinsulinemiceuglycemic clamp, (G) basal and clamped hepatic glucose
production (HGP), (H) glucose disposal rate (GDR) and (H)
glucose uptake of SM and GM after clamp. n = 6 per genotype. *: p < 0.05 vs saline infused Bscl2−/− mice.

oxidation in oxidative muscle of Bscl2−/− mice (Fig. 2D). Further work
are needed to dissect these paradoxical but interesting ﬁndings.
Impaired insulin-stimulated muscle glucose transport and glycogen
synthesis are implicated in the pathogenesis of insulin resistance and
type 2 diabetes (Shulman, 2004). Interestingly, patients with congenital
generalized lipodystrophy have been reported to accumulate more
glycogen in skeletal muscle (Aﬁﬁ et al., 1976). This was also the case in
lipodystrophic Bscl2−/− mice which accumulated more glycogen in
their oxidative SM and glycolytic EDL (Fig. 2A). These changes were
observed mainly in hyperinsulinemic Bscl2−/− mice under fed (Fig. 2A)
and 4 h-fasted conditions (data not shown) (Chen et al., 2012). We
postulate hyperinsulinemia causes insulin to “spill over” and act on
IGF1-R, leading to elevation of basal AKT and GSK-3β phosphorylation
in SM of fed and 4 h-fasted Bscl2−/− mice. Inactivation of GSK-3β by
phosphorylation at Ser9 is known to result in eIF2B activation and
skeletal muscle hypertrophy (Schiaﬃno and Mammucari, 2011), suggesting a potential mechanism underlying muscle overgrowth in BSCL2
lipodystrophy. Meanwhile, inactivation of GSK3β also causes

PLINs have been identiﬁed as important regulators of skeletal
muscle lipid metabolism. Skeletal muscle-speciﬁc overexpression of
PLIN2 and PLIN5 both increases IMTG levels without negatively impacting on insulin sensitivity (Bosma et al., 2012; Bosma et al., 2013).
In SM and GM of fed Bscl2−/− mice, we identiﬁed upregulation of both
PLIN2 (at mRNA and protein levels) and PLIN5 (only at protein level)
(Fig. 1C and D) which persisted after a short 4 h fast (data not shown).
Strikingly, such upregulation occurs in the presence of reduced IMTG,
suggesting a dissociation of PLINs expression with IMTG in BSCL2 lipodystrophy. PLIN2 overexpression lowers, whereas PLIN5 overexpression promotes expression of genes involved in muscle oxidative
metabolism (Bosma et al., 2013). Bscl2−/− SM exhibits enhanced oxidative metabolism highlighted by elevated CPT1β protein expression, a
key step in the regulation of FAO within muscle (Bonnefont et al.,
2004). Activation of PPARα is known to mediate PLINs and oxidative
gene expression. However, we did not identify transcriptional changes
in Pparα, suggesting other post-transcriptional mechanisms. Despite
increased FAO, there was no reciprocal downregulation of glucose
7
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Fig. 5. Deletion of BSCL2 in skeletal muscle does not perturb muscle mass, triglyceride and glycogen accumulation as well as insulin resistance. (A) RTPCR of Bscl2 in soleus muscle (SM) and gastrocnemius muscle (GM); (B) % of lean mass; (C) intramyocellular TG and (D) glycogen contents as normalized to tissue
weight; (E) insulin tolerance test; (F) protein expression in SM and GM. All experiments were performed in 4 h fasted 3 months old male Ctrl and Bscl2Mck−/− mice.
n = 6/group. **: p < 0.005 vs Ctrl.

The residual white and brown adipose tissue of Bscl2−/− mice exhibited higher glucose uptake rates (data not shown). However, the
insulin resistant GM of Bscl2−/− mice displayed a tendency of lower
glucose uptake; whereas the glucose uptake rates of other muscle types
such as heart, tibialis anterior muscle and EDL were not measured.
Given that the glucose uptake rate was presented as per kilogram tissue,
the extremely low masses of insulin sensitive adipose tissue and soleus
muscle in the face of increased masses of other potentially insulin resistant muscles in Bscl2−/− mice may ultimately result in an insignificant change of whole-body glucose disposal.
Elevated NEFA level in energy excess states such as obesity contributes to peripheral insulin resistance (Lewis et al., 2002), whereas
reduction in circulating NEFA in response to treatment with insulin
sensitizers such as thiazolidinediones (TZDs) (Lebovitz and Banerji,
2001) or weight loss (Viljanen et al., 2009; Goodpaster et al., 1999) is
associated with amelioration of insulin resistance. Our study using the
unique Bscl2−/− mice for the ﬁrst time tested the opposite scenario of
the Randle cycle: when circulating NEFA is extremely low, it necessitates glucose uptake to push the organism to improve insulin signaling.
Prolonged fasting accentuated insulin signaling in liver (Chen et al.,
2014) and SM (Fig. 3). Lipid infusion in humans (Boden and Chen,
1995); and in rats (Kim et al., 1996; Clerk et al., 2002) gives rise to
insulin resistance in muscle. Similarly, lipid infusion clearly reversed
insulin sensitivity of both liver and SM and further worsened insulin
resistance of GM in lipodystrophic Bscl2−/− mice (Fig. 4). These data
underscore the importance of circulating NEFA level as a key contributor of whole-body insulin resistance in both obesity and lipodystrophy. It also suggests dietary restriction, presumably by lowing circulating NEFA, could prevent muscle insulin resistance in
lipodystrophy. Notably, we observed more marked changes in fastingdependent and lipid-moderated insulin resistance with Type I oxidative
muscle ﬁber, which could be attributed to its intrinsic susceptibility to
lipid toxicity (Coen and Goodpaster, 2012).
Upregulations of PLINs and FAO have been demonstrated in BSCL2deleted diﬀerentiating and mature adipocytes (Chen et al., 2012; Zhou
et al., 2015). This indicates a probably intrinsic role of BSCL2 in regulating FAO in even non-adipocytes such as skeletal muscle. However,
further generation of mice with striated muscle-speciﬁc deletion of
BSCL2 did not support this notion (Fig. 5), suggesting elevations in

signiﬁcantly elevated glycogen synthase (GS) activity and muscle deposition of glycogen (Patel et al., 2008). Biochemical studies are needed
to conﬁrm whether GS activity in skeletal muscle of Bscl2−/− mice is
augmented. Despite no diﬀerence in glucose transporter expression and
membrane targeting, we cannot exclude the possibility that muscle
glucose transport rate may be higher due to glucose oversupply in hyperphagic Bscl2−/− mice under fed conditions. Moreover, over-accumulation of glycogen has been shown to cause muscle functional impairment (Testoni et al., 2017). Whether it aﬀects muscle performance
in Bscl2−/− mice warrants further investigation.
IMTG per se is not a marker for muscle insulin resistance.
Accumulation of lipotoxic fatty acid metabolites, such as diacylglycerol
(DAG), ceramide and other bioactive lipid molecules are thought to
interfere with insulin signal transduction in skeletal muscle (Holland
et al., 2007; Yu et al., 2002). Bscl2−/− SM and GM contain less TGs, but
they are insulin resistant under short fast, suggesting a clear dissociation of muscle TG content with insulin resistance in lipodystrophic
Bscl2−/− mice. While we did not directly examine skeletal muscle DAG
and ceramide contents, recent studies suggest muscle accumulation of
lipid-derived acylcarnitines (byproducts of incomplete β-oxidation)
contributes to the development of insulin resistance (Koves et al.,
2008). Enhanced incomplete FAO and accumulation of acylcarnitine
metabolites are also observed in insulin resistant patients with FPLD
(Boschmann et al., 2010). Interestingly, incomplete FAO was obviously
higher in insulin-resistant SM of nonfasting Bscl2−/− mice (Fig. 1F) but
notably lower in insulin-sensitive SM of overnight-fasted Bscl2−/− mice
(Fig. 4B). Thus, it is highly plausible that incomplete FAO contributes to
the development of oxidative muscle insulin resistance in Bscl2−/−
mice in spite of reduced IMTG. Detailed muscle lipidomic studies of
acylcarnitine metabolites will be of help in supporting this hypothesis.
Before clamp, plasma insulin levels in Bscl2+/+ and Bscl2−/− mice
were similar after an overnight fast (Chen et al., 2012). Unfortunately,
we did not directly compare the clamped insulin levels between two
genotypes in our ﬁrst hyperinsulinemic-euglycemic clamp study. This
renders it hard to interpret whether the enhanced glucose uptake observed in SM of Bscl2−/− mice (Fig. 3F) is due to the elevated insulin
signaling per se. Interestingly, we also observed similar whole body
glucose disposal in Bscl2+/+ and Bscl2−/− mice (Chen et al., 2014)
despite the increased glucose uptake in SM of Bscl2−/− mice (Fig. 3B).
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muscle lipid oxidation in Bscl2−/− mice is probably secondary to lipodystrophy. Exactly how lipodystrophy provokes fatty acid catabolism
in muscle remains to be further investigated. These studies likely provide more hints about the adipomuscular axis in leading to metabolic
abnormalities.
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5. Conclusion
Our study links BSCL2 lipodystrophy to reduced IMTG but excess
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