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Abstract

Aims/hypothesis Consuming a high-fat diet (HFD) induces in-
sulin resistance in white adipose tissue (WAT) within 1 week.
However, little is known about the initiating events. One poten-
tial mechanism that has remained largely unexplored is exces-
sive mitochondrial emission of reactive oxygen species (ROS).
Methods To determine the role of mitochondrial ROS emis-
sions at the onset of insulin resistance, wild-type (WT) mice
were placed on an HFD for 1 week. WAT insulin sensitivity
and inflammation were assessed by western blot. In addition,
we optimised/validated a method to determine ROS emissions
in permeabilised WAT.

Results An HFD for 1 week resulted in impaired insulin sig-
nalling, increased c-Jun NH,-terminal kinase (JNK) phos-
phorylation and an increase in oxidative stress. These changes
were associated with an increase in fatty-acid-mediated mito-
chondrial ROS emissions without any change in mitochondri-
al respiration/content. To determine that mitochondrial ROS
causes insulin resistance, we used transgenic mice that express
human catalase in mitochondria (MCAT) as a model of up-
regulated mitochondrial antioxidant enzyme capacity. MCAT
mice displayed attenuated mitochondrial ROS emission, pre-
served insulin signalling and no inflammatory response fol-
lowing an HFD.

Conclusions/interpretation Findings from this study suggest
that elevated mitochondrial ROS emission contributes to
HFD-induced WAT insulin resistance.

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-015-3531-x) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.
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Abbreviations

ANT Adenine nucleotide translocase

DNP 2,4-Dinitrophenol

ERK Extracellular signalling-related kinase

ETF Electron transfer flavoprotein

G3pP Glycerol 3-phosphate
GPDH G3P dehydrogenase

HF(D) High-fat (diet)

4-HNE trans-4-Hydroxy-2-nonenal
HSL Hormone-sensitive lipase

ITT Insulin tolerance test

JNK c-Jun NH,-terminal kinase

MAPK Mitogen-activated protein kinase

MCAT Transgenic mice that express human catalase in
mitochondria

MCP-1 Monocyte chemoattractant protein 1

OXPHOS Mitochondrial oxidative phosphorylation

ROS Reactive oxygen species

SOD Superoxide dismutase

SvVC Stromal vascular cells

WAT White adipose tissue

WT Wild-type

Introduction

White adipose tissue (WAT), originally thought to be simply a
lipid storage site, is now widely recognised as a dynamic
organ involved in energy metabolism. WAT dysfunction
may represent a significant mechanism in the rapid onset of
whole-body glucose intolerance with high-fat (HF) feeding, as
it has been estimated that adipose tissue can contribute up to
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20% of whole-body glucose homeostasis [1, 2]. Short-term
(3—7 days) HF feeding results in an increase in WAT insulin
resistance and hypoxia [3], as well as an upregulation of
the expression of genes encoding inflammatory markers
[4]. Even at this early time point, some [4], but not all,
studies [5, 6] show WAT macrophage infiltration. As con-
sumption of an HF diet (HFD) continues, WAT is typical-
ly characterised by elevated basal lipolytic activity [7],
overt macrophage infiltration [8], upregulation of proin-
flammatory cytokines [9] and an accumulation of oxida-
tive stress markers [10].

A recent study demonstrated that mitochondrial emission
of reactive oxygen species (ROS) and oxidative stress
markers were increased in subcutaneous WAT obtained
from obese individuals with type 2 diabetes compared with
control participants [11], suggesting alterations within mito-
chondria contribute to WAT insulin resistance. However, it
is unclear if the observed increase in mitochondrial ROS
emission was a cause or a consequence of WAT insulin
resistance, and therefore the mechanistic link between mi-
tochondrial ROS and the induction of WAT insulin resis-
tance remains ambiguous.

It has also been suggested that adenine nucleotide
translocase (ANT)-mediated mitochondrial uncoupling results
in WAT hypoxia during an HFD, thereby inducing inflamma-
tion and insulin resistance [3]. However, in stark contrast,
mechanisms that induce mild mitochondrial uncoupling,
such as targeted upregulation of uncoupling protein 1,
genetic approaches that result in ‘browning’ of WAT
and the administration of artificial mitochondrial uncou-
plers (i.e. 2,4-dinitrophenol [DNP]), improve insulin
sensitivity and decrease obesity [12—14]. Mitochondrial
uncoupling promotes energy dissipation in the form of
heat loss, as the mitochondrial proton gradient is disso-
ciated from ATP production. By lowering the proton
gradient, mitochondrial uncoupling decreases ROS produc-
tion [15]. In a feedback system an excessive amount of mito-
chondrial ROS emissions have been shown to induce mito-
chondrial depolarisation [16]. Therefore, the previously ob-
served HFD-induced uncoupling may be a result of the HFD
rather than a direct cause of insulin resistance.

The current study aimed to determine the mechanistic
role of mitochondrial ROS in the initiation of HFD-
induced insulin resistance in WAT. To this end, WT
mice were fed chow or an HFD for 1 week and we
evaluated markers of insulin signalling and inflamma-
tion in addition to directly measuring WAT mitochondri-
al ROS emissions. Furthermore, we used MCAT mice,
which have the catalase antioxidant enzyme within mi-
tochondria [17-19], to delineate a causal mechanism.
Together, the current data implicate increased mitochon-
drial ROS in the acute HFD-induced activation of WAT
insulin resistance.

@ Springer

Methods

Mice C57BL/6 male (n=11-12; own colony) and WT and
MCAT (B6.Cg-Tg(CAG-OTC/CAT)4033Prab/J; 016197)
mice on the same C57BL/6 background (n=5-7; Jackson
Laboratories, Bar Harbor, ME, USA) at the age of 15 weeks
were placed on either a chow diet (10% energy from fat;
Harlan, Indianapolis, IN, USA) or an HFD (60% energy from
fat; D12492, Research Diets, New Brunswick, NJ, USA) for
1 week. Animals had ad libitum access to food and water.
Mice were housed in a barrier facility with a 12 h light/dark
cycle. All protocols were approved by and performed in ac-
cordance with the Committee on Animal Care guidelines at
the University of Guelph.

Serum assays After 6 days of chow or HFD, an insulin toler-
ance test (ITT) was performed in awake mice as previously
described [20]. Briefly, mice were fasted for 4 h, starting at
06:00 hours, venous tail blood glucose was measured at /=0,
5,10, 15, 30, 60, 90 min after an i. p. insulin injection (1 U/kg
body weight; Humulin, Lilly, Indianapolis, IN, USA). Insulin
(Millipore, Billerica, MA, USA), NEFA (Wako Chemicals,
Richmond, VA, USA) and glycerol were measured, using
commercially available kits, in 2 h fasted serum samples from
anaesthetised (40 mg/g pentobarbitol) mice after 7 days of the
diet intervention.

In vivo insulin stimulation WAT was excised before (basal)
and 15 min after an intravenous insulin injection (1 U/kg body
weight, Humulin) in anaesthetised mice. Tissue was immedi-
ately flash frozen in liquid nitrogen for western blot analysis,
and the animals were then killed. Blood glucose was measured
with a glucose meter (Abbott Diabetes Care, Alameda, CA,
USA).

Western blot analysis WAT was homogenised as previously
described [21]. Standard SDS-PAGE procedures were follow-
ed. Antibodies included total and phosphorylated Akt, c-Jun
NH,-terminal kinase (JNK)1/2, P38-mitogen-activated pro-
tein kinase (MAPK), extracellular signalling-related kinase
(ERK)1/2 and hormone-sensitive lipase (HSL; Cell Signaling,
Danvers, MA, USA), as well as mitochondrial oxidative phos-
phorylation complexes (OXPHOS; MitoSciences, Eugene,
OR, USA), monocyte chemoattractant protein 1 (MCP-1; Cell
Signaling), catalase, superoxide dismutase (SOD)2 (Abcam,
Cambridge, UK) and trans-4-hydroxy-2-nonenal (4-HNE;
Alpha Diagnostics, San Antonio, TX, USA), with «-tubulin
(Abcam) as a loading control. Protein carbonylation (Oxyblot,
Millipore) was determined according to the manufacturer’s
instructions.

Adipocyte cell sizing and immunohistochemistry Adipose
tissue was fixed, embedded and stained as previously
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reported [22]. Macrophage infiltration was assessed by
F4/80 (1:100, AbD Serotec, BioRad, Hercules, CA,
USA) staining visualised using the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA, USA). Images
were taken with an Olympus (Tokyo, Japan) microscope
at x40 magnification and analysed with ImageJ 1.48
(National Institutes of Health) software obtained from
http://rsb.info.nih.gov/ij/download.html.

High-resolution respirometry Mitochondrial respiration
was determined in permeabilised WAT in an Oxygraph
high-resolution respirometer chamber at 37°C (Oroboros
Instruments, Innsbruck, Austria) as previously described
[22, 23]. ADP-stimulated respiration (state 3) was mea-
sured in the presence of pyruvate (5 mmol/l), malate
(5 mmol/l) and ADP (5 mmol/l) or malate (5 mmol/l),
L-carnitine (5 mmol/l), palmitoyl-CoA (50 pmol/l) and
ADP (5 mmol/l). Oligomycin-inhibited respiration (state
40) was determined in the presence of the above sub-
strates with the addition of oligomycin (6 pg/ml). Cy-
tochrome ¢ (10 pumol/l) was added to the chamber to
check the integrity of the outer mitochondrial membrane
[24].

ROS measurements Mitochondrial H,O, emissions were
determined as previously described for skeletal muscle
[18, 21]. Briefly, ~5 mg (wet weight) finely minced adi-
pose tissue was loaded into a cuvette containing Amplex
Red (Invitrogen, Waltham, MA, USA), horseradish perox-
idase (1 U/ml), digitonin (10 pg/ml) and oligomycin
(6.7 ug/ml) in Buffer Z (K-MES 105 mmol/l, KCI
30 mmol/l, EGTA 1 mmol/l, K,HPO, 10 mmol/l, MgCl,
5 mmol/l, glutamate 5 pmol/l, malate 5 pmol/l and BSA
0.5%, pH 7.4). Mitochondrial H,O, emission rates were
determined in the presences of DNP (166.7 umol/l), ADP
(5 mmol/l), rotenone (6.7 pmol/l), malonate (6.7 mmol/l)
and/or with the addition of pyruvate + malate (5 mmol/l),
succinate (10 mmol/l), glycerol 3-phosphate (G3P;
5 mmol/l) or lipids; L-carnitine (5 mmol/l) + palmitoyl-
CoA (50 pmol/l). A standard curve was made for each
substrate with known concentrations of H,O».

Quantitative real-time PCR RNA isolation and analysis
was performed as previously described [25]. See the
electronic supplementary material (ESM) for further
details.

Statistics Results are expressed as mean £+ SEM and were
analysed by Student’s ¢ test or two-way repeated measures
ANOVA followed by Bonferroni’s post-hoc test where appro-
priate. Significance was set at p<0.05. All graphs and statis-
tical analyses were performed using Prism 5.0 (GraphPad
Software, La Jolla, CA, USA).

Results

HF feeding for 1 week induces WAT insulin resistance As
anticipated, 1 week of HFD resulted in greater body weight
and adipose tissue weight compared with chow-fed controls
(Table 1), as well as insulin resistance at the whole-body level
(AUC 1.16-fold, p<0.001) in awake mice (Fig. 1a). Although
blood glucose levels were similar between HFD and chow
mice (Table 1), serum insulin levels and HOMA-IR were
1.63-fold (Table 1, p<0.05) and 1.90-fold (Fig. 1b, p<0.05)
higher with the HFD, respectively. Moreover, the ability of an
intravenous insulin injection (15 min) to decrease blood glu-
cose levels in anaesthetised animals was severely blunted fol-
lowing the HFD (Fig. 1c). Interestingly, skeletal muscle insu-
lin signalling was preserved after 1 week of the HFD (Fig. 1d).
These results are consistent with previous studies showing
skeletal muscle insulin resistance does not develop after only
1 week of HFD [26, 27].

Basal HSL phosphorylation, a surrogate marker of WAT
lipolysis that is attenuated by insulin signalling, was increased
by ~1.60-fold with the HFD (ESM Fig. 1a), while HFD re-
sulted in a notable reduction in insulin-induced Ser-473 and
Thr-308 Akt phosphorylation, particularly in the epididymal
depot (Fig. 1e, f). Taken together, 1 week of HFD resulted in
WAT-specific insulin resistance.

Overt WAT inflammation is not apparent after 1 week of
HFD To evaluate potential causes of this rapid onset of diet-
induced insulin resistance in WAT, we examined WAT inflam-
mation and mitochondrial dysfunction. Histological examina-
tion showed no significant change in adipocyte cell size at
1 week on an HFD in either depot (Fig. 2a, b). In addition,
F4/80 staining, a marker of macrophage infiltration, was sim-
ilar between the two diets (Fig. 2¢), suggesting no overt mac-
rophage infiltration with short-term HF feeding. In agreement,
the protein content of MCP-1, was similar between mice fed
chow and those receiving the HFD (Fig. 2d). We also

Table 1 Body weight, adipose tissue weight and serum values after
1 week of dietary intervention

Variable Chow HFD

Body weight (g) 35.4+1.0 40.6+0.7%*
Epididymal adipose tissue weight (mg) 1.68+0.15 2.25+0.09*
Inguinal adipose tissue weight (mg) 1.00£0.10 1.33+0.05*
Insulin (pmol/l) 170.8+21.3  279.1+31.4*
Glucose (mmol/l) 9.3£0.5 10.6+0.8
NEFA (mmol/l) 0.611+£0.026  0.621+0.046
Glycerol (mmol/l) 0.631+0.068  0.776+0.054"

Blood glucose and serum values were taken after a 2 h fast from
anaesthetised animals. *p<0.05, **p<0.01 and T p=0.06 vs chow-fed
mice
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Fig. 1 An HFD for 1 week induces whole-body and WAT insulin resis-
tance. (a) ITT and calculated AUC. (b) HOMA-IR in 2 h fasted mice. (c)
Glucose levels before (Basal) and 15 min after an insulin injection
(+Insulin). (d) Representative blots from muscle under basal and insu-
lin-stimulated conditions. (e) Epididymal and (f) inguinal insulin-stimu-
lated phosphorylated Akt fold change over basal. White circles/bars,
chow-fed mice; black squares/bars, HFD-fed mice. *p<0.05, **p<0.01,
##%1<0.001 and *p=0.07 vs chow-fed mice; p<0.05 vs basal. Bsl, bas-
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Inguinal

observed no difference between the two diet groups for the
metabolic and inflammatory signalling marker ERK1/2
(Fig. 2e, f). Meanwhile, P38-MAPK, which is activated by a
plethora of proinflammatory and stress stimuli [28], remained
unchanged after 1 week of HFD (ESM Fig. 1b). In contrast,
examining the oxidative stress proinflammatory signalling
marker JNK revealed increased phosphorylated JNK1 levels
in the epididymal depot (Fig. 2g, h). With the exception of
INK, these data, when combined, suggest the absence of a
strong inflammatory signal.

Mitochondrial respiratory capacity is not impaired with short-
term HFD As we excluded apparent macrophage infiltration
as a putative mechanism causing short-term WAT insulin re-
sistance, we next evaluated if defects within mitochondrial
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content and function are a potential mechanism of action.
The protein content of various electron transport chain sub-
units was not different in either epididymal (Fig. 3a) or ingui-
nal (Fig. 3b) depots following the HFD. Furthermore,
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<« Fig. 2 Short-term HFD increases JNK inflammatory response. (a)
Adipocyte cell circumference. Sections stained with (b) haematoxylin
and eosin and (c¢) F4/80, imaged at x40 magnification. Scale bars,
70 um. Epididymal tissue from an 8 week HFD mouse served as a
control in the presence (positive control) or absence (negative control)
of primary antibody. (d) MCP-1, (e, f) ERK1/2 and (g, h) JNK1/2 content
in WAT depots. Representative phosphorylated and total ERK1/2 and
JNK1/2 blots. White bars, chow-fed mice; black bars, HFD-fed mice.
*p<0.05 vs chow-fed mice. AU, arbitrary units/pg protein; t, total

maximal DNP-stimulated mitochondrial respiratory function
(data not shown) and ADP-stimulated (state 3) respiration
supported by pyruvate (Fig. 3d, f) and lipids (Fig. 3e, g) as
substrates were not altered by HFD. Leak respiration (state 4)
occurs through uncoupling ATP synthesis from oxidative
phosphorylation. Recently, ANT2-mediated uncoupling of
mitochondria has been proposed to result in hypoxia, inflam-
mation and WAT insulin resistance [3]. However, in the pres-
ent study oligomycin-uncoupled respiration (state 40) was
similar between chow- and HF-fed mice for each substrate
tested (Fig. 3d—g). Therefore, mitochondrial respiratory dys-
function is not a causal factor regulating JNK phosphorylation
or insulin resistance within adipose tissue.

Insulin-resistant epididymal tissue is associated with greater
degree of lipid peroxidation Oxidative stress is known to ac-
tivate JNK signalling, and therefore we next considered alter-
ations in the redox environment as a potential cause of WAT
insulin resistance. HFD increased the lipid peroxidation ad-
duct, 4-HNE, in epididymal tissue (~1.70-fold, p<0.05,
Fig. 4a). In contrast, 4-HNE content was similar between
chow- and HF-fed mice in the inguinal depot (Fig. 4a), and
no difference was observed for protein carbonylation (Fig. 4b)
in either depot. Similarly, levels of mitochondrial SOD2
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mitochondrial content or

respiration. Mitochondrial g 200

content in (a) epididymal and (b) g

inguinal depots measured by an g 150

OXPHOS antibody and (c) § 100

representative blots. ADP- B s

stimulated (state 3) and T

oligomycin-inhibited (state 40) 3 °"a o om ov
mitochondrial respiration in (d, e)

epididymal and (f, g) inguinal d e

depots. White bars, chow-fed

mice; black bars, HFD-fed mice. = =
oT, a-tubulin; JO,, oxygen flux E’ 5 ;5
[} [}
24 H
~23 a2
] H
Q (=) Q =2}
£ £
Ny 1 Ay
(2] (2]
50 s}
£ State 3  State 40 £
£ Pyruvate+malate- o

supported

Epididymal
Chow HFD

Inguinal

4-HNE

4-HNE content (AU)

o-Tublin S @GP W W

Epididymal

3515
<
g 10
c
o
= 05
§ .
Ne]
=
g5 o

Inguinal

Epididymal Inguinal

Chow HFD Chow HFD

g —
A

Oxyblot

\
l

Epididymal Inguinal

d

(7]

Epididymal
Chow HFD

Inguinal
Chow HFD

Epididymal Inguinal

Chow HFD  Chow HFD

Catalase '. -

a-Tubulin i

SOD2 quu e

o-Tubulin - .

SOD2 content (AU)
o = =
o (6] o o
Catalase content (AU)
o = =
o (6] o o

Epididymal Inguinal Epididymal Inguinal

Fig. 4 Markers of oxidative stress and antioxidant content. (a) 4-HNE,
(b) protein carbonylation, (¢) SOD2 and (d) catalase content in epididy-
mal and inguinal depots. White bars, chow-fed mice; black bars, HFD-fed
mice. ¥*p<0.05 vs chow-fed mice. AU, arbitrary units/pg protein

(Fig. 4c) and catalase (Fig. 4d) were comparable between
chow- and HF-fed mice in both depots. Therefore, short-

b c

Epididymal Inguinal
=)
2 200 o Chow HFD Chow HFD
= — —
& 150 ci =
5
o 100 Cll s - -
8 o
T Cl e
o
) clcn cmocv ol 4N G D=

State 3  State 40
Lipid-supported

State 3  State 40
Pyruvate+malate-
supported

State 3  State 40
Lipid-supported

JO,
(pmol s [mg wet weight]1)
o = N Ww H~ O
JO,
(pmol s [mg wet weight]")
- o

@ Springer



—_
S
-
(o)

Diabetologia (2015) 58:1071-1080

[
(o

[SEANEN
[SR<3S)
»
=3
S
S

o nn o wo
-
o
S
<}

RFU
o
=)
8

S

Succinate

O = -

0
RG WAT 0
Tissue

200 400 600 800 1,000
Time (s)

H,O, emissions
(pmol min-! [mg wet weight] )

(9]
o

-
o
o

_|

-
o

o

o
o
O A
o

H,0, emissions
(pmol min-! [mg wet weight] )

i

H,O, emissions
(pmol min-! [mg wet weight] ")

o
-t

Epididymal Inguinal Epididymal Inguinal

H,0O, emissions
(pmol min-! [mg wet weight]!
o - n w
H,0, emissions
(pmol min-! [mg wet weight] ')
o - N w

Pyruvate+malate-
supported

G3P-supported

«Q
=

Epididymal Inguinal Epididymal Inguinal

H,O, emissions
(pmol min-! [mg wet weight]")
o - n w
H,0, emissions
(pmol min-! [mg wet weight] ")
o - N w
.

Succinate-supported Lipid-supported

Fig. 5 Lipid-supported mitochondrial ROS emission rates are increased
with HF feeding. (a) Succinate-supported mitochondrial ROS emissions
from red gastrocnemius muscle permeabilised fibres and WAT. (b) Rep-
resentative trace of permeabilised WAT matched for wet weight without
(black line) and with (grey line) the uncoupler DNP. The addition of
succinate is indicated with an arrow. Corrected (c) succinate-supported
or (d) pyruvate-supported mitochondrial ROS emissions alone or in the
presence of uncouplers or inhibitors; *p<0.05, **p<0.01 and
***p<0.001 vs substrate alone. (e-h) Substrate-supported mitochondrial
ROS emission rates. White bars, chow-fed mice; black bars, HFD-fed
mice. **p<0.01 and Tp=0.08 vs chow-fed mice. Mal, malate; MALO,
malonate; ROT, rotenone; Pyr, pyruvate; RFU, relative fluorescence
units; RG, red gastrocnemius

@ Springer

a b
3 g
[

g 150 o 2 25
&2 ST 20
S, 100 . 92
2 * L~ 15
S £ o
3 g5 S E 1.0
@ S
€ Qs 05
[} I E
o 0 1 1 s 0
Q Succinate Lipid £ Epididymal Inguinal
* Substrate e Lipid-supported
c Epididymal Inguinal
— Chow HFD  Chow HFD
5 15 et
<
5 10
c 4-HNE
8
w 0.5
=z
v Epididymal  Inguinal a-Tubulin
d WT Chow  WT HFD MCAT Chow MCAT HFD

Bsl Ins Bsl Ins Bsl Ins Bsl Ins
pAkt Thr308 — — - - -—

PAKE SErd73 i - v — s D o D

B — - o S o D e S

O-TUDUIN o s s s e S S S—
P
E *
s 3
€3
é o 2
s
S 1 {17 == —= WT controls
o
k=]
£ p308/tAKt  p473/tAkt
Epididymal
e WT Chow  WT HFD MCAT Chow MCAT HFD

Bsl Ins Bsl Ins Bsl Ins Bsl Ins
PAKITHII08 e G v W D . -

pAkt Ser473 - - — -

0-TUDUIN e e e— e e s— = =

% 20 .
o
_ qg 15
5\(‘ o 1.0 -———zF=-—--- ==+ WT controls
ap
8 05
o
o
=) p308/tAkt  p473/tAkt
Inguinal
f WT_ MCAT g WT_  MCAT
Chow HFD Chow HFD Chow HFD  Chow HFD
pJNK1 ».ﬂ’
PJINK2 G “‘ - ﬂ
TINKT - - -
1UNK2 - -
g g
kel ©
@ o 2.0
£ €
S N g5
x 8 e WT controls X S 1.0 - == WT controls
z z
SkE SkE
as 3z 05
1’4 [
> >
ke} pJNK1 pJNK2 kel pJNK1 pJNK2
o - o .
= Epididymal = Inguinal



Diabetologia (2015) 58:1071-1080

1077

4 Fig. 6 Preserved mitochondrial ROS emission rates and insulin
signalling in MCAT mice on an HFD. (a) Relative succinate and lipid-
supported mitochondrial ROS emission from WT (white bars) and
MCAT (light grey bars) mice. (b) Lipid-supported mitochondrial ROS
emission rates in MCAT mice. (¢) 4-HNE content and representative
blots. (d) Epididymal and (e) inguinal insulin-stimulated
phosphorylated Akt fold change over basal condition relative to WT
mice on the same diet. Representative blots shown for basal and
insulin-stimulated conditions, *»<0.05 vs WT on same diet. JNK1/2
content relative to WT mice on the same diet in (f) epididymal and (g)
inguinal depots and representative phosphorylated and total JNK blots.
For (b—g) light grey bar and dark grey bars represent MCAT chow- and
HF-fed mice, respectively. AU, arbitrary units/pg protein; Bsl, basal; Ins,
insulin-treated; t, total

term HFD-induced insulin resistance is associated with a
lipid-specific oxidative stress marker, particularly in epididy-
mal tissue.

Short-term HFD increases lipid-supported mitochondrial
ROS emissions Next, we sought to determine mitochondrial
ROS emission rates in WAT as a source of the observed oxi-
dative stress. Therefore, to measure mitochondrial ROS emis-
sions in WAT, we adopted a protocol previously established
for permeabilised skeletal muscle fibres [18, 21]. While WAT
mitochondrial H,O, emission rates are lower than skeletal
muscle fibres (Fig. 5a), owing to differences in mitochondrial
content between the two tissues, WAT mitochondrial ROS
emissions react similarly to skeletal muscle. Specifically, in
WAT, mitochondrial H,O, emission rates are increased with
excess substrates (e.g. succinate addition) and are dissipated
by ~50-70% in the presence of uncouplers (DNP and exoge-
nous ADP) or complex inhibitors (Fig. 5b—d). Therefore, we
further investigated mitochondrial ROS emission rates using
several substrates to gain insight into the different electron
‘leakage points’. Mitochondrial ROS emission rates were sim-
ilar between chow- and HFD-fed mice when supported by
pyruvate and malate (Fig. 5e), G3P (Fig. 5f) or succinate
(Fig. 5g) in epididymal and inguinal depots. However, mito-
chondrial ROS emissions increased by 1.33-fold (p<0.01)
and 1.15-fold (p=0.08) in HFD mice with a lipid-supported
substrate in epididymal and inguinal depots, respectively
(Fig. 5h). Therefore, HFD-induced adipose tissue insulin re-
sistance may be a consequence of increased lipid-supported
mitochondrial ROS emissions.

Transgenic mice with decreased mitochondrial ROS emis-
sions are protected from diet-induced insulin resistance We
next aimed to determine if increased lipid-supported mito-
chondrial ROS is a causal factor in short-term diet-induced
insulin resistance. To accomplish this we used the MCAT
mouse model to determine if decreasing mitochondrial ROS
prevented the observed acute HFD attenuation in WAT insulin
sensitivity. MCAT mice express the human catalase gene
within mitochondria and are a model of increased

mitochondrial antioxidant enzyme capacity [17]. The original
characterisation of these animals did not determine the pres-
ence of the transgene in WAT. Here, we demonstrate that hu-
man catalase is expressed in WAT of MCAT mice to a similar
extent as endogenous mouse catalase (ESM Fig. 2a). More-
over, mitochondrial ROS emissions are reduced by ~40% in
WAT from MCAT compared with WT mice (Fig. 6a), validat-
ing the use of MCAT mice as a model to investigate the mech-
anistic link between increased WAT ROS and insulin
resistance.

When placed on an HFD, MCAT mice were protected from
increased lipid-supported mitochondrial ROS emissions
(Fig. 6b); the lipid oxidative stress marker 4-HNE was not
increased (Fig. 6¢), contrary to WT HFD mice (Fig. 4a). Fur-
thermore, the consumption of an HFD did not increase mito-
chondrial succinate-, pyruvate- or G3P-supported ROS emis-
sion rates in MCAT mice (data not shown). In addition,
whole-body insulin tolerance (ESM Fig. 2b) and both epidid-
ymal (Fig. 6d) and inguinal (Fig. 6¢) insulin signalling were
preserved in MCAT HFD mice.

Finally, JNK phosphorylation was similar between chow
and HFD MCAT mice in both depots (Fig. 6f, g), indicating a
subdued inflammatory response. Taken together, MCAT mice
are protected from the observed HFD-induced activation of
JNK signalling and the attenuation of WAT insulin signalling,
providing proof of principle that increased mitochondrial ROS
has a causal role in the initiation of WAT insulin resistance.

Discussion

In the present study we demonstrated that 1 week of HF feed-
ing increased lipid-supported mitochondrial ROS emissions,
lipid-specific oxidative stress and induced insulin resistance in
WAT. Moreover, we provide evidence that increased mito-
chondrial antioxidant capacity, and the associated decreased
mitochondrial ROS emission, prevents increased markers of
oxidative stress, inflammation and attenuations in insulin sig-
nalling in WAT on HF feeding. Taken together, the current
data implicate increased mitochondrial ROS emission as an
early mechanism inducing WAT insulin resistance.

While low-grade inflammation increases oxidative stress in
the obese state [29], the temporal cause-and-effect relationship
between inflammation, oxidative stress and insulin resistance
remains poorly defined. In the present study, F4/80 immuno-
histochemical staining, indicating blatant adipose tissue in-
flammation, was minimal after 1 week of HFD. However,
the oxidative-stress-mediated inflammatory signalling re-
sponse was increased in the visceral depot. This is in line with
other studies showing that short-term HFD induces inflamma-
tory response signals [6, 30, 31]. As chronic HFD is associat-
ed with increased oxidative stress from excessive
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mitochondrial ROS emissions in muscle [18, 32], we sought
to evaluate the induction of oxidative stress from mitochon-
drial ROS emissions in WAT after 1 week on an HFD. Unlike
JNK phosphorylation, increased lipid-supported mitochondri-
al H,O, emission was associated with the development of
insulin resistance in both WAT depots studied, suggesting mi-
tochondrial ROS may contribute directly to the establishment
of insulin resistance within WAT.

‘We also measured two markers of oxidative stress, 4-HNE
and total protein carbonylation. An aldehyde product of lipid
peroxidation, 4-HNE is one of the most abundant aldehydes
found in adipose tissue [33]. Although protein carbonylation
was similar between the diet groups, after 1 week of HF feed-
ing we observed a significant increase in the visceral adipose
depot 4-HNE content, with no change in the subcutaneous
depot. This is in agreement with Long et al who also showed
depot-specific effects in 4-HNE accumulation: 9 weeks of
HFD increased 4-HNE content five-fold in epididymal tissue,
but 4-HNE was decreased in the subcutaneous depot [33]. It
has been shown that 4-HNE can directly interfere with insulin
signalling, as exogenous exposure of cultured adipocytes to 4-
HNE results in reduced IRS-1 content and phosphorylation
[34]. More recently, 4-HNE was shown to inhibit Akt activity
and insulin signalling downstream of Akt in hepatocytes [35];
however, this has not yet been evaluated in adipocytes. None-
theless, it is tempting to speculate that, in the current study, the
increased 4-HNE levels within epididymal adipose tissue, in
addition to the possible direct effects of H,O», contributed to
the exaggerated impairment in insulin signalling observed in
this depot.

To explore the underlying mechanism causing rapid HFD-
induced insulin resistance, we used the MCAT mouse, a mod-
el of upregulated mitochondrial antioxidant enzyme capacity.
Catalase is the enzyme that converts reactive H,O, into H,O,
and therefore MCAT mice can quench mitochondrial ROS
emissions in situ, thus alleviating excessive ROS emissions
and eliminating overt oxidative stress. This model has been
previously employed to investigate the role of oxidative stress
in age-related cardiomyopathy [17]. More recently, MCAT
mice were shown to be protected against age- [19] and
HFD- [18] induced insulin resistance in skeletal muscle. Spe-
cifically, improved insulin sensitivity in MCAT mice was as-
sociated with blunted skeletal muscle mitochondrial ROS
emissions and reduced oxidative stress [18, 19].

Here, we demonstrated that the human catalase gene is
expressed in the WAT of MCAT mice, and is associated with
attenuated mitochondrial ROS emission. Moreover, we
showed that insulin signalling within WAT was preserved with
1 week of HFD in MCAT mice while lipid-supported mito-
chondrial ROS emissions, lipid peroxidation and inflammato-
ry signalling were normalised, suggesting excess ROS is the
principal mechanism in adipose tissue dysfunction. These
findings are in agreement with those of Pires et al who
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demonstrated that ROS sequestering through the administra-
tion of a SOD mimetic reduced WAT inflammation with
5 weeks of HFD [36]. Therefore, mitochondrial ROS emis-
sions are a potential early causal factor in diet-induced insulin
resistance in WAT. More recently, Asterholm et al demonstrat-
ed the requirement of an acute inflammatory response to fa-
cilitate adipogenesis and remodelling under an HF challenge
[37]. In the context of the current data, HFD-induced increases
in mitochondrial ROS are implicated in these events, though
this remains to be shown directly. In this manner, mitochon-
drial ROS may represent a sensitive barometer of excess fuel
in WAT and induce gene transcriptional programmes that re-
sult in adipogenesis.

To our knowledge the present study is the first to examine
mitochondrial ROS emission in permeabilised WAT in the
context of diet-induced insulin resistance. While previous
studies have evaluated ROS emissions in cultured cell systems
or isolated adipocytes [38—40], the advantage of
permeabilised WAT over these traditional methods is the abil-
ity to assess adipocyte function within its cellular milieu. Ap-
proximately 25% of WAT is composed of adipocytes, the re-
maining cell population is made up of the stromal vascular
cells (SVC), including macrophages [41]. SVC are integral
members of WAT contributing to function of the organ, and
while our method does not discriminate between the sources
of mitochondrion (for example, macrophage vs adipocyte),
we can evaluate how WAT, as a whole tissue, responds to
various substrates. Importantly, the MCAT mice clearly delin-
eate a functional role for mitochondrially derived ROS in the
induction of insulin resistance within WAT.

We examined four key electron ‘leakage’ sites of mitochon-
drial ROS production through the use of different substrates.
Mitochondrial ROS emissions from complex I and III, caused
by electron leakage, increase on building of membrane poten-
tial, which can occur under conditions of high substrate avail-
ability. Meanwhile, mitochondrial ROS emissions derived
from G3P dehydrogenase (GPDH) or the electron transfer
flavoprotein (ETF) have been proposed to be independent of
membrane potential [42, 43]. In brown adipose tissue, GPDH
is highly prone to electron leakage, resulting in high rates of
ROS emissions [44]. However, in WAT we demonstrated that
G3P-supported emission rates were fairly low, possibly be-
cause of differences in mitochondrial content between brown
adipose tissue and WAT. Interestingly, contrary to skeletal
muscle, in WAT the rates of succinate-supported ROS emis-
sions were lower than those of pyruvate- or lipid-supported
mitochondrial ROS emissions. This is likely due to forward
electron flow owing to residual endogenous substrates not
washed away in our permeabilised preparation. While we
did not fully explore ROS emission topology in the present
study, we observed the highest emission rates with a lipid
substrate. In skeletal muscle, Seifert et al demonstrated that
ROS production at the ETF occurs at a wide range of



Diabetologia (2015) 58:1071-1080

1079

physiological concentrations [43], consequentially leading to
adverse effects, especially in the context of high lipid avail-
ability. In this regard, 1 week of HFD did not change pyru-
vate-, succinate- or G3P-supported mitochondrial ROS rates,
yet lipid-supported ROS rates were significantly elevated in
epididymal tissue, with a strong trend to increase in the ingui-
nal depot. Recently, it was suggested that acute HFD-induced
mitochondrial uncoupling, and the resulting increase in WAT
oxygen consumption, can propagate a hypoxic environment
leading to insulin-resistant conditions [3]. While mitochondri-
al uncoupling would dissipate ROS emissions, we seemingly
observed contrary findings that HFD promoted mitochondrial
ROS emissions and increased oxidative stress. Furthermore,
mitochondrial ROS emissions were specific to a lipid-
supported substrate, which can generate ROS emissions inde-
pendent of membrane potential [43]. Taken together, these
data suggest that lipid-supported mitochondrial ROS emission
increased oxidative stress resulting in insulin resistance, spe-
cifically within the visceral depot.

In summary, we have assessed the role of diet-induced
oxidative stress and mitochondrial ROS emissions in WAT
after 1 week of HF feeding. We found that marked lipid-
supported mitochondrial ROS emissions were associated with
an increase in lipid peroxidation, elevated inflammatory sig-
nalling and impaired insulin signalling, which were abolished
in MCAT mice. Therefore, we propose that elevated mito-
chondrial ROS emission observed after 1 week of a HFD is
a causal factor of WAT insulin resistance which contributes to
altered whole-body glucose homeostasis.
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