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Abstract

Aim: To examine factors underlying why most, but not all, adults with obesity
exhibit impaired insulin-mediated glucose uptake, we compared: (1) adipose tis-
sue fatty acid (FA) release, (2) skeletal muscle lipid droplet (LD) characteristics,
and (3) insulin signalling events, in skeletal muscle of adults with obesity with
relatively high versus low insulin-mediated glucose uptake.

Methods: Seventeen adults with obesity (BMI: 36 +3kg/m?) completed a 2 h hy-
perinsulinemic-euglycemic clamp with stable isotope tracer infusions to meas-
ure glucose rate of disappearance (glucose Rd) and FA rate of appearance (FA
Ra). Skeletal muscle biopsies were collected at baseline and 30 min into the in-
sulin infusion. Participants were stratified into HIGH (n=7) and LOW (n=10)
insulin sensitivity cohorts by their glucose Rd during the hyperinsulinemic clamp
(LOW< 400; HIGH >550 nmol/kgFFM/min/[pU/mL]).

Results: Insulin-mediated suppression of FA Ra was lower in LOW compared
with HIGH (p<0.01). In skeletal muscle, total intramyocellular lipid content
did not differ between cohorts. However, the size of LDs in the subsarcolemmal
region (SS) of type II muscle fibres was larger in LOW compared with HIGH
(p=0.01). Additionally, insulin receptor-p (IRp) interactions with regulatory pro-
teins CD36 and Fyn were lower in LOW versus HIGH (p <0.01), which aligned
with attenuated insulin-mediated Tyr phosphorylation of IR and downstream
insulin-signalling proteins in LOW.

Conclusion: Collectively, reduced ability for insulin to suppress FA mobiliza-
tion, with accompanying modifications in intramyocellular LD size and distribu-
tion, and diminished IRf interaction with key regulatory proteins may be key
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adults with obesity.
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1 | INTRODUCTION

Obesity has now surpassed 40% of the US popula-
tion,! and is a major risk factor for the development of
chronic metabolic conditions such as insulin resistance,’
which in turn underlies many obesity-related diseases.’
Although most adults with obesity are insulin resistant
for glucose uptake, some remain relatively insulin sen-
sitive,* and factors helping to protect against the devel-
opment of insulin resistance in these individuals are not
clear. Work from our laboratory®’ and others®'° demon-
strated the rate of fatty acid (FA) release/mobilization
into the systemic circulation is directly linked with
whole-body insulin sensitivity among adults with obe-
sity. The vast majority of FA in the systemic circulation
are derived from abdominal subcutaneous adipose tissue
(aSAT),!" and we contend the variability in the regula-
tion of FA release from aSAT is an important contributor
to the differences in the magnitude of insulin resistance
observed among adults with obesity.

The link between excessive systemic FA mobiliza-
tion and whole-body insulin resistance has been largely
attributed to high rates of FA uptake into the intramyo-
cellular region of skeletal muscle and the resultant over-
accumulation of bioactive lipids.">** In particular, some
bioactive lipids reported to promote insulin resistance
include diacylglycerol (DAG) localized to the muscle
membrane,'® total ceramide'”'® and long-chain fatty acyl-
CoA. 1920 Specifically, the over-accumulation of the bio-
active lipids DAG and ceramides are proposed to activate
PKC family proteins (PKC e, 0, (), resulting in Ser/Thr
phosphorylation of insulin receptor substrate-1 (IRS-1),
and reduced phosphorylation of AKT.**"** However, the
contribution of each of these lipid intermediates to insulin
resistance has been cha.llenged,z“‘26 and PKC-independent
mechanisms may also underlie poor activation in the de-
velopment of insulin resistance. Intramyocellular lipids
are primarily stored within lipid droplets (LDs) composed
of a triacylglycerol-rich core surrounded by a phospholipid
monolayer containing proteins that regulate FA kinetics
and direct intracellular LD trafficking.?”*® Importantly,
the metabolic impact of LDs can vary depending on their
location within the myocyte. For example, LDs within
the intramyofibrillar region (IMF; toward the centre of
the myocyte) are proposed to support mitochondrial

contributors to impaired insulin-mediated glucose uptake commonly found in

CD36, insulin resistance, lipid droplet, obesity, skeletal muscle

respiration to help meet energy requirements during
muscle contraction, and LDs in the subsarcolemmal re-
gion (SS; toward the periphery of the myocyte) primarily
support the metabolic demand from the plasma mem-
brane.”*** The intracellular distribution of LDs within
the myocyte has also been linked with insulin resistance,
where LD accumulation in the SS region has been associ-
ated with insulin resistance and type 2 diabetes.* > It is
possible that impaired insulin sensitivity due to the accu-
mulation of SS LDs may result in increased release of lipid
intermediates near the cell membrane, where insulin sig-
nalling is initiated. Differences in the number and size of
intramyocellular LDs within the IMF and SS regions may
also impact insulin sensitivity, but these relationships are
not firmly established. One principal aim of this study was
to compare the number and size of LDs within the IMF
and SS regions of type I and type II skeletal muscle fibres
from a cohort of adults with HIGH versus LOW insulin
sensitivity.

The disruption of insulin signalling induced by the
intramyocellular lipids have classically been attributed
to modifications in the phosphorylation of signalling
proteins downstream of the insulin receptor (IRp) (e.g.,
IRS-1, phosphoinositide 3-kinase (PI3K), and AKT).
However, other reports suggest lipid-induced disruption
directly at IRp may also contribute to impaired glucose
uptake.’* The membrane glycoprotein, cluster of differ-
entiation 36 (CD36) is not only well known for its role
in regulating long-chain FA transport,*>’ but also has
been implicated in functions related to cellular metab-
olism and IR phosphorylation,*** thereby modifying
downstream signalling.® The physical interaction be-
tween CD36 and IRP has been found to increase Tyr
phosphorylation of IRf via CD36-mediated recruitment
of the Src-family tyrosine kinase, Fyn.** Conversely,
previous reports demonstrated elevated saturated FA
availability attenuated Fyn recruitment to the CD36-IRf
complex,***** leading to blunted insulin signalling.>**
These previous experiments were conducted in vitro, and
whether differences in systemic FA availability among
adults with obesity may contribute to modifications in
CD36 recruitment of Fyn to IRp and modify IRf phos-
phorylation and downstream insulin action in human
skeletal muscle is not known. The second major aim of
this study was to compare basal- and insulin-mediated
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interaction between CD36 and Fyn with IRp, as well as
insulin-stimulated signalling events in skeletal muscle
from a cohort of adults with high versus low insulin
sensitivity.

2 | RESULTS
2.1 | Cohort stratification based on
insulin-mediated glucose uptake

Table 1 presents the characteristics of the men (n=6)
and women (n=11) with obesity (BMI=30—40kg/m2)
who participated in the series of metabolic assessments
conducted in this study (Figure 1). As anticipated, rates
of insulin-mediated glucose uptake (measured as glu-
cose Rd/I during the insulin clamp) varied widely among
participants. Glucose Rd/I ranged from 181 to 382nmol/
kg FFM/min/(pU/mL) for participants in the LOW co-
hort and from 552 to 1274nmol/kg FFM/min/(pU/mL)
for participants in the HIGH cohort (Figure 2A,B). The
striking differences in glucose Rd/I were present between
LOW and HIGH cohorts regardless of whether glucose Rd
was normalized to insulin concentration during the clamp
(Figure 2B,C).

2.2 | Insulin effects on hepatic
glucose production and FA release from
adipose tissue

As expected, there was a large reduction in hepatic glucose
production (glucose Ra) in response to insulin during the
clamp (Figure 2D). Interestingly, despite the robust differ-
ence in insulin-mediated glucose Rd/I between LOW and
HIGH, the suppression in glucose Ra (index of hepatic in-
sulin sensitivity) was similar between groups (Figure 2E)
and did not correlate with Rd/I (Figure 2F). In contrast,
insulin-mediated FA Ra suppression was greater in HIGH
compared with LOW (Figure 2G,H). Additionally, insulin-
mediated FA Ra suppression was positively correlated
with glucose Rd/I across all study participants (Figure 2I;
r=0.64; p<0.01), suggesting a reduced ability to suppress
FA mobilization from adipose tissue in response to in-
sulin may predict an impairment in whole-body insulin-
mediated glucose uptake.

2.3 | Intramyocellular LD storage in type
I and II skeletal muscle fibres

Total skeletal muscle lipid content was not different be-
tween HIGH and LOW (7.8+2.0 vs. 8.5+2.9% stained,
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TABLE 1 Participant characteristics.

HIGH LOW
(n=7) (n=10) p-value

Sex (M/F) 1/6 5/5
Age (years) 32+9 31+8 0.75
Body mass (kg) 93+9 105+11* 0.02
BMI (kg/m?) 35+3 36+3 0.18
Fat mass (kg) 43+5 46+5 0.22
Fat free mass (kg) 50+10 60+9 0.06
Body fat % 46+6 43+5 0.22
Liver fat (%) 34420 9.5+8.3 0.19
Visceral fat (cm?) 107 +49 169+ 58 0.10
Plasma parameters

Fasting plasma 4.6+0.4 4.7+0.4 0.71

glucose (mM)

Fasting plasma 6.3+2.5 16.8+4.7¢  3.4e™"

insulin (pU/mL)

HOMA-IR 1.3+0.6 3.5+1.0* 6.3¢7"

HbAlc (%) 5.3+04 5.4+0.2 0.73

Plasma FA (uM) 438 +197 544+176 0.27

Plasma triacylglycerol 58 +34 80+38 0.24

(mg/dL)

Plasma HDL (mg/dL) 44+10 38+12 0.27

Plasma cholesterol 141+15 143+32 0.88

(mg/dL)

Plasma CRP (mg/L) 11+14 9+11 0.79

Plasma IL6 (pg/mL) 3.0+1.4 3.3+2.2 0.74

Plasma HMW 2581+1412 1658+1261  0.09

adiponectin (ng/mL)

Plasma adiponectin 5978 +2139 3840+2017 0.06

(total) (ng/mL)

Plasma leptin 61+29 51+19 0.44

(ng/mL)

Note: Data are mean + SD.

Abbreviations: BMI, body mass index; CRP, C-reactive protein; FA, fatty
acid; HDL, high-density lipoprotein; HIGH, high insulin sensitivity; HMW
adiponectin, high-molecular weight adiponectin; HOMA-IR, homeostatic
model for insulin resistance; LOW, low insulin sensitivity.

*p <0.05 LOW versus HIGH.

respectively; p=0.6). As anticipated, total lipid content
was greater in type I versus type II muscle fibres, and this
was the case for both cohorts (type [=9.3+4.9 vs. type
II=6.2+4.1% stained; p<0.01; Figure 3A). Neither total
lipid content within the IMF and SS regions of muscle fi-
bres (Figure 3B,E, respectively) nor the number of LDs per
um? in the IMF and SS regions (Figure 3C,F, respectively)
were different between HIGH versus LOW groups in ei-
ther fibre type. However, LD size (measured by median
LD area in each muscle fibre) within the SS region was
larger in LOW versus HIGH (Figure 3G); this difference
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FIGURE 1 Clinical trial timeline
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FIGURE 2 Insulin sensitivity variability across all participants and substrate kinetics. (A) Glucose Rd/I variability across all
participants. (B and C) Stratification into HIGH (n=7) and LOW (n=10) cohorts—expressed as glucose Rd normalized to insulin [Glucose
Rd/I: nmol/kg FFM/min/(pU/mL)], (B), and glucose Rd normalized only to lean body mass [(glucose Rd: pmol/kg FFM/min], (C). (D) Basal
and insulin-mediated glucose Ra. (E) Glucose Ra % suppression. (F) Correlation between glucose Rd/I and glucose Ra suppression from all
participants. (G) Basal and insulin-mediated FA Ra. (H) FA Ra % suppression. (I) Correlation between glucose Rd/I and FA Ra suppression
from all participants. O = Female, []=Male. "p < 0.05 main-effect for insulin (basal vs. clamp). *p < 0.05 LOW versus HIGH. Data are
expressed as mean + SD.

in LD area between groups was statistically significant Interestingly, LD area in type II fibres was negatively cor-
in type II fibres (p=0.01), with a trend for a greater LD related with insulin-mediated glucose uptake (r=-0.52,
area in LOW versus HIGH in type I fibres (p=0.09).  p=0.03; Figure 3H).
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FIGURE 3 Intramyocellular LD characteristics and distribution in type I and II skeletal muscle fibres. (A) Representative image in
skeletal muscle of type I and II fibres from HIGH and LOW. Image contains bodipy stain (LD, green), myofibre stain positive for MHC I
(type I fibres, purple), and wheat germ agglutinin (WGA, membranes, blue). The region inside the white boxes is enlarged for a clearer view.
Magnification, x20. Scale bar, 100 pm for all images. “I” denotes type I muscle fibre. (B-G) Lipid content and LD characteristics within the
IMF and SS region in type I and type IT muscle fibres. (B) IMF lipid content (represented as % stained). (C) IMF LD number (# LDs per um?).
(D) IMF median LD area per fibre (um?). (E) SS lipid content. (F) SS LD number. (G) SS LD area per muscle fibre. (H) Correlation between
glucose Rd/I and SS LD area in type II fibres. O = Female, []=Male; n=6 in HIGH and n=10 in LOW. “p <0.05 main effect for fibre type
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2.4 | Skeletal muscle insulin signalling
Skeletal muscle IRp interaction with CD36 and Fyn. Total
protein abundances for both CD36 and the Src-family
kinase, Fyn, were similar between HIGH and LOW
(Figure 4A,B), but the interaction of these proteins
with the IRP was significantly greater in HIGH ver-
sus LOW under basal and insulin-mediated conditions
(Figure 4C,D; group main effects; p <0.01). Correlational
analyses across all participants revealed that both glu-
cose Rd/I and FA Ra suppression during the clamp were
significantly correlated with the interaction of CD36 with
IRP during the clamp (p <0.01 and p=0.03 respectively;
Figure 4F,H), although correlations were not observed
under basal conditions (Figure 4E,G). Glucose Rd/I dur-
ing the clamp was significantly correlated with the in-
teraction of Fyn with IRp at basal conditions (p=0.01;
Figure 4I) and during the clamp (p=0.01; Figure 4J). In
contrast, insulin-mediated FA Ra suppression was not
significantly correlated with the interaction of Fyn with
IRP (Figure 4K,L).

Canonical insulin signalling. Insulin-mediated phos-
phorylation of IRp at Tyr''** was greater in HIGH versus
LOW (Figure 5A), which may align with greater Fyn ty-
rosine kinase interaction at IRp. Accordingly, the insulin-
mediated increase in Akt phosphorylation at Ser*’® was
also greater in HIGH versus LOW (p=0.03; Figure 5B).
Insulin-stimulated Akt phosphorylation at Thr**® was not
different between HIGH versus LOW groups (Figure 5C).

Insulin significantly increased FOXO1 phosphory-
lation at Ser®> (p=0.02; Figure 6A) in the HIGH group,
and tended to increase GSKo phosphorylation at Ser*
(p=0.07; Figure 6B), both of which are downstream targets
of Akt. In line with the lower insulin-mediated increase
in Akt phosphorylation at Ser*”? in LOW versus HIGH,
the insulin-mediated responses for phosphorylation of
FOXO1 at Ser*® and GSKa at Ser’" were also blunted
in LOW compared with HIGH (p<0.05; Figure 6A,B).
Insulin did not increase AS160 phosphorylation at Thr®*
or P44/42 MAPK (ERK 1/2) phosphorylation at Thr*** and
Tyr** in either LOW or HIGH (Figure 6C,D). Interestingly,
we found total GLUT4 abundance to be greater in HIGH
compared with LOW (p=0.01, Figure 6E).

3 | DISCUSSION

Although skeletal muscle insulin resistance is very com-
mon in adults with obesity,*" not all adults with obesity
are insulin resistant,*> and factors underlying this differ-
ence among a relatively homogeneous cohort of adults
with obesity are not well understood. Here, we confirm
that a reduced ability for insulin to suppress FA mobi-
lization from adipose tissue was a strong predictor of
impaired insulin-mediated glucose uptake.”'* This rela-
tionship is consistent with the well-described relationship
that elevated systemic FA availability can lead to a disrup-
tion in skeletal muscle insulin signalling.”*** Studies
conducted in vitro have reported elevated saturated FA
availability reduced the interaction between CD36 and
Fyn with IRf, which in turn modified insulin-mediated
Tyr phosphorylation of IR and downstream insulin sig-
nalling events.** The interaction between CD36 and Fyn
with IRp was attenuated in skeletal muscle from LOW
versus HIGH participants, suggesting that the impair-
ments in skeletal muscle insulin signalling often reported
in many with obesity may begin further upstream in the
insulin signalling cascade than commonly considered.'**
Additionally, our current findings also suggest differences
in the size and location of LDs within skeletal muscle may
contribute to differences in insulin-mediated glucose up-
take in a relatively homogeneous cohort of adults with
obesity. Together, these findings support the notion that
an impaired ability to suppress FA release from adipose
tissue in response to insulin may lead to the development
of impaired insulin signalling in skeletal muscle, perhaps
in part through modifications of LD distribution within
skeletal muscle, and interactions between IRf and key
regulatory proteins.

The increase in plasma insulin concentration in re-
sponse to a meal markedly reduces systemic FA availabil-
ity in healthy adults.**® In contrast, individuals who are
more resistant to the effects of insulin in adipose tissue
experience persistent elevations in systemic FA availabil-
ity (even after meals), which is known to be a key factor
underlying impaired insulin-mediated glucose uptake in
skeletal muscle.”**** Because the vast majority of FA
released into the systemic circulation are derived from

FIGURE 4 Insulin-mediated interaction between CD36 and Fyn with IRf. (A) Whole muscle CD36 abundance. (B) Whole muscle Fyn
abundance. (C) CD36 interaction with IRf at baseline and during the clamp. (D) Fyn interaction with IRp at baseline and during the clamp.
(E and F) Correlation between glucose Rd/I and CD36 interaction with IR at baseline (E) and during the clamp (F). (G and H) Correlation
between FA Ra suppression and CD36 interaction with IRf at baseline (G) and during the clamp (H). (I and J) Correlation between glucose
Rd/I and Fyn interaction with IRf at baseline (I) and during the clamp (J). (K and L) Correlation between FA Ra suppression and Fyn
interaction with IRp at baseline (K) and during the clamp (L). (M) Representative immunoblots from the IR} immunoprecipitation assay,
including input controls. (N) IgG immunoprecipitation negative control with dashed lines to denote breaks in lanes removed for clarity.
O=Female, []=Male; HIGH versus LOW. n=7 in HIGH and n=9 in LOW. *p <0.05—main effect for group (LOW versus HIGH). Data are
expressed as mean + SD.
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aSAT, rather than gluteal/femoral or visceral adipose tis-
sue,"! we contend the blunted response to insulin's effect
of reducing FA mobilization is primarily occurring in

aSAT. Therefore, our findings that a blunted response to
insulin's effects on reducing FA mobilization was a pri-
mary predictor of impaired insulin-mediated peripheral
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glucose uptake, suggests insulin resistance in aSAT may
precede the development of insulin resistance in skele-
tal muscle. However, the temporal pattern by which in-
sulin resistance develops among different tissues is still
not clear. Some previous reports in rodents support the
notion that the onset of adipose tissue insulin resistance
in response to high fat diets occurs before skeletal mus-

(a condition where adipose tissue cannot effectively store
triglycerides, resulting in very high systemic FA concen-
trations), the excessive systemic FA availability precedes
insulin resistance in skeletal muscle.’ In adults with obe-
sity, abnormalities within aSAT include inflammation and
fibrosis upon adipocyte expansion are also suggested to
contribute to the development of skeletal muscle insulin
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The specific mechanisms within aSAT that may under-
lie an impaired ability for insulin to blunt FA mobilization
are not completely understood. Insulin potently inhibits
lipolytic rate, largely through Akt-mediated phosphoryla-
tion of phosphodiesterase 3B, which in turn leads to the
inhibition of key lipase enzymes.”> However, it has also
been proposed that low sensitivity to the anti-lipolytic re-
sponse to insulin may not be responsible for the blunted
FA Ra suppression in response to insulin.’® Because ad-
ipose tissue is often exceptionally sensitive to the anti-
lipolytic effects of insulin, it is possible that a modest
impairment of insulin signalling in aSAT may not lead
to a detectable difference in lipolytic rate. Alternatively,
a modest impairment in insulin signalling in adipocytes
can impact other processes, such as the rate of FA re-
esterification,’”*® which may be an important contribu-
tor to the blunted FA Ra suppression reported here. Local
inflammation (e.g., TNFa, IL6, and IL1p) within adipose
tissue has been attributed to impair insulin signalling
in adipose tissue,”®" and may contribute to impaired
ability to reduce FA mobilization in response to insulin.
Morphological features of aSAT such as large adipocytes
may also contribute to a blunted suppression in FA re-
lease, perhaps due in part to greater pro-inflammatory
immune cell infiltration.®? In addition, relatively low cap-
illary density coupled with hypertrophied adipocytes can
result in attenuated insulin delivery, as well as induce adi-
pocyte hypoxia, which has been linked to impaired insulin
responsiveness.’*>* Excessive fibrosis within the ECM of
aSAT has also been linked with an impaired response to
insulin in adipose tissue.®*** How aSAT fibrotic content
or composition may reduce insulin signalling within adi-
pose tissue remains elusive, but potential factors include
increased expression/production of pro-inflammatory cy-
tokines by mechanical stress induced by excess collagen
accumulation,® and physical constraints limiting insulin
delivery to adipocytes.®*®® Overall, excessive fibrosis, large
adipocyte size, relatively low capillary density, greater in-
flammatory profile, and attenuated insulin signalling in
aSAT may converge to blunt insulin's ability to suppress
FA mobilization, and in turn, a resultant chronic elevation
in systemic FA may lead to impaired insulin-mediated
glucose uptake in skeletal muscle.

Insulin resistance in skeletal muscle stemming from
high FA availability has been causally linked to DAG
and ceramide accumulation,'”*! resulting in non-typical
PKC isoform activation,®” and decreased IRS-1 and AKT
activation.'***%® However, there remains ongoing debate
regarding lipid-mediated disruption of canonical insu-
lin signalling in skeletal muscle.?*2® The membrane gly-
coprotein CD36 is well known for its role in long-chain
FA transport, but recent evidence demonstrated CD36
can also modify insulin signalling.*** The physical

interaction between CD36 and IRp was found to enhance
IRP phosphorylation by recruiting the Src-family ki-
nase protein, Fyn, to IR where activation via Tyr phos-
phorylation occurs.** Our findings that the interaction
between IRp and CD36 and Fyn was greater in HIGH
versus LOW align with the notion that a greater inter-
action among these proteins may help propagate intra-
cellular insulin action. Importantly, elevated saturated
FA availability was previously found to attenuate CD36
from recruiting Fyn to IRp, contributing to the blunted
insulin-mediated glucose uptake commonly found
when FA availability is high.** Therefore, the reduced
ability of insulin to suppress FA mobilization (leading
to elevated FA availability) in our LOW participants may
have blunted the ability of CD36 to recruit Fyn to IRp,
reducing the interaction between Fyn and IRp, leading
to an attenuation in IRp phosphorylation. Interestingly,
the elevation in plasma insulin concentration during
the clamp in our study did not significantly increase the
interaction of either CD36 or Fyn with IR, suggesting
that interactions of these proteins in the basal-state may
be important in the regulation of subsequent IRf phos-
phorylation in response to insulin. It is not clear why
interactions between IRp and both CD36 and Fyn were
lower in LOW versus HIGH in the basal-state, espe-
cially because basal plasma FA availability was similar
between groups. One possibility is that a lower interac-
tion between these proteins may be a chronic adaptation
stemming from a persistently elevated FA exposure that
LOW subjects may experience if their suppression in FA
mobilization in response to insulin is blunted after every
meal (similar to our findings during the insulin clamp).
Additionally, because insulin is known to trigger intra-
cellular CD36 to the plasma membrane,” the ~threefold
higher basal plasma insulin concentrations in LOW ver-
sus HIGH may increase in opportunity for FA to interact
with CD36, which in turn may attenuate the ability of
CD36 to recruit Fyn to IRf, which has been found to im-
pair downstream insulin signalling.** Our findings that
insulin-mediated phosphorylation of AKT at Ser*”?, as
well as phosphorylation of the Akt substrates, GSK3a
at Ser and FOXO1 at Ser*® were lower in LOW versus
HIGH, align with the notion that interaction between
IRB and Fyn may impact canonical insulin signalling
downstream of IRf. Whether the CD36-mediated re-
cruitment of Fyn to IRp involves a direct physical inter-
action between CD36 and Fyn is not known. However,
Fyn binding sites have been identified along the cyto-
plasmic lipid raft domains of CD36,”""" suggesting this
process might involve direct binding between these pro-
teins for CD36 to allow phosphorylation of the IR} by
Fyn. Unfortunately, the relatively large amount of tissue
required for the co-immunoprecipitation assay limited
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our ability to confirm whether CD36 interaction with
Fyn was also attenuated in LOW versus HIGH. Together,
these findings are the first to our knowledge in human
skeletal muscle to support a previously proposed mech-
anism by which CD36 regulates IRp phosphorylation
and downstream signalling,®® and that FA availability
and uptake into skeletal muscle may modify this effect.

Lipid accumulation in skeletal muscle LDs, and LD
location within the myocyte have also been implicated
in the impairment of insulin-mediated glucose uptake
in skeletal muscle.”” Our observation that LDs in the SS
region of the myocyte was larger in LOW versus HIGH,
aligns with previous reports demonstrating correlations
between SS LD size and insulin resistance.***”* The
mechanistic link explaining how the over-accumulation
of larger LDs in the SS region of the myocyte induces in-
sulin resistance is still unclear, but the proximity of these
large LDs to the muscle membrane may disrupt key in-
sulin signalling processes.*! For example, the accumula-
tion of lipid intermediates in the SS region, which may
be released from SS LDs, have been linked with insulin
resistance.'®’* Additionally, larger LDs have a lower sur-
face area-to-volume ratios than small LDs, which may
limit lipolytic control at the membrane compared with
smaller LDs. In turn, this may increase the susceptibility
for incomplete lipolysis,”””"” resulting in aberrant lipid ac-
cumulation within the SS region of the myocyte, in close
proximity to insulin signalling events that occur at/near
the plasma membrane. Our findings that the number of
LDs in the IMF region tended to be greater in HIGH ver-
sus LOW suggests that a partitioning of LDs away from the
SS region may be protective against impaired insulin sig-
nalling. The greater abundance of LDs in the IMF region
may also help protect against the development of insulin
resistance by their close proximity to more mitochondria,
which may aid in the direct lipid transfer toward oxida-
tive metabolism, and thereby may mitigate cytosolic lipid
accumulation.*®’® We contend that differences in LD size
and distribution observed between LOW versus HIGH
may be due in part to differences in the ability of insu-
lin to suppress FA release from adipose tissue, whereby, a
chronic elevation in systemic FA availability and uptake
in individuals with low FA Ra suppression in response to
insulin modifies LD storage and metabolism.

Although we interpret our findings describing the rela-
tionship between insulin-mediated suppression of FA re-
lease and glucose uptake to suggest a suppressed response
to insulin in adipose tissue may contribute the develop-
ment of whole-body insulin resistance, we acknowledge
that this interpretation was largely based on observational
analyses that do not direct causation. However, these
findings are consistent with other studies supporting the
observation that insulin resistance development is likely
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a consequence of excess FA release from aSAT,” 10 likely
resulting in greater FA uptake into skeletal muscle. We
also acknowledge that our in vivo measurements aimed
at identifying key contributors to insulin resistance in our
participants were not exhaustive, and additional factors
may contribute to insulin resistance (e.g., vascular dys-
function limiting insulin delivery)’®®*® to both skeletal
muscle and adipose tissue. Additionally, the phosphoryla-
tion of canonical insulin signalling can also be regulated
by other intracellular responses that were not measured
in this study (e.g., PKCs, INK, and mTORC1/S6 kinase)
- many of which are known to negatively influence acti-
vation of proximal insulin signalling components.®! It is
also important to acknowledge that our LOW group had
a greater proportion of male participants compared with
HIGH (LOW: 5M/5F, HIGH: 6F/1M) and men are com-
monly found to be more insulin resistant than women.**>*
Therefore, we cannot exclude the possibility that sex dif-
ferences are contributing to differences observed in FA re-
lease and whole-body insulin sensitivity between groups.
To address this disparity, our statistical approach included
ANCOVA analyses to control for sex.

In summary, our findings suggest that a reduced abil-
ity to suppress FA mobilization from aSAT in response
to insulin is an important contributor to whole-body in-
sulin resistance. A blunted insulin-induced suppression
of FA mobilization can lead to a persistent elevation in
systemic FA availability, which is a major factor under-
lying the development of insulin resistance in obesity.
Participants in our study with relatively low insulin-
mediated glucose uptake also presented larger-sized LDs
in the SS region of the myocyte, which may contribute
to their insulin resistance by interfering with key insu-
lin signalling processes at the muscle membrane. Novel
findings from our study also suggest this high systemic
FA availability may diminish skeletal muscle insulin
signalling, in part by reducing the interaction between
CD36 and Fyn with IRp, thereby lowering downstream
insulin signalling. Overall, our findings suggest that at-
tenuated suppression in FA mobilization by insulin may
contribute to a tissue-specific crosstalk, whereby ele-
vated FA release from aSAT modifies skeletal muscle LD
size and distribution in the myocyte and disrupts IRf
interaction with key regulatory proteins, leading to skel-
etal muscle insulin resistance.

4 | MATERIALS AND METHODS

4.1 | Participants

Seventeen men (n=6) and women (n=11) with obe-
sity participated in this study (BMI = 30-40kg/m?). All
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participants were “inactive” by not engaging in any
planned physical aerobic or resistance exercise and
were weight stable (+2kg) for the previous 6 months.
Participants did not take medications known to affect
glucose or lipid metabolism, did not have a history of
heart disease, and did not actively smoke. All women
participating in the study were pre-menopausal with
regularly occurring menses, and were not pregnant or
lactating. Participants provided written informed con-
sent before participation. The study conformed to the
standards set by the Declaration of Helsinki. The study
protocol was approved by the University of Michigan
Institutional Review Board and was registered at clini
caltrials.gov (NCT02717832). Participants in the pre-
sent study also participated in a previous study from our
laboratory focused on metabolic dysfunction in adipose
tissue.” Findings presented here are independent from
our previously published work.

4.2 | Preliminary assessment: body
composition, visceral fat area, and liver fat

Body composition was assessed by dual-energy X-ray ab-
sorptiometry (Lunar DPX DEXA Scanner, GE, Madison,
WI) at the Michigan Clinical Unit (MCRU). Visceral
fat area (cm®) and hepatic fat percentage were meas-
ured by magnetic resonance imaging (MRI: Ingenia 3T
MR System, Phillips, Netherlands) at the University of
Michigan Medicine's Department of Radiology.

4.3 | Experimental protocol

The night before the experimental trial, participants were
provided a standardized meal at 1900h and a snack at
2200h, containing 30% and 10% of their estimated daily
energy expenditure, respectively (Figure 1). The macro-
nutrient composition of both the meal and snack were
55% carbohydrate, 30% fat, 15% protein. After the evening
snack the participants remained fasted until completion
of the study trial the next day. The next morning, partici-
pants arrived to the clinical research unit at 0700h and
quietly rested for 60 min. Intravenous catheters were in-
serted at ~0800 h into a hand vein for blood sampling, and
forearm vein for continuous infusions of insulin, glucose,
as well as tracer-labelled solutions of glucose and fatty
acid (palmitate). At ~0900h, a baseline blood sample was
collected for background isotope labelling, followed by a
primed continuous infusion of [6,6 *H,]glucose (35 pmol/
kg priming dose, and 0.41 pmol/kg/min continuous infu-
sion; Cambridge Isotopes, Tewksbury, MA). At ~0915h.,
a skeletal muscle biopsy was collected from the vastus

lateralis muscle, and visible connective tissue and lipid
were quickly removed. A portion of each muscle sample
was preserved for histology by manually aligning the mus-
cle fibres in parallel under magnification before embed-
ding in optimal cutting temperature (OCT) compound and
then flash freezing in isopentane chilled over liquid nitro-
gen. The remaining portion of the muscle samples were
flash frozen in liquid nitrogen for immunoblot analysis.
After the basal muscle biopsy, a continuous [1-"*C]palmi-
tate bound to human albumin infusion began at ~1000h
(0.04 pmol/kg/min continuous infusion; Cambridge).
By ~1050h, three “arterialized” samples were collected
(heated-hand technique) for measurements of basal glu-
cose and FA Kkinetics. At ~1100h, a hyperinsulinemic-
euglycemic clamp procedure began (40mU insulin/m?/
min) for determination of whole-body insulin sensitiv-
ity.®* Blood samples were collected every 5min during the
clamp to measure blood glucose concentration (StatStrip,
Nova Biomedical, Waltham MA) and the infusion rate of
dextrose (20% dextrose in 0.9% NaCl) was adjusted accord-
ingly to accommodate insulin-induced hypoglycemia and
attain baseline glucose concentration (~5.0mM). Exactly
30min into the hyperinsulinemic-euglycemic clamp pro-
cedure, a second muscle biopsy was obtained to identify
insulin-mediated signalling events occurring after acute
insulin exposure. After plasma glucose concentration sta-
bilized for a minimum of 20 min without adjusting glucose
infusion rate (~120 min into the clamp), arterialized blood
samples were collected to quantify insulin-mediated glu-
cose and FA kinetics.

4.4 | Insulin-mediated glucose uptake
Insulin-mediated glucose uptake was quantified by rate
of glucose disappearance from plasma (glucose Rd) at the
end of the hyperinsulinemic-euglycemic clamp. Because
glucose was in “steady-state” during the final 20 min of the
clamp, glucose Rd at this time was calculated as the sum
of the exogenous glucose infusion rate and endogenous
hepatic glucose production (glucose rate of appearance in
plasma (glucose Ra)). Glucose Rd was then normalized to
both fat-free mass (FFM) and the steady-state insulin con-
centration (endogenous insulin production + exogenous
insulin infusion) at the end of the clamp (Rd/I=nmol glu-
cose/kg FFM/min/[pU/mL insulin]).

4.5 | Participant stratification by glucose
rate of disappearance
For paired analyses, participants were stratified

into “LOW” and “HIGH” cohorts based on their
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insulin-sensitivity for glucose uptake: LOW (n=10): glu-
cose Rd/I <400nmol/kg FFM/min/(pU/mL) and HIGH
(n=7): glucose Rd/I >550 nmol/kg FFM/min/(pU/mL).
To confirm our measures and participant stratification,
HOMA-IR for all members of the LOW cohort was >2.5,
which is a recognized index of peripheral insulin resist-
ance [Table 1%].

4.6 | Hepatic and visceral fat

Liver and visceral fat content were measured from MRI
images by chemical-shift-encoded MRI proton density
fat fraction,®® and acquisition as previously described by
our laboratory.7’87 Visceral fat area was measured from
three separate axial sections (5mm thickness) in the
L2-L3 vertebral region, and hepatic fat percentage was
measured from three separate axial slices (5mm thick-
ness) from the liver. Both liver and visceral fat area were
quantified by a trained investigator blinded to partici-
pant identification.

4.7 | Plasma glucose and fatty acid
kinetics

The tracer-to-tracee ratio (TTR) for calculations pertain-
ing to glucose and palmitate kinetics were determined
by gas-chromatography-mass spectrometry (GC/MS)
using a Mass Selective Detector 5973 system (Agilent
Technologies, Santa Clara, CA), as described by our labo-
ratory.”®® Palmitate Ra and glucose Ra were calculated
from their respective TTR using the Steele equation for
steady state conditions.* FA Ra was quantified by divid-
ing palmitate Ra by the ratio of total palmitate (C16:0) to
FAs within a standard. Because samples were collected
during steady-state conditions, rates of disappearance
from the circulation were equal to their rates of appear-
ance into the circulation (i.e., Ra=Rd).

4.8 | Plasma glucose, lipid, and insulin
concentration

Plasma glucose, non-esterified fatty acid, triacylglycerol,
high-density lipoprotein (HDL), and total cholesterol were
measured in plasma from commercially available colori-
metric assays. Plasma interleukin-6 (IL-6), C-reactive pro-
tein (CRP), leptin, total adiponectin, and high molecular
weight (HMW) adiponectin were measured via enzyme-
linked immunoassay (ELISA; R&D systems). Insulin was
measured in serum by radio-immunoassay (Siemens). See
Table S1 for vendor details.
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4.9 | Skeletal muscle histochemistry:
LD processing and fluorescence image
acquisition and analysis

Muscle samples from OCT embedded tissues were
cut into 5pum sections at —20°C and mounted onto an
ethanol-cleaned glass slide. Sections were fixed in 4%
paraformaldehyde for 60min, and permeabilized for
5min in 0.5% triton X-100. Sections were then incu-
bated with primary antibodies myosin heavy chain
type 1 (MHC-1) at 1:200 for 60 min at 37°C, followed by
30min secondary antibody incubation with AlexaFluor
647, goat-anti mouse IgG2b at 1:200. Afterward, sections
were stained with Bodipy 493/503 at 1:100 for 20 min,
followed by 20 min incubation with anti-wheat germ ag-
glutinin (WGA) conjugated with AlexaFluor 555 at 1:500
to identify muscle membranes. Sections were mounted
with ProLong Gold Antifade Mountant, covered with #1
coverslips (2975-245, Corning, Corning, NY), and stored
in the dark until imaging. See Table S1 for detailed his-
tochemistry vendor details.

Images used for the quantification of LD area (%
stained), LD number (number of LDs/mm?), and me-
dian LD size (pm?) were captured on a Keyence Bz-X710
fluorescence microscope (Keyence; Osaka Japan) with
a x20 N.A.=0.45 objective lens using 1440 X 1080 pix-
els (533 pm x 400 pm) field of view. After image acqui-
sition, LD characteristics (i.e., number and size), and
distribution were quantified using MATLAB R2021a
(Mathworks, Inc., Natick, MA). In brief, images cap-
tured at x20 were converted to greyscale and re-scaled
to accommodate image variability between samples.
Individual muscle fibres were identified and labelled
using a custom ridge detection algorithm and water-
shed segmentation to complete non-continuous cell
borders and completely identify cells. Type I fibres were
identified based on positive MHC type I-positive stain,
and non-stained fibres considered type II fibres. Fibre
types were partitioned into type I or type II fibres de-
pendent on signal intensity using k-means clustering
(k=2). Lipid droplets identified in the SS region were
contained within ~3 pm of the peripheral border of each
fibre, while the IMF region remained toward the cen-
ter of each fibre (~91% of total myocyte volume). Lipid
droplets were detected as the mean area of puncta, and
a top-hat filter was used to accommodate for image vari-
ability and background noise produced by light scatter
of the fluorescence microscope. Lipid droplets identi-
fied and included for analysis within each muscle fibre
were contained within a normal Gaussian distribution.
In total, 3-5 fields of view were obtained per participant,
resulting in the analysis of 125+ 57 muscle fibres per
participant.
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4.10 | Skeletal muscle lysate preparation
for immunoblot

Frozen muscle samples were weighed (~25mg) and
transferred into pre-chilled microcentrifuge tubes con-
taining 1 mL ice-cold lysis buffer (RIPA: 20 mM Tris—
HCl-pH7.5, 150mM NaCl, 1mM Na,EDTA, 1mM
EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5mM
sodium pyrophosphate, 1mM B-glycerophosphate,
1mM Na;VO,, 1pg/mL leupeptin [9086, Cell Signaling
Technology, Danvers, MA]), 1% phosphatase inhibi-
tor cocktail #1 & #2 (P2850, P5726, Sigma-Aldrich,
St. Louis, MS), 1% protease inhibitor cocktail (P8340,
Sigma-Aldrich), and two steel ball bearings per sam-
ple. Samples were homogenized for 30s at 45Hz using
Qiagen TissueLyser II, then solubilized for 60 min by in-
verted end-over-end rotation at 50 rpm in the cold (4°C).
Afterward, samples were centrifuged at 15000g for
15min in 4°C, discarding the pellet. Protein concentra-
tion was determined by bicinchoninic acid (BCA) assay
(23225, Thermo-Fisher, Waltham, MA), and samples
were diluted in 4X Laemmli buffer (1610747, Bio-Rad,
Hercules, CA) to 1 mg/mL concentration, then heated
for 7min in 95°C. Proteins were separated by SDS-Page
(8-12% acrylamide), transferred to nitrocellulose mem-
branes, and probed for the primary antibodies described
in Table S1. To account for loading control, membranes
were normalized to total protein abundance determined
by Memcode reversible protein stain (Pierce Thermo-
Fisher). Additionally, each gel contained an internal
standard sample from eight obese individuals to account
for gel-to-gel variability, in which each sample was also
normalized to their internal standard.

411 | Immunoprecipitation

Frozen skeletal muscle samples were homogenized in
1% triton-based lysis buffer (20mM Tris-HCI (pH 7.5),
150mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% tri-
ton X-100, 2.5mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1mM Na3VO04, 1pg/mL leupeptin;
9803, Cell Signaling Technology) using a chilled dounce
homogenizer. Homogenates were then solubilized by
end-over-end rotation for 60min and centrifuged at
100000g for 60min to limit sarcomere proteins. The
supernatant was then collected, protein concentration
quantified (BCA), and 300pg protein from the lysate
was adjusted to 500 pL volume with lysis buffer. The
adjusted volume was rotated end-over-end overnight at
4°C with 5 pg IRp antibody. The next day, 25 pL protein-
A magnetic beads (88845, Pierce Thermo-Fisher) were
washed in wash buffer (25 mM Tris, 0.15M NaCl, 0.05%

Tween-20, pH7.5), then added to the lysate-antibody
mixture, and rotated gently end-over-end for 120 min
at room temperature. The immunoprecipitation ma-
trix was separated using a magnetic rack (DynaMag?2,
12321D, Thermo-Fisher) and washed three times with
lysis buffer, twice with wash buffer, and once with PBS.
Antigens were eluted from the bead complex with 80 pL
2X Laemmli SDS buffer, by a combination of rotation
and vortexing samples for 10 min and discarding the
beads following protein elution. After immunoprecipi-
tation, protein abundance from the eluates was analysed
by immunoblot for basal and insulin-mediated CD36,
IRB, and Fyn. CD36 and Fyn interaction with IRf was
normalized to a 15 pL input sample from the same par-
ticipant loaded onto the same gel as the eluate.

4.12 | Statistical analysis

All measurements that were not normally distributed
were log-transformed. A linear mixed model analysis of
covariance (ANCOVA) was conducted to assess the pri-
mary effects of the different groups (HIGH vs. LOW), the
effects of insulin-stimulation (basal vs. insulin-mediated
conditions), and any interactions between group and in-
sulin. This analysis was controlled for sex as a covariate
for measurements and included targeted protein analy-
sis, immunoprecipitation, FA Ra, and glucose Ra. For
LD histochemistry analysis, measurements of lipid con-
tent, LD number, and LD area were segregated into re-
gional distribution (IMF and SS region). A linear mixed
model ANCOVA was then used on the segregated out-
comes to identify main effects of group (HIGH vs. LOW),
main effects for fibre type (type I vs. type II), and group
x fibre-type interaction in the IMF and SS region inde-
pendently, with sex as a covariate. When significant in-
teractions were observed, Tukey's post-hoc analysis was
used to identify significant interactions between groups.
Unpaired Student's #-tests were used to test for significant
differences between groups (HIGH vs. LOW) for all other
clinical variables. Multiple linear regression was used
to identify relationships between clinical outcomes and
glucose Rd/I, adjusted for sex as a covariate. Statistical
analysis was completed using R version 4.1.0. Data are
displayed as mean + SD, and significance set to p <0.05.

5 | CONCLUSION

In conclusion, our findings suggest that reduced ability for
insulin to suppress fatty acid mobilization with accompa-
nying changes in lipid droplet size and distribution within
the muscle cell, along with attenuated interaction between
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the insulin receptor and CD36 and Fyn in skeletal muscle,
may be key contributors to the impaired insulin-mediated
glucose uptake commonly found in adults with obesity.

AUTHOR CONTRIBUTIONS

Michael W. Schleh: Data curation; investigation; for-
mal analysis; writing - original draft; writing — review
and editing; visualization. Benjamin J. Ryan: Data cura-
tion; methodology; formal analysis; supervision; project
administration; writing - review and editing. Cheehoon
Ahn: Data curation; investigation; formal analysis; writ-
ing — review and editing. Alison C. Ludzki: Data cura-
tion; methodology; project administration. Douglas W.
Van Pelt: Methodology; data curation; investigation;
project administration. Lisa M. Pitchford: Data cura-
tion; investigation; project administration; methodol-
ogy. Olivia K. Chugh: Investigation. Austin T. Luker:
Investigation. Kathryn E. Luker: Investigation. Dmitri
Samovski: Conceptualization. Nada A. Abumrad:
Conceptualization. Charles F. Burant: Supervision;
project administration. Jeffrey F. Horowitz:
Conceptualization; methodology; data curation; investi-
gation; supervision; funding acquisition; project adminis-
tration; writing — review and editing.

ACKNOWLEDGMENTS

We thank the study participants for their efforts, Jeffrey
Wysocki, RN, the Michigan Clinical Research Unit staff,
and all members of the Substrate Metabolism Lab for
study assistance.

FUNDING INFORMATION

National Institutes of Health (RO1DK077966, P30DK089503,
U24DK097153, T32DK007245, F32DK117522), American
Diabetes Association (1-16-ICTS-048), and the Canadian
Institutes of Health Research (146190).

CONFLICT OF INTEREST STATEMENT
None of the authors have a conflict of interest to disclose.

DATA AVAILABILITY STATEMENT

The authors confirm that the data supporting the findings
of this study are available within the article and upon re-
quest with the corresponding author.

ORCID

Michael W. Schleh (© https://orcid.
org/0000-0001-9969-6316

Benjamin J. Ryan (© https://orcid.
org/0000-0001-5848-6988

Cheehoon Ahn © https://orcid.org/0000-0003-4140-125X
Alison C. Ludzki ©© https://orcid.
org/0000-0002-6967-034X

ACTA PHYSIOLOGICA B ke

Lisa M. Pitchford ‘© https://orcid.org/0000-0002-6402-0823
Austin T. Luker (2 https://orcid.org/0009-0001-4408-2605
Kathryn E. Luker © https://orcid.
org/0000-0001-8314-3370

Dmitri Samovski © https://orcid.org/0000-0002-6860-6688
Nada A. Abumrad © https://orcid.
org/0000-0002-6475-0877

Charles F. Burant (© https://orcid.
org/0000-0001-9189-5003

Jeffrey F. Horowitz ‘© https://orcid.
org/0000-0003-3851-777X

REFERENCES

1. Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of obe-
sity and severe obesity among adults: United States, 2017-2018.
NCHS Data Brief. 2020;360:1-8.

2. Farin HM, Abbasi F, Reaven GM. Body mass index and waist
circumference both contribute to differences in insulin-
mediated glucose disposal in nondiabetic adults. Am J Clin Nutr.
2006;83(1):47-51.

3. Reaven GM. Banting lecture 1988. Role of insulin resistance in
human disease. Diabetes. 1988;37(12):1595-1607.

4. Smith GI, Mittendorfer B, Klein S. Metabolically healthy obe-
sity: facts and fantasies. J Clin Invest. 2019;129(10):3978-3989.

5. Wildman RP, Muntner P, Reynolds K, et al. The obese without
cardiometabolic risk factor clustering and the normal weight
with cardiometabolic risk factor clustering: prevalence and cor-
relates of 2 phenotypes among the US population (NHANES
1999-2004). Arch Intern Med. 2008;168(15):1617-1624.

6. Van Pelt DW, Newsom SA, Schenk S, Horowitz JF. Relatively
low endogenous fatty acid mobilization and uptake helps pre-
serve insulin sensitivity in obese women. IntJ Obes. 2015;39(1):
149-155.

7. Schleh MW, Ryan BJ, Ahn C, et al. Metabolic dysfunction
in obesity is related to impaired suppression of fatty acid re-
lease from adipose tissue by insulin. Obesity (Silver Spring).
2023;31(5):1347-1361.

8. Magkos F, Fabbrini E, Conte C, Patterson BW, Klein S.
Relationship between adipose tissue lipolytic activity and skel-
etal muscle insulin resistance in nondiabetic women. J Clin
Endocrinol Metab. 2012;97(7):E1219-E1223.

9. Groop LC, Bonadonna RC, DelPrato S, et al. Glucose and free
fatty acid metabolism in non-insulin-dependent diabetes mel-
litus. Evidence for multiple sites of insulin resistance. J Clin
Invest. 1989;84(1):205-213.

10. Koh H-CE, van Vliet S, Pietka TA, et al. Subcutaneous adipose
tissue metabolic function and insulin sensitivity in people with
obesity. Diabetes. 2021;70(10):2225-2236.

11. Nielsen S, Guo Z, Johnson CM, Hensrud DD, Jensen
MD. Splanchnic lipolysis in human obesity. J Clin Invest.
2004;113(11):1582-1588.

12. Krssak M, Falk Petersen K, Dresner A, et al. Intramyocellular
lipid concentrations are correlated with insulin sensitivity in
humans: a 1H NMR spectroscopy study. Diabetologia. 1999;
42(1):113-116.

13. Dresner A, Laurent D, Marcucci M, et al. Effects of free fatty
acids on glucose transport and IRS-1-associated phosphatidyli-
nositol 3-kinase activity. J Clin Invest. 1999;103(2):253-259.


https://orcid.org/0000-0001-9969-6316
https://orcid.org/0000-0001-9969-6316
https://orcid.org/0000-0001-9969-6316
https://orcid.org/0000-0001-5848-6988
https://orcid.org/0000-0001-5848-6988
https://orcid.org/0000-0001-5848-6988
https://orcid.org/0000-0003-4140-125X
https://orcid.org/0000-0003-4140-125X
https://orcid.org/0000-0002-6967-034X
https://orcid.org/0000-0002-6967-034X
https://orcid.org/0000-0002-6967-034X
https://orcid.org/0000-0002-6402-0823
https://orcid.org/0000-0002-6402-0823
https://orcid.org/0009-0001-4408-2605
https://orcid.org/0009-0001-4408-2605
https://orcid.org/0000-0001-8314-3370
https://orcid.org/0000-0001-8314-3370
https://orcid.org/0000-0001-8314-3370
https://orcid.org/0000-0002-6860-6688
https://orcid.org/0000-0002-6860-6688
https://orcid.org/0000-0002-6475-0877
https://orcid.org/0000-0002-6475-0877
https://orcid.org/0000-0002-6475-0877
https://orcid.org/0000-0001-9189-5003
https://orcid.org/0000-0001-9189-5003
https://orcid.org/0000-0001-9189-5003
https://orcid.org/0000-0003-3851-777X
https://orcid.org/0000-0003-3851-777X
https://orcid.org/0000-0003-3851-777X

BN A -TA PHYSIOLOGICA

14.

15.
16.
17.
18.
19.

20.
21.
22.
23.
24.

25.
26.
27.
28.
29.
30.

31.

SCHLEH ET AL.

Weiss R, Dufour S, Taksali SE, et al. Prediabetes in obese youth:
a syndrome of impaired glucose tolerance, severe insulin resis-
tance, and altered myocellular and abdominal fat partitioning.
Lancet. 2003;362(9388):951-957.

DeVito LM, Dennis EA, Kahn BB, et al. Bioactive lipids and
metabolic syndrome—a symposium report. Ann N'Y Acad Sci.
2022;1511(1):87-106.

Song JD, Alves TC, Befroy DE, et al. Dissociation of muscle
insulin resistance from alterations in mitochondrial substrate
preference. Cell Metab. 2020;32(5):726-735.€5.

Adams JM, Pratipanawatr T, Berria R, et al. Ceramide content
is increased in skeletal muscle from obese insulin-resistant hu-
mans. Diabetes. 2004;53(1):25-31.

Petersen MC, Smith GI, Palacios HH, et al. Cardiometabolic
characteristics of people with metabolically healthy and un-
healthy obesity. Cell Metab. 2024;36(4):745-761.e5.

Koves TR, Ussher JR, Noland RC, et al. Mitochondrial overload
and incomplete fatty acid oxidation contribute to skeletal mus-
cle insulin resistance. Cell Metab. 2008;7(1):45-56.

Houmard JA, Tanner CJ, Yu C, et al. Effect of weight loss
on insulin sensitivity and intramuscular long-chain fatty
acyl-CoAs in morbidly obese subjects. Diabetes. 2002;51(10):
2959-2963.

Itani SI, Ruderman NB, Schmieder F, Boden G. Lipid-induced
insulin resistance in human muscle is associated with changes
in diacylglycerol, protein kinase C, and IkB-a. Diabetes. 2002;
51(7):2005-2011.

Batista TM, Haider N, Kahn CR. Defining the underly-
ing defect in insulin action in type 2 diabetes. Diabetologia.
2021;64(5):994-1006.

Moeschel K, Beck A, Weigert C, et al. Protein kinase C-zeta-
induced phosphorylation of Ser318 in insulin receptor sub-
strate-1 (IRS-1) attenuates the interaction with the insulin
receptor and the tyrosine phosphorylation of IRS-1. J Biol
Chem. 2004;279(24):25157-25163.

Hoy AJ, Brandon AE, Turner N, et al. Lipid and insulin infusion-
induced skeletal muscle insulin resistance is likely due to metabolic
feedback and not changes in IRS-1, Akt, or AS160 phosphoryla-
tion. Am J Physiol Endocrinol Metab. 2009;297(1):E67-E75.
Skovbro M, Baranowski M, Skov-Jensen C, et al. Human skel-
etal muscle ceramide content is not a major factor in muscle
insulin sensitivity. Diabetologia. 2008;51(7):1253-1260.
Timmers S, Nabben M, Bosma M, et al. Augmenting muscle
diacylglycerol and triacylglycerol content by blocking fatty acid
oxidation does not impede insulin sensitivity. Proc Natl Acad
Sci USA. 2012;109(29):11711-11716.

Walther TC, Farese RV Jr. Lipid droplets and cellular lipid me-
tabolism. Annu Rev Biochem. 2012;81:687-714.

Olzmann JA, Carvalho P. Dynamics and functions of lipid
droplets. Nat Rev Mol Cell Biol. 2019;20(3):137-155.

Ferreira R, Vitorino R, Alves RM, et al. Subsarcolemmal and
intermyofibrillar mitochondria proteome differences disclose
functional specializations in skeletal muscle. Proteomics.
2010;10(17):3142-3154.

Shaw CS, Jones DA, Wagenmakers AJM. Network distribution
of mitochondria and lipid droplets in human muscle fibres.
Histochem Cell Biol. 2008;129(1):65-72.

Daemen S, Gemmink A, Brouwers B, et al. Distinct lipid droplet
characteristics and distribution unmask the apparent contra-
diction of the athlete's paradox. Mol Metab. 2018;17:71-81.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

Nielsen J, Christensen AE, Nellemann B, Christensen B. Lipid
droplet size and location in human skeletal muscle fibers are
associated with insulin sensitivity. Am J Physiol Endocrinol
Metab. 2017;313(6):E721-E730.

Nielsen J, Mogensen M, Vind BF, et al. Increased subsarcolem-
mal lipids in type 2 diabetes: effect of training on localization
of lipids, mitochondria, and glycogen in sedentary human
skeletal muscle. Am J Physiol Endocrinol Metab. 2010;298(3):
E706-E713.

Samovski D, Dhule P, Pietka T, et al. Regulation of insulin re-
ceptor pathway and glucose metabolism by CD36 signaling.
Diabetes. 2018;67(7):1272-1284.

Pepino MY, Kuda O, Samovski D, Abumrad NA. Structure-
function of CD36 and importance of fatty acid signal transduc-
tion in fat metabolism. Annu Rev Nutr. 2014;34:281-303.

Su X, Abumrad NA. Cellular fatty acid uptake: a pathway under
construction. Trends Endocrinol Metab. 2009;20(2):72-77.
Samovski D, Jacome-Sosa M, Abumrad NA. Fatty acid trans-
port and signaling: mechanisms and physiological implica-
tions. Annu Rev Physiol. 2023;85(1):317-337.

Glatz JC, Luiken JFP. Dynamic role of the transmembrane gly-
coprotein CD36 (SR-B2) in cellular fatty acid uptake and utili-
zation. J Lipid Res. 2018;59(7):1084-1093.

Sun S, Tan P, Huang X, et al. Ubiquitinated CD36 sustains
insulin-stimulated Akt activation by stabilizing insulin receptor
substrate 1 in myotubes. J Biol Chem. 2018;293(7):2383-2394.
Samovski D, Sun J, Pietka T, et al. Regulation of AMPK activa-
tion by CD36 links fatty acid uptake to p-oxidation. Diabetes.
2015;64(2):353-359.

DeFronzo RA, Ferrannini E. Insulin resistance: a multifaceted
syndrome responsible for NIDDM, obesity, hypertension, dys-
lipidemia, and atherosclerotic cardiovascular disease. Diabetes
Care. 1991;14(3):173-194.

Roden M, Price TB, Perseghin G, et al. Mechanism of free
fatty acid-induced insulin resistance in humans. J Clin Invest.
1996;97(12):2859-2865.

Roden M, Stingl H, Chandramouli V, et al. Effects of free
fatty acid elevation on postabsorptive endogenous glu-
cose production and gluconeogenesis in humans. Diabetes.
2000;49(5):701-707.

Boden G. Role of fatty acids in the pathogenesis of insulin resis-
tance and NIDDM. Diabetes. 1997;46(1):3-10.

Thiébaud D, DeFronzo RA, Jacot E, et al. Effect of long chain tri-
glyceride infusion on glucose metabolism in man. Metabolism.
1982;31(11):1128-1136.

Li Y, Soos TJ, Li X, et al. Protein kinase C 0 inhibits insulin
signaling by phosphorylating IRS1 at Ser1101. J Biol Chem.
2004;279(44):45304-45307.

Coppack SW, Fisher RM, Gibbons GF, et al. Postprandial sub-
strate deposition in human forearm and adipose tissues in vivo.
Clin Sci (Lond). 1990;79(4):339-348.

Frayn KN. Adipose tissue as a buffer for daily lipid flux.
Diabetologia. 2002;45(9):1201-1210.

Roden M, Krssak M, Stingl H, et al. Rapid impairment of skele-
tal muscle glucose transport/phosphorylation by free fatty acids
in humans. Diabetes. 1999;48(2):358-364.

Turner N, Kowalski GM, Leslie SJ, et al. Distinct patterns of
tissue-specific lipid accumulation during the induction of
insulin resistance in mice by high-fat feeding. Diabetologia.
2013;56(7):1638-1648.



SCHLEH ET AL.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Burchfield JG, Kebede MA, Meoli CC, et al. High dietary fat
and sucrose result in an extensive and time-dependent deterio-
ration in health of multiple physiological systems in mice. J Biol
Chem. 2018;293(15):5731-5745.

Mann JP, Savage DB. What lipodystrophies teach us about the
metabolic syndrome. J Clin Invest. 2019;129(10):4009-4021.
Cifarelli V, Beeman SC, Smith GI, et al. Decreased adipose tis-
sue oxygenation associates with insulin resistance in individu-
als with obesity. J Clin Invest. 2020;130(12):6688-6699.

Crewe C, An YA, Scherer PE. The ominous triad of adipose
tissue dysfunction: inflammation, fibrosis, and impaired angio-
genesis. J Clin Invest. 2017;127(1):74-82.

DiPilato LM, Ahmad F, Harms M, Seale P, Manganiello
V, Birnbaum MJ. The role of PDE3B phosphorylation
in the inhibition of lipolysis by insulin. Mol Cell Biol.
2015;35(16):2752-2760.

Yeckel CW, Dziura J, DiPietro L. Abdominal obesity in
older women: potential role for disrupted fatty acid rees-
terification in insulin resistance. J Clin Endocrinol Metab.
2008;93(4):1285-1291.

Meegalla RL, Billheimer JT, Cheng D. Concerted elevation of
acyl-coenzyme a:diacylglycerol acyltransferase (DGAT) ac-
tivity through independent stimulation of mRNA expression
of DGAT1 and DGAT?2 by carbohydrate and insulin. Biochem
Biophys Res Commun. 2002;298(3):317-323.

Ali AH, Mundi M, Koutsari C, Bernlohr DA, Jensen MD.
Adipose tissue free fatty acid storage in vivo: effects of insulin
versus niacin as a control for suppression of lipolysis. Diabetes.
2015;64(8):2828-2835.

Lagathu C, Yvan-Charvet L, Bastard JP, et al. Long-term treat-
ment with interleukin-1p induces insulin resistance in murine
and human adipocytes. Diabetologia. 2006;49(9):2162-2173.
Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White MF,
Spiegelman BM. IRS-1-mediated inhibition of insulin receptor
tyrosine kinase activity in TNF-alpha- and obesity-induced in-
sulin resistance. Science. 1996;271(5249):665-668.

Lagathu C, Bastard J-P, Auclair M, Maachi M, Capeau J,
Caron M. Chronic interleukin-6 (IL-6) treatment increased
IL-6 secretion and induced insulin resistance in adipocyte:
prevention by rosiglitazone. Biochem Biophys Res Commun.
2003;311(2):372-379.

Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte dys-
functions linking obesity to insulin resistance and type 2 diabe-
tes. Nat Rev Mol Cell Biol. 2008;9(5):367-377.

Marcelin G, Ferreira A, Liu Y, et al. A PDGFRa-mediated
switch toward CD9(high) adipocyte progenitors
trols obesity-induced adipose tissue fibrosis. Cell Metab.
2017;25(3):673-685.

Khan T, Muise ES, Iyengar P, et al. Metabolic dysregulation
and adipose tissue fibrosis: role of collagen VI. Mol Cell Biol.
2009;29(6):1575-1591.

Pellegrinelli V, Heuvingh J, du Roure O, et al. Human adi-
pocyte function is impacted by mechanical cues. J Pathol.
2014;233(2):183-195.

Marecelin G, Silveira ALM, Martins LB, Ferreira AVM, Clément K.
Deciphering the cellular interplays underlying obesity-induced
adipose tissue fibrosis. J Clin Invest. 2019;129(10):4032-4040.
Itani SI, Zhou Q, Pories WJ, MacDonald KG, Dohm GL.
Involvement of protein kinase C in human skeletal muscle in-
sulin resistance and obesity. Diabetes. 2000;49(8):1353-1358.

con-

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

ACTA PHYSIOLOGICA Wik

Dobrowsky RT, Kamibayashi C, Mumby MC, Hannun YA.
Ceramide activates heterotrimeric protein phosphatase 2A. J
Biol Chem. 1993;268(21):15523-15530.

Luiken JJFP, Dyck DJ, Han X-X, et al. Insulin induces the trans-
location of the fatty acid transporter FAT/CD36 to the plasma
membrane. Am J Physiol Endocrinol Metab. 2002;282(2):E491
-E495.

Huang MM, Bolen JB, Barnwell JW, Shattil SJ, Brugge JS.
Membrane glycoprotein IV (CD36) is physically associated with
the Fyn, Lyn, and yes protein-tyrosine kinases in human plate-
lets. Proc Natl Acad Sci USA. 1991;88(17):7844-7848.

Bull HA, Brickell PM, Dowd PM. Src-related protein tyrosine
kinases are physically associated with the surface antigen CD36
in human dermal microvascular endothelial cells. FEBS Lett.
1994;351(1):41-44.

Gemmink A, Goodpaster BH, Schrauwen P, Hesselink MKC.
Intramyocellular lipid droplets and insulin sensitivity, the
human perspective. Biochim Biophys Acta Mol Cell Biol Lipids.
2017;1862(10, Part B):1242-1249.

Chee C, Shannon CE, Burns A, et al. Relative contribution of
intramyocellular lipid to whole-body fat oxidation is reduced
with age but subsarcolemmal lipid accumulation and insulin
resistance are only associated with overweight individuals.
Diabetes. 2016;65(4):840-850.

Perreault L, Newsom SA, Strauss A, et al. Intracellular local-
ization of diacylglycerols and sphingolipids influences insulin
sensitivity and mitochondrial function in human skeletal mus-
cle. JCI Insight. 2018;3(3):€96805.

Thiam AR, Beller M. The why, when and how of lipid droplet
diversity. J Cell Sci. 2017;130(2):315-324.

Murphy DJ. The dynamic roles of intracellular lipid droplets:
from archaea to mammals. Protoplasma. 2012;249(3):541-585.
Hesselink MK, Mensink M, Schrauwen P. Intramyocellular
lipids and insulin sensitivity: does size really matter? Obes Res.
2004;12(5):741-742.

Vock R, Hoppeler H, Claassen H, et al. Design of the oxygen
and substrate pathways. VI. Structural basis of intracellular
substrate supply to mitochondria in muscle cells. J Exp Biol.
1996;199(Pt 8):1689-1697.

Clerk LH, Vincent MA, Jahn LA, Liu Z, Lindner JR, Barrett EJ.
Obesity blunts insulin-mediated microvascular recruitment in
human forearm muscle. Diabetes. 2006;55(5):1436-1442.
McClatchey PM, Williams IM, Xu Z, et al. Perfusion controls
muscle glucose uptake by altering the rate of glucose disper-
sion in vivo. Am J Physiol Endocrinol Metab. 2019;317(6):E1022
-E1036.

Fazakerley DJ, Krycer JR, Kearney AL, Hocking SL, James DE.
Muscle and adipose tissue insulin resistance: malady without
mechanism? J Lipid Res. 2019;60(10):1720-1732.

Nuutila P, Knuuti MJ, Méki M, et al. Gender and insulin sen-
sitivity in the heart and in skeletal muscles. Studies using posi-
tron emission tomography. Diabetes. 1995;44(1):31-36.
Tramunt B, Smati S, Grandgeorge N, et al. Sex differences in
metabolic regulation and diabetes susceptibility. Diabetologia.
2020;63(3):453-461.

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a
method for quantifying insulin secretion and resistance. Am J
Phys. 1979;237(3):E214-E223.

Ascaso JF, Pardo S, Real JT, Lorente RI, Priego A, Carmena R.
Diagnosing insulin resistance by simple quantitative Methods



18 of 18 ACTA PHYS|OLOG[CA SCHLEH ET AL.

in subjects with normal glucose metabolism. Diabetes Care. SUPPORTING INFORMATION
2003;26(12):3320-3325. Additional supporting information can be found online

. Reeder SB, Cruite I, Hamilton G, Sirlin CB. titati - . . . . .
86. ReederS » rutte &, Hamitton - Sirlin € Q,uan Hative assess in the Supporting Information section at the end of this
ment of liver fat with magnetic resonance imaging and spec- ticl
article.

troscopy. J Magn Reson Imaging. 2011;34(4):729-749.

87. Ryan BJ, Schleh MW, Ahn C, et al. Moderate-intensity exer-
cise and high-intensity interval training affect insulin sen-
sitivity similarly in obese adults. J Clin Endocrinol Metab.

2020:105(8):62941-62959. How to cite this article: Schleh MW, Ryan BJ,

88. Newsom SA, Schenk S, Thomas KM, et al. Energy deficit after Ahn C, et al. Impaired suppression of fatty acid
exercise augments lipid mobilization but does not contribute release by insulin is a strong predictor of reduced
to the exercise-induced increase in insulin sensitivity. J Appl whole-body insulin-mediated glucose uptake and
Physiol. 2010;108(3):554-560. skeletal muscle insulin receptor activation. Acta

89. Steele R. Influences of glucose loading and of injected in- Physiol. 2025;241:14249. doi:10.1111/apha.14249

sulin on hepatic glucose output. Ann N'Y Acad Sci. 1959;82:
420-430.


https://doi.org/10.1111/apha.14249

	Impaired suppression of fatty acid release by insulin is a strong predictor of reduced whole-body insulin-mediated glucose uptake and skeletal muscle insulin receptor activation
	Abstract
	1  |  INTRODUCTION
	2  |  RESULTS
	2.1  |  Cohort stratification based on insulin-mediated glucose uptake
	2.2  |  Insulin effects on hepatic glucose production and FA release from adipose tissue
	2.3  |  Intramyocellular LD storage in type I and II skeletal muscle fibres
	2.4  |  Skeletal muscle insulin signalling

	3  |  DISCUSSION
	4  |  MATERIALS AND METHODS
	4.1  |  Participants
	4.2  |  Preliminary assessment: body composition, visceral fat area, and liver fat
	4.3  |  Experimental protocol
	4.4  |  Insulin-mediated glucose uptake
	4.5  |  Participant stratification by glucose rate of disappearance
	4.6  |  Hepatic and visceral fat
	4.7  |  Plasma glucose and fatty acid kinetics
	4.8  |  Plasma glucose, lipid, and insulin concentration
	4.9  |  Skeletal muscle histochemistry: LD processing and fluorescence image acquisition and analysis
	4.10  |  Skeletal muscle lysate preparation for immunoblot
	4.11  |  Immunoprecipitation
	4.12  |  Statistical analysis

	5  |  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


