Diabetologia (2020) 63:837-852
https://doi.org/10.1007/500125-019-05082-7

ARTICLE

®

Check for
updates

An adipocyte-specific defect in oxidative phosphorylation increases
systemic energy expenditure and protects against diet-induced
obesity in mouse models

Min Jeong Choi ' - Saet-Byel Jung’ - Seong Eun Lee" - Seul Gi Kang'? - Ju Hee Lee"® - Min Jeong Ryu? -
Hyo Kyun Chung' - Joon Young Chang ' - Yong Kyung Kim" - Hyun Jung Hong ' - Hail Kim* - Hyun Jin Kim "2 .
Chul-Ho Lee” - Adil Mardinoglu®’ - Hyon-Seung Yi®® - Minho Shong'®

Received: 16 July 2019 / Accepted: 30 October 2019 /Published online: 10 January 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Aims/hypothesis Mitochondrial oxidative phosphorylation (OxPhos) is essential for energy production and survival. However,
the tissue-specific and systemic metabolic effects of OxPhos function in adipocytes remain incompletely understood.

Methods We used adipocyte-specific Crif! (also known as Gadd45gipl) knockout (AdKO) mice with decreased adipocyte
OxPhos function. AAKO mice fed a normal chow or high-fat diet were evaluated for glucose homeostasis, weight gain and energy
expenditure (EE). RNA sequencing of adipose tissues was used to identify the key mitokines affected in AdKO mice, which
included fibroblast growth factor 21 (FGF21) and growth differentiation factor 15 (GDF15). For in vitro analysis, doxycycline was
used to pharmacologically decrease OxPhos in 3T3L1 adipocytes. To identify the effects of GDF15 and FGF21 on the metabolic
phenotype of AAKO mice, we generated AdKO mice with global Gdf15 knockout (AdGKO) or global Fgf21 knockout (AdFKO).
Results Under high-fat diet conditions, AAKO mice were resistant to weight gain and exhibited higher EE and improved glucose
tolerance. In vitro pharmacological and in vivo genetic inhibition of OxPhos in adipocytes significantly upregulated mitochon-
drial unfolded protein response-related genes and secretion of mitokines such as GDF15 and FGF21. We evaluated the metabolic
phenotypes of AAGKO and AdFKO mice, revealing that GDF15 and FGF21 differentially regulated energy homeostasis in
AdKO mice. Both mitokines had beneficial effects on obesity and insulin resistance in the context of decreased adipocyte
OxPhos, but only GDF15 regulated EE in AdKO mice.

Conclusions/interpretation The present study demonstrated that the adipose tissue adaptive mitochondrial stress response affect-
ed systemic energy homeostasis via cell-autonomous and non-cell-autonomous pathways. We identified novel roles for adipose
OxPhos and adipo-mitokines in the regulation of systemic glucose homeostasis and EE, which facilitated adaptation of an
organism to local mitochondrial stress.
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What is already known about this subject?

Genetic inhibition of mitochondrial oxidative phosphorylation (OxPhos) is associated with prolonged lifespan and

improvements in metabolic phenotype

Mitokine growth differentiation factor (GDF15) and fibroblast growth factor (FGF21) are stress response hormones
induced by obesity, mitochondrial dysfunction and metabolic disease

What is the key question?

How does adipocyte-specific decrease of OxPhos affect systemic energy homeostasis in mammals?

What are the new findings?

Decreased adipocyte OxPhos induced the expression of mitochondrial chaperones and proteases and the
secretion of the adipo-mitokines GDF15 and FGF21 in transgenic mice

GDF15 and FGF21 have different systemic metabolic effects in the context of decreased adipocyte OxPhos and

high-fat diet in transgenic mouse models

How might this impact on clinical practice in the foreseeable future?

Recombinant GDF15 or receptor modulators of GDF15 warrant further study as potential clinical tools to treat or

prevent obesity and metabolic disease

Abbreviations

AdFKO
AdGKO
AdKO
BAT
BN-PAGE
CLPP

CRIF1
DNAJA3

EE
eWAT
FGF21
GDF15
HFD
HSPDI1
iWAT
LONPI
NCD
NDUFA9
NDUFBS8
OxPhos
SDHA

SVF

UCPI
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AdKO mice with global Fgf2/ knockout
AdKO mice with global Gdf15 knockout
Adipocyte-specific Crifl knockout (mice)
Brown adipose tissue

Blue native-PAGE

Caseinolytic mitochondrial matrix proteolytic
subunit

Mitochondrial large ribosomal subunit protein
Dnal heat shock protein family (Hsp40)
member A3

Energy expenditure

Epididymal white adipose tissue

Fibroblast growth factor 21

Growth differentiation factor 15

High-fat diet

Heat shock 60 kDa protein 1

Inguinal WAT

Lon peptidase 1

Normal chow diet

NADH:ubiquinone oxidoreductase subunit A9
NADH:ubiquinone oxidoreductase subunit B8
Oxidative phosphorylation

Succinate dehydrogenase complex flavoprotein
subunit A

Stromal vascular fraction

Uncoupling protein 1

Mitochondrial unfolded protein response

UQCRC2  Ubiquinol—cytochrome c reductase core protein
2

WAT White adipose tissue

Introduction

Mitochondria generate the majority of cellular ATP through
oxidative phosphorylation (OxPhos), a process in which elec-
trons are transported along five multimeric complexes embed-
ded in the inner mitochondrial membrane to generate a proton
gradient for ATP production [1]. Dysregulation of mitochon-
drial OxPhos is related to metabolic defects such as insulin
resistance, impaired beta cell insulin secretion and dysregula-
tion of fatty acid metabolism in mice and humans [2—4].
Adipocyte mitochondria play a pivotal role in whole-body
metabolism and human diseases [5]. Adipocyte mitochondrial
biogenesis and mitochondrial 3-oxidation are associated with
an improved metabolic phenotype in both rodents and humans
[6, 7]. Moreover, proper adipocyte mitochondrial function is
required for lipogenesis, lipolysis, and adipokine production
and secretion, which regulate systemic energy metabolism
[8-10]. To maintain and restore proper mitochondrial func-
tion, these organelles have evolved a highly conserved
mitonuclear communication network, which provides a bi-
directional and hormetic response in numerous organisms
[11]. However, the adipocyte-specific role of mitochondrial
OxPhos in mammals remains unclear.
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Recent studies reveal that the OxPhos dysfunction-induced
proteotoxic stress activates the mitochondrial unfolded protein
response (UPR™) in vitro and in vivo [12—14]. Previously, we
demonstrated that deficiency in Crifl (also known as
Gadd45gipl), which encodes mitochondrial large ribosomal
subunit protein (CRIF1), leads to abnormal mitochondrial
protein homeostasis in mouse embryonic fibroblasts [15].
Deficiency of Crifl in the brain and in mouse embryonic
fibroblasts decreases OxPhos function, enzymatic activity and
VO, [15]. Furthermore, Crifl-deficient macrophages exhibit
reduced basal, ATP-linked and maximal respiration rates
compared with wild-type controls [16]. We also found that
the VO, in Crifl-depleted adipose-derived mesenchymal stem
cells was lower than that in controls [17]. Moreover, skeletal
muscle-specific Crifl ablation induces the UPR™ and
mitokine production for maintenance of systemic energy
homeostasis [18]. Induction of mitochondrial chaperones
and proteases as part of the UPR™ is a key mechanism of
mitochondrial quality control. In particular, major mitochon-
drial proteases such as caseinolytic mitochondrial matrix
peptidase proteolytic subunit (CLPP) and lon peptidase 1
(LONP1) affect systemic energy metabolism by regulating
mitochondrial function and quality control, and by preserving
mitochondrial integrity in metabolically active tissues [19,
20]. However, despite high interest in the role of mitochondri-
al function and quality control in energy metabolism, relative-
ly little is known about the roles of OxPhos function and
mitokines in mammalian adipocytes. We, therefore, investi-
gated whether UPR™ and mitokine production caused by
lower OxPhos in adipocytes regulates systemic energy metab-
olism and glucose homeostasis.

Methods

For detailed Methods, please refer to the electronic supple-
mentary material (ESM).

Animal experiments To generate adipocyte-specific Crifl
knockout mice (AdKO), floxed Crifl (Crifl 1) mice were
crossed with Adipog-Cre mice (a kind gift from E. Rosen,
Beth Isracl Deaconess Medical Center, Boston, MA, USA)
on a C57BL/6 background. To generate mitokine double
knockout mice, AdJKO mice were crossed with global
Gdf15~" or Fgf2I”"~ on a C57BL/6 background (kindly
provided by S-j Lee, Johns Hopkins University School of
Medicine, Baltimore, MD, USA; and N. Itoh, Kyoto
University Graduate School of Pharmaceutical Sciences,
Kyoto, respectively). All animal experiments used male mice
and they were fed a normal chow diet (NCD) for 10 weeks or a
high-fat diet (HFD, Research Diets, D12492, New Brunswick,
NJ, USA) for either 4 or 8 weeks. Mice were started on HFD

when they were at 6 weeks of age. GTT and ITT were
performed at 8-9 weeks of age. Blood samples were obtained
from the 10-week-old (NCD or HFD) or 14-week-old (HFD)
mice when they were euthanised. After euthanasia, liver,
gastrocnemius, epididymal and inguinal adipose tissue, and
brown adipose tissue (BAT) were dissected, weighed and
immediately frozen and stored at —80°C or fixed in formalin.
The metabolic rate including oxygen consumption (VO,),
carbon dioxide production (VCO,), energy expenditure (EE)
and counts of ambulatory physical activity (rearing, activity) in
mice were analysed using indirect calorimetry during the day
and night periods as previously described [18]. All experimen-
tal procedures were conducted in accordance with the guide-
lines of the Institutional Animal Care and Use Committee of
Chungnam National University School of Medicine (CNUH-
017-A0048, Daejeon, Korea). See ESM Methods.

GTT and ITT For evaluating the GTT and ITT, mice were fasted
for 16 h and 6 h respectively, and then glucose or insulin was
administered by i.p. injection. Serial levels of blood glucose
were measured using glucometers. See ESM Methods.

Serum measurements Blood samples were collected from the
hearts of mice under general anaesthesia, and samples were
centrifuged at 600 g for 5 min and the supernatant was used
for an insulin assay (Alpco Diagnostics, Salem, NH, USA).
Growth differentiation factor 15 (GDF15), Fibroblast growth
factor 21 (FGF21), adiponectin and leptin were measured
using ELISA (R&D Systems, Minneapolis, MN, USA).
Levels of serum triacylglycerol, total cholesterol, alanine
aminotransferase and aspartate aminotransferase were
measured in the wild-type and AdKO mice using a DRI-
CHEM 4000i (Fujifilm, Tokyo, Japan).

Histological analysis Tissue samples including adipose tissue
and liver were fixed, processed and stained with H&E. To
quantify adipocyte size in adipose tissues, the stained sections
were imaged using light microscopy and quantified with Image
J software. For immunohistochemistry, tissue sections were
incubated with anti-UCP1 antibody (1/200, ab10983, Abcam,
Cambridge, UK), and then analysed. See ESM Methods.

Western blot analysis Proteins including CRIF1, (3-actin, «-
tubulin, UCP1, OxPhos complex subunits (NADH:ubiquinone
oxidoreductase subunit A9 [NDUFA9], NADH:ubiquinone
oxidoreductase subunit B8 [NDUFBS], Succinate dehydroge-
nase complex flavoprotein subunit A [SDHA], ubiquinol—
cytochrome ¢ reductase core protein 2 [UQCRC?2]) and mito-
chondrial chaperones and proteases (heat shock 60 kDa protein
1 [HSPD1], Dnal heat shock protein family (Hsp40) member
A3 [DNAJA3], CLPP, LONP1) were detected by immunoblot-
ting with antibodies. Preparation of protein lysates and optimal
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antibody dilution are indicated in ESM Methods and ESM
Table 1, respectively.

Blue native-PAGE To isolate mitochondria from adipose tissue,
the homogenised adipose tissues were prepared to assess the
content of OxPhos complexes. Proteins were separated using
blue native-PAGE (BN-PAGE) and were transferred to
polyvinylidene fluoride membranes, which were incubated
overnight with an anti-OxPhos antibody mixture cocktail
(Invitrogen, Carlsbad, CA, USA; #45-8099, #45-7999) and
analysed using the Western Breeze Chromogenic Western
Blot Immunodetection Kit (Invitrogen). See ESM Methods.

Isolation of the stromal vascular fraction and flow cytometry
To analyse macrophage populations in adipose tissue, stromal
vascular fractions (SVFs) isolated from adipose tissue were
stained with the antibodies listed in ESM Table 2, and then
analysed using a FACS Canto I (BD Bioscience). Data were
analysed using FlowJo software (FlowJo, Ashland, OR,
USA). See ESM Methods.

Adipocyte differentiation 3T3-L1 cells (CL-173) obtained
from the ATCC (Manassas, VA, USA) were differentiated
with adipogenic cocktail after confirming that the cells were
not contaminated with mycoplasma. The cells were treated
with doxycycline hydrochloride (Sigma; 10 or 20 pg/ml) for
12 h at 37°C. See ESM Methods.

RNA extraction and quantitative PCR Total RNA was isolated
from adipose tissue. cDNA was synthesised from total RNA
and used for measuring the relative expression levels of
mRNAs using quantitative PCR. The value was normalised
to 18 s rRNA and expressed as a fold change of the value in
control extracts. Primer sequences are listed in ESM Table 3.
See ESM Methods.

RNA sequencing Total RNA was extracted from inguinal
white adipose tissue (iWAT) using TRIzol reagent and the
library was prepared using a TruSeq 3000 4000 SBS Kit, v3
for RNA sequencing analysis. See ESM Methods.

Statistical analysis All data shown were representative of at
least three independent experiments and sample replication of
in vivo data was obtained from individual mice.
Randomisation and blinding to group assignment and
outcome assessment were not carried out in these studies.
No results were intentionally removed, data were excluded if
they were outside the standard curve range, the sample
volume was insufficient, or the sample was lost during the
experiment. Statistical analyses were performed using
GraphPad Prism 8 (GraphPad, San Diego, CA, USA). Data
are expressed as the mean+SD. All animal data were
analysed using a one-way ANOVA (more than two groups)
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or Student’s two-tailed ¢ test (two groups). A p value <0.05
was considered statistically significant.

Results

AdKO mice demonstrate decreased fat mass but no change in
energy expenditure To determine the impact of adipocyte-
specific impairment of mitochondrial OxPhos function on
metabolic phenotype, we selectively disrupted Crifl in adipo-
cytes using the Cre-loxP system. As a result, CRIF1 expres-
sion was lower in the epididymal WAT (eWAT), iWAT, and
BAT of AdJKO mice (Fig. 1a). Consistent with reduced CRIF1
expression, expression of mitochondrial OxPhos complex
subunits, including complex I (NDUFBS8) and III
(UQCRC2), was lower in both eWAT and iWAT of AdKO
mice (Fig. 1b and ESM Fig. 1a, b). Moreover, BN-PAGE
analysis revealed an apparent decrease in assembly of
complexes I, III, and V in AdJKO mouse adipose tissue
compared with wild-type control mice although we did not
calculate the statistical significance in the BN-PAGE analysis
due to low sample size (Fig. 1¢ and ESM Fig. 1c, d).

Next, we characterised the metabolic phenotype of AdKO
mice on NCD. AdKO mice showed a slight but statistically
significant decrease in body mass (22.6+£0.5 g) relative to
control mice (24.3+1.15 g) at 10 weeks of age (Fig. 1d).
Furthermore, after normalising to body mass, eWAT mass
was lower in AdKO mice under NCD-fed conditions (Fig.
le), despite no differences in food intake (Fig. 1f) or serum
leptin concentration (Fig. 1g). H&E staining of adipose tissue
revealed similarly sized eWAT adipocytes in AdKO and
control groups, but AdKO mice had heterogencous iWAT
adipocytes and fewer multilocular adipocytes in the BAT
(Fig. 1h).

Levels of eWAT and iWAT transcripts of factors regulating
adipocyte differentiation, lipolysis, and [3-oxidation were
similar in AJKO mice and controls, suggesting that adipocyte
differentiation and lipolysis were not compromised by
impaired mitochondrial OxPhos (Fig. 11, j). In addition, liver
histology and expression of the liver injury markers alanine
aminotransferase and aspartate aminotransferase were similar
in AdKO mice and controls (Fig. 2a, b). Serum triacylglycerol
and total cholesterol did not differ between the two groups
(Fig. 2c, d), but serum adiponectin was significantly lower
in AdKO mice (Fig. 2e), which is consistent with prior find-
ings [10].

To determine the effect of decreased adipocyte OxPhos on
whole-body energy homeostasis, we measured EE using indi-
rect calorimetry. AAKO mice exhibited similar physical activity
(Fig. 2f), and had similar total body mass-adjusted EE, VO,
and VCO, (Fig. 2g-i and ESM Fig. 2a—c). These findings
implied that decreased body mass in AdJKO mice could not
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Fig. 1 Adipocyte-specific Crifl knockout is associated with reduced
fat mass. (a) Immunoblotting and band density for CRIFI in eWAT,
iWAT, BAT, liver and muscle from NCD-fed Ctrl and AdKO mice at
10 weeks of age (n=3). (b) Representative blots for OxPhos complex
subunits in WAT of NCD-fed Ctrl and AJKO mice at 10 weeks of age.
The data were repeated in three independent experiments. (¢)
Representative blots showing BN-PAGE of the assembled OxPhos
complex in WAT from NCD-fed Ctrl and AdKO mice at 10 weeks of
age. The arrowhead indicates abnormal sub-complexes. We repeated the
runs of the blots three times using the same samples. Quantification of the
blots represented in (b) and (c¢) is shown in ESM Fig. 1. (d) Photographs
of whole body, eWAT and iWAT, and graph of body mass gain, of NCD-
fed Ctrl and AJKO mice between 6 and 10 weeks of age (n=4). (e)

be explained by differences in energy intake or EE.
Furthermore, there were no significant differences in fasting
glucose or serum insulin (Fig. 2j, k), or in glucose or insulin
tolerance (as determined by GTT and ITT, respectively),
between the two groups (Fig. 21, m).

Taken together, these findings suggest that lower OxPhos
function in adipocytes results in decreased body mass due to
reduction in adipose tissue mass, but does not affect systemic
EE or glucose homeostasis under NCD-fed conditions. To
exclude the possibility of temperature-dependent effects, we

Organ masses (normalised to body mass) of NCD-fed Ctrl (n=12) and
AdKO (n=9) mice at 10 weeks of age. (f) Food (NCD) intake (normal-
ised to body mass) over 5 days by Ctrl and AJKO mice at 10 weeks of age
(n=5). (g) Serum leptin concentrations of NCD-fed Ctrl and AdKO mice
at 10 weeks of age (n =5). (h) Representative images of H&E staining of
iWAT, eWAT and BAT sections from 10-week-old NCD-fed Ctrl and
AdKO mice (n =4); scale bars, 50 um. (i, j) Real-time PCR quantification
of genes involved in adipogenesis, lipolysis and (3-oxidation in (i) iWAT
and (j) eWAT from Ctrl and AdKO mice (n =3). The value was normal-
ised to 18 s rRNA and expressed as a fold change of the value in Ctrl
extracts. Data are expressed as the mean+ SD. *p<0.05 vs Ctrl group
(and in e vs Ctrl group for the same tissue) by Student’s 7 test. BW, body
weight; CI, CII etc., complex I, II etc.; Ctrl, control

performed indirect calorimetry to analyse the EE of control
and AdKO mice under thermoneutral conditions. In this
system, AdKO and control mice showed no differences in
EE, body weight, or tissue weight compared with the results
from room temperature experiments (ESM Fig. 3a—c).

AdKO mice are protected against HFD-induced obesity and
insulin resistance To determine the systemic effects of
decreased adipocyte OxPhos in the context of metabolic
stress, AdKO mice and controls were fed an HFD for 4 weeks.

@ Springer
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Fig.2  Adipocyte-specific Crifl knockout does not affect whole-body rearing over 3 days in NCD-fed Ctrl and AdKO mice at 10 weeks of age

EE and glucose homeostasis under normal chow diet-fed conditions. (a)
Representative images of H&E staining of liver sections from 10-week-
old NCD-fed Ctrl and AdKO mice (n =4); scale bars, 100 um (top),
50 um (enlargements below). (b) Serum alanine aminotransferase and
aspartate aminotransferase activities in 10-week-old Ctrl and AdKO mice
(n=4). (¢) Serum triacylglycerol and (d) total cholesterol in 10-week-old
Ctrl and AdKO mice (n =4). (e) Serum adiponectin concentration in 10-
week-old Ctrl and AdKO mice (n=5). (f) Counts of total activity and

Weight gain was significantly decreased in AAKO mice relative
to controls (Fig. 3a). After normalising to body mass, iWAT and
eWAT masses were significantly lower, but BAT mass was
higher, in AdKO mice (Fig. 3b). H&E staining of adipose
tissues revealed that WAT adipocyte size was significantly
decreased in HFD-fed AdKO mice relative to that in HFD-fed
controls, but BAT adipocyte size was similar (Fig. 3c¢).
However, in AdJKO mice there was significantly reduced
mRNA expression of Cebpa, Plini, Lipe and Pnpla2 (which
are involved in the regulation of adipogenesis and lipolysis) in
iWAT only (ESM Fig. 4a, b). These results suggest that
decreased adipocyte OxPhos capacity induces reduction of
adipogenesis, consistent with previous data [17], and that
decreased lipolysis inhibits ectopic lipid accumulation in non-
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(n=7). (g) AUC of EE for NCD-fed Ctrl and AdKO mice (n=4). (h)
AUC for VO, in 10-week-old Ctrl and AJKO mice fed NCD (n =4). (i)
AUC for VCO, in 10-week-old Ctrl and AdKO mice fed NCD (n = 4). (j)
Fasting glucose and (k) insulin concentrations (after 16 h of fasting) in
NCD-fed Ctrl and AdKO mice (n=5). () GTT and (m) ITT of NCD-fed
10-week-old Ctrl and AdKO mice (n=5). *p<0.05 vs Ctrl group by
Student’s ¢ test. ALT, alanine aminotransferase; AST, aspartate amino-
transferase; Ctrl, control

adipose tissues in the HFD-fed condition. Interestingly, serum
concentrations of adiponectin and leptin, as well as circulating
triacylglycerol and total cholesterol, were much lower in AAKO
mice (ESM Fig. 4c—f). Reduction of fat mass in AdKO mice
may have reduced serum leptin levels, which is consistent with
a prior report of a positive correlation between obesity or insulin
resistance and serum leptin levels in humans [21]. In addition,
hepatic fat accumulation was attenuated markedly in AdKO
mice (Fig. 3d). Fasting blood glucose was lower in AAKO mice
(Fig. 3e), while fasting insulin concentration was similar
between groups (Fig. 3f). To determine the effects of impaired
adipocyte OxPhos function on systemic glucose metabolism,
we measured glucose tolerance, which was improved in AJKO
mice vs controls (Fig. 3g). Moreover, ITT revealed that insulin
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Fig.3  Adipocyte-specific Crifl knockout protects against obesity and
improves systemic metabolism in mice consuming an HFD. (a)
Photographs of whole body, eWAT and iWAT and graph of body mass
gain in HFD-fed Ctrl and AdKO mice between 6 and 10 weeks of age; 6-
week-old mice were fed an HFD for 4 weeks (n=5). (b) Organ masses
(normalised to body mass) for Ctrl and AdKO mice after 4 weeks of HFD
feeding (n=5). (¢) Representative images of H&E staining of adipose
sections of WAT and BAT from 10-week-old Ctrl and AJKO mice fed an
HFD for 4 weeks (n = 5); scale bars, 50 pm. (d) Representative images of

sensitivity was improved in AdKO mice relative to control mice
(Fig. 3h). These data suggest that adipocyte-specific impair-
ment of OxPhos improves glucose metabolism and protects
against diet-induced obesity and insulin resistance in the
context of HFD feeding.

The extent of macrophage infiltration into adipose tissue
governs the local and systemic inflammatory responses that
contribute to insulin resistance [22]. To compare the macro-
phage population and its functional status in AJKO mice and
controls, we performed FACS analysis on the adipose SVF
using the macrophage surface markers CD11c (an M1 marker)
and CD206 (an M2 marker). Using this approach, we found

H&E staining of liver sections from 10-week-old Ctrl and AdKO mice
fed an HFD for 4 weeks (n = 5); scale bars, 100 um (top), 50 pm (enlarge-
ments below). (e) Fasting glucose and (f) insulin concentrations (after
16 h of fasting) in 10-week-old Ctrl and AdKO mice fed an HFD for
4 weeks (n=4). (g) GTT and (h) ITT in 10-week-old Ctrl and AdKO
mice fed an HFD for 4 weeks (n =4). *p < 0.05 vs Ctrl HFD group (and in
b vs Ctrl HFD for the same tissue) by Student’s # test. BW, body weight;
Ctrl, control

that AdKO mice had a larger iWAT macrophage population,
and more specifically, larger numbers of M2 macrophages
(Fig. 4a—c).

Next, we measured iWAT and eWAT uncoupling protein 1
(UCP1) expression in AJKO mice and controls fed an HFD
for 4 weeks and found that UCP1 levels in AAKO mice were
significantly higher in WAT, but significantly lower in BAT,
than levels in controls (Fig. 4d). Immunostaining further
confirmed that WAT UCPI levels were increased in AdKO
mice (ESM Fig. 5). To determine the systemic effects of these
differences in UCP1 expression, we measured EE in AdKO
and control mice. Interestingly, AAKO mice had higher EE as

@ Springer



844

Diabetologia (2020) 63:837-852

a cwson: D c
Per cent of CD45"F4/80°CD11b
ctrl AdKO
I T I 2.0x10° ] Ctrl HFD 2.5x10° O Ctrl HFD
; = + [ AdKOHFD Z ooxios AdKO HFD
| = 1.5x10° =~
S - @ 5
! 5 . 5 15x10
i o 1.0x10 o
- @ » 1.0x10°
S . £
| 3 50x10 3 5.0x10° :
H O 5 (&)
0 0
il CD11c" CD206" CD11c" CD206"
817 F4/80*CD11b* F4/80°CD11b*
CD206
d ctrl AdKO N _ _
" 225 2 61 * 2 204 O Ctrl HFD
P1 7 B . B
wrl W - N z o AKOHFD
- - e D W W W | [-Actin o~ © S 1.5
o T 4 hel
€ 15- = =
© © ©
S } & 109 =
——————— . | [-Actin [ 101 Qo 1 C os
(0] Q [0} 51
= 05 = = *
TIir UCP1 by by by
BAT| ) O oA O o- O oA
‘-------~|a-Tubu[|n 3 . =) < =)
& w &
\ )
e f g
O CtrlHFD O Ctl HFD O Ctd HFD
= 20,000 AJKOHFD — 4000 AdKO HFD — 2000 AdKO HFD .
s : .
e 15000 x 3000 o X 1500
=P i o8
EQ i 2° <3
w2 10,000 D 2000 ~ 1000 .
w o- Q-
9 S e L
3 5000 £ 1000 £ 500
°
X -_— —_
0 E 0 E 0
X X X
e S & S & N

Fig. 4  Adipocyte-specific Crif] knockout increases EE and elevates
UCPI1 expression in WAT. (a) Representative flow cytometry plots of M1
(CD11¢*CD206 ") and M2 (CD11¢ CD206") macrophage populations in
total WAT SVF immune cells from 10-week-old Ctrl and AdKO mice fed
an HFD for 4 weeks (n = 3). (b, ¢) Macrophage cell number per gram of
(b) iWAT and (¢) eWAT in 10-week-old Ctrl and AdKO mice fed an HFD
for 4 weeks (n =3). (d) Immunoblotting for UCP1 in WAT and BAT and
graphs showing quantification of band density of UCP1 protein in iWAT

well as VO, and VCO; (adjusted to total body mass) during
the dark phase (Fig. 4e—g and ESM Fig. 6a—c) suggesting that
increased uncoupling in iWAT and eWAT could contribute to
higher EE in AdKO mice.

Genetic or pharmacological inhibition of adipocyte mitochon-
drial OxPhos function induces the UPR™ in vitro and in vivo
Mitochondrial OxPhos deficits cause proteotoxic stress, which
initiates the UPR™ to induce mitochondrial proteostasis, a high-
ly conserved mitoprotective mechanism [13, 23]. Therefore, we
measured expression of mitochondrial chaperones and prote-
ases in AdKO mice and controls under both NCD- and HFD-
fed conditions. Expression of iWAT and eWAT Lonp! mRNA
increased in NCD-fed AdKO mice (ESM Fig. 7a, b). In
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and eWAT (normalised to {3-actin) and BAT (normalised to o-tubulin)
from 10-week-old Ctrl (n=4) and AdKO (7 =15) mice fed an HFD for
4 weeks. (e) AUC for EE in 10-week-old Ctrl (n=4) and AdKO (n=3)
mice fed an HFD for 4 weeks. (f) AUC for VO, in 10-week-old Ctrl and
AdKO mice fed an HFD for 4 weeks. (g) AUC for VCO, in 10-week-old
Ctrl and AdKO mice fed an HFD for 4 weeks. *p<0.05 vs Ctrl HFD
group (and in b and e-g vs Ctrl HFD group for the same category) by
Student’s ¢ test. Ctrl, control

addition, immunoblotting revealed that WAT protein levels of
mitochondrial chaperones and proteases, including LONPI,
were higher in NCD-fed AdKO mice (iWAT: three- to fivefold;
eWAT: four- to fivefold compared with the control group, Fig.
Sa). Next, we investigated the mitochondrial stress response in
AdKO and control mice fed an HFD for 4 weeks. AdKO mice
showed increased WAT expression of UPR™-associated genes
involved in mitochondrial quality under HFD-fed conditions,
and the increased protein levels of these genes in AAKO mice
were also higher under HFD-fed conditions (iWAT: five- to 24-
fold; eWAT: two- to 46-fold compared with the control group,
ESM Fig. 7c, d and Fig. 5b). However, skeletal muscle and
hepatic levels of these proteins were similar between AdKO
and control mice under NCD- and HFD-fed conditions (ESM
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Fig. 5  Adipocyte-specific Crifl knockout induces the UPR™ in
adipose tissue. (a) Immunoblotting and band density of UPR™ proteins
in iWAT (n=3) and eWAT (n=4) from 10-week-old NCD-fed Ctrl and
AdKO mice. (b) Immunoblotting and band density of UPR™ proteins in
iWAT and eWAT from Ctrl (n = 4) and AdKO mice (n = 5) fed an HFD for

Fig. 8a, b). To evaluate a putative common mitochondrial stress
response between genetic and pharmacological inhibition of
adipocyte mitochondrial OxPhos function, we treated 3 T3-L1
adipocytes with doxycycline, which inhibits mitochondrial
translation [13, 23]. Doxycycline statistically increased expres-
sion of Hspdl mRNA and HSPD1 protein (ESM Fig. 7e and
Fig. 5¢), as well as the expression of LONP1 protein, in
cultured adipocytes (Fig. Sc), which indicates that both genetic
and pharmacological inhibition of mitochondrial OxPhos acti-
vated the adipose UPR™.

Adipocyte-specific impairment of OxPhos function is associ-
ated with greater synthesis of adipo-mitokines in vivo The
transcriptional profile of adipocytes with impaired OxPhos is
unknown. Therefore, we performed RNA sequencing of
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4 weeks. (¢) Immunoblotting and band density for UPR™ proteins in
doxycycline (10 pl/ml or 20 pl/ml)-treated differentiated 3 T3-L1 adipo-
cytes (n=3; repeated twice using the same samples for the 10 pg/ml
treatment). *p<0.05 vs Ctrl NCD (a) or Ctrl HFD (b) or None group (c)
by Student’s 7 test. Ctrl, control; Doxy, doxycycline

iWAT transcripts from control and AdKO mice fed an NCD.
A large number of transcripts were altered in AAKO mice
(ESM Fig. 9a; fold change increase or decrease (|FC|)>2;
p<0.05). In particular, expression of major mitokines, such
as Gdf15 and Fgf21, was much higher in the adipose tissue
of AdKO mice compared with control mice (Fig. 6a and ESM
Fig. 9b), as was the expression of metabolic pathway genes
and genes involved in the phosphoinositol 3-kinase (P13)-Akt
and peroxisome proliferator-activated receptor signalling
pathways (ESM Fig. 9c).

Next, we analysed iWAT and eWAT expression of these
mitokines in control and AdKO mice under NCD-fed and
HFD-fed conditions. Expression of Gdfi5 mRNA and
GDF15 protein were higher in both NCD- and HFD-fed
AdKO mice, except for GDF15 protein levels in eWAT from
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Fig. 6  Adipocyte-specific Crif] knockout induces production of

adipocyte-derived mitokines in vivo and in vitro. (a) Heat map showing
up- and downregulated genes in iWAT from NCD-fed Ctrl and AdKO
mice at 10 weeks of age, with fold change values. The red text (Gdf15,
Fgf21) indicates mitokines showing much higher fold change in AdKO
mice among the secreted proteins. (b, ¢) Relative expression of mRNA
encoding Gdf15 in (b) iWAT and (¢) eWAT from 10-week-old Ctrl and
AdKO mice consuming either an NCD or HFD (n=4). The value was
normalised to 18 s rRNA and expressed as fold change of the value in Ctrl
extracts. (d, e) Relative protein expression of GDF15 (fold difference
from Ctrl group) in (d) iWAT and (e) eWAT from 10-week-old mice
consuming either an NCD (n=3) or HFD (n=4). (f, g) Relative
mRNA expression of Fgf2/ in (f) iWAT and (g) eWAT from 10-week-

NCD-fed mice (Fig. 6b—e). In addition, expression of iWAT
and eWAT Fgf2] mRNA and FGF21 protein was significantly
higher in AdKO mice than in controls fed either diet (Fig. 6f
i). To further evaluate cell type-specific gene expression in
adipose tissue, we prepared adipocyte-enriched and SVFs
from iWAT and eWAT. In both iWAT and eWAT, Gdf15 and
Fgf21 transcript numbers increased in AdJKO mice only in the
adipocyte-enriched fraction, suggesting that impaired OxPhos
increases expression of mitokines in adipocytes, but not in
other adipose tissue cell types, including immune cells (Fig.
6j, k). In addition, pharmacological inhibition of OxPhos
using doxycycline increased expression of mRNA encoding
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old Ctrl and AdKO mice consuming either an NCD or HFD (n=4). The
value was normalised to 18 s IRNA and expressed as a fold change of the
value in Ctrl extracts. (h, i) Relative protein expression of FGF21 (fold
difference from Ctrl group) in (h) iWAT and (i) eWAT from 10-week-old
mice consuming either an NCD (n=3) or HFD (n=4). (j, k) Relative
mRNA expression of Gdf15 and Fgf21 in the SVF and adipocytes isolat-
ed from the (j) iWAT and (k) eWAT of 10-week-old mice fed an NCD
(n=3). The value was normalised to 18 s rRNA and expressed as a fold
change of the value in control adipocyte extracts. (I) Serum GDF15 and
(m) serum FGF21 concentrations in 10-week-old Ctrl and AdKO mice
fed an NCD (n=3) or HFD (n=4). *p<0.05 vs Ctrl group by Student’s ¢
test (b, 1, m). *p<0.05 vs Adipo Ctrl group by one-way ANOVA (j, k).
Adipo Ctrl, control adipocytes; Ctrl, control

Gdf15 and Fgf21 in differentiated 3 T3-L1 adipocytes in a
dose-dependent manner (ESM Fig. 10). Increased adipocyte
mitokine expression probably contributed to high serum
mitokine levels in AdKO mice, which were elevated under
both NCD-fed and HFD-fed conditions (Fig. 61, m). Taken
together, these data suggest that genetic or pharmacological
attenuation of adipocyte OxPhos promotes upregulation and
secretion of several mitokines.

GDF15 and FGF21 attenuates progression of diet-induced
obesity in AdKO mice To elucidate the effects of GDF15 and
FGF21 on energy metabolism and glucose homeostasis in
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AdKO mice, we generated AJKO mice with global Gdf15
deletion (AdGKO) or global Fgf21 deletion (AdFKO), both
on a C57BL/6 background. We confirmed that GDF15
and FGF21 were not detected in the serum of AdGKO
and AdFKO mice, respectively (ESM Fig. 11a, b). After
consuming an HFD for 8 weeks, AAGKO and AdFKO
mice exhibited significantly higher body mass gain than
AdKO mice (Fig. 7a, d), accompanied by increased fat
and liver masses (Fig. 7b, e). In addition, H&E staining
and quantitative assessment of iWAT and ¢eWAT adipo-
cyte size revealed more pronounced adipocyte hypertro-
phy in AdGKO and AdFKO mice than in AdKO mice
(Fig. 7c, f and ESM Fig. 1lc, d). Hepatic fat accumu-
lation was also much more pronounced in AAGKO and
AdFKO mice (Fig. 7c, f). These findings suggest that
mitokines regulate body weight and alleviate diet-
induced obesity in AdKO mice, and may therefore be
responsible for the protective effects of adipocyte-
specific disruption of OxPhos in this context.

GDF15 and FGF21 differentially regulate energy homeostasis
in AdKO mice Next, we sought to determine the effects of
FGF21 and GDF15 on energy homeostasis and adipose
immune cell populations in HFD-fed AdKO mice. Owing to
the importance of adipose immune cells in whole-body energy
homeostasis, we determined the effect of mitokines on the
adipose immune cell population in HFD-fed AdKO mice
using flow cytometry analysis. AAGKO mice had a larger
population of M1 macrophages and a smaller population of
M2 macrophages than AdKO mice (Fig. 8a and ESM Fig.
12a, c). Furthermore, EE (adjusted by total body mass) was
significantly lower in AdGKO mice than in AdKO mice at
night (Fig. 8b and ESM Fig. 13a), implying that adipocyte-
derived GDF15 not only affected macrophage polarisation,
but also enhanced EE, in AdKO mice. Moreover, induction
of UCP1 that occurred secondary to decreased OxPhos func-
tion in AdKO mice (Fig. 4d) was significantly attenuated by
global knockout of Gdf15 in AdKO mice (Fig. 8c). AAKO
mice with global Fgf21 deletion had a higher iWAT and
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Fig. 7 GDF15 and FGF21 contribute to weight gain control and AdKO and AdFKO mice fed an HFD from 6 to 14 weeks of age (n=

protection from diet-induced obesity in AJKO mice. (a) Body mass of
Ctrl, AdKO, and AdGKO mice that consumed an HFD from 6 to
14 weeks of age (n=4). (b) Organ masses (normalised to body mass)
of 14-week-old Ctrl, AAJKO and AdGKO mice fed an HFD for 8 weeks
(n=4). (c) Representative images of H&E staining of iWAT, eWAT and
liver sections from 14-week-old Ctrl, AAKO and AdGKO mice fed an
HFD for 8 weeks (n=4); scale bars, 50 um. (d) Body mass of Ctrl,

4). (e) Organ masses (normalised to body mass) of 14-week-old Ctrl,
AdKO and AdFKO mice fed an HFD for 8 weeks (n=4). (f)
Representative images of H&E staining of iWAT, eWAT and liver sections
from 14-week-old Ctrl, AAKO and AdFKO mice fed an HFD for 8 weeks
(n=4); scale bars, 50 um. *p<0.05 for AdKO vs Ctrl, or as shown;
p<0.05 for AdKO vs AdGKO; T1h<0.05 for AdKO vs AdFKO, by one-
way ANOVA. BW, body weight; Ctrl, control
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Fig. 8  GDF15 and FGF21 play differential roles in regulating energy 14-week-old Ctrl, AdKO and AdFKO mice fed an HFD for 8 weeks (n =

homeostasis in AJKO mice. (a) Representative flow cytometry plots of
M1 (CD11¢*CD206 ) and M2 (CD11¢ CD206%) macrophages within
the total macrophage population in WAT SVFs of 14-week-old Ctrl,
AdKO and AdGKO mice fed an HFD for 8 weeks (n = 3). Scatter plots
and graphs of M1/M2 ratio are shown in ESM Fig. 12. (b) AUC for EE in
14-week-old Ctrl (n=4), AAKO (n=4) and AdGKO (n = 3) mice fed an
HFD for 8 weeks. (¢) Immunoblots showing UCP1 and (3-actin and
protein band density in WAT from 14-week-old Ctrl, AAKO and
AdGKO mice fed an HFD for 8 weeks (n=6). (d) Representative flow
cytometry plots of M1 (CD11¢"CD2067) and M2 (CD11¢” CD206™)
macrophages within the total macrophage population in WAT SVFs of

eWAT M1/M2 macrophage ratios than AdKO mice (Fig. 8d
and ESM Fig. 12b, d). However, the increased EE (adjusted to
total body mass) in AdKO mice was maintained in AFKO
mice, indicating that FGF21 did not regulate EE in AdKO
mice (Fig. 8¢ and ESM Fig. 13b). Moreover, global Fgf21
deficiency did not affect adipose UCP1 expression in AdKO
mice, with similar levels in AJKO and AdFKO mice (Fig. 8f),
in contrast to the phenotype of AAGKO mice.

Next, we used GTT and ITT to evaluate the effects of these
mitokines on systemic glucose turnover and insulin sensitivity
in HFD-fed AdKO mice. Despite greater body mass and
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3). Scatter plots and graphs of M1/M2 ratio are shown in ESM Fig. 12. (e)
AUC for EE in 14-week-old Ctrl (n =4), AdKO (n =5), and AdFKO (n =
3) mice fed an HFD for 8 weeks. (f) Immunoblots showing UCP1 and -
tubulin and protein band density in WAT from 14-week-old Ctrl, AdKO
and AdFKO mice fed an HFD for 8 weeks (n = 6). (g) GTTand (h) ITT in
14-week-old Ctrl, AdJKO and AdGKO mice fed an HFD for 8 weeks (n =
4). (i) GTT and (j) ITT in 14-week-old Ctrl, AAKO and AdFKO mice fed
an HFD for 8 weeks (n =4). *p<0.05 for AdKO vs Ctrl, or as shown; Tp <
0.05 for AdKO vs AdGKO; "p<0.05 for AdKO vs AdFKO, by one-way
ANOVA. Ctrl, control

adiposity in AAGKO mice, AAKO and AdGKO mice showed
similar glucose tolerance (Fig. 8g), suggesting that improved
glucose tolerance in AdKO mice was not mediated through
GDF15. However, insulin stimulation did not as effectively
stimulate glucose disposal in AAGKO mice as in AdKO mice,
suggesting that upregulated GDF15 in AdKO mice contribut-
ed to improved insulin sensitivity under HFD-fed conditions
(Fig. 8h). By contrast, AAFKO mice showed impaired glucose
tolerance (Fig. 8i) and insulin sensitivity (Fig. 8j) compared
with AdKO mice under HFD-fed conditions, suggesting that
upregulated FGF21 in AdKO mice contributed to systemic
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glucose homeostasis and insulin sensitivity in the context of
HFD. Although AdGKO and AdFKO mice fed an NCD had
higher body weight (ESM Fig. 14a) and fat mass (ESM Fig.
14b) than AdKO mice, metabolic variables, including EE and
glucose tolerance, were unchanged under NCD-fed conditions
(ESM Fig. 14c, d). Taken together, these findings suggest that
mitokines induced by the stress of impaired adipocyte OxPhos
affect systemic energy metabolism and whole-body glucose
homeostasis, which has a protective effect against diet-
induced obesity.

Discussion

As the principal means of ATP production in eukaryotic cells,
mitochondrial OxPhos is critical for normal glucose metabo-
lism and systemic energy homeostasis. Mitochondrial OxPhos
deficits can result from mitochondrial genetic disorders, but
are also common in individuals with metabolic diseases such
as obesity or type 2 diabetes [24]. Paradoxically, accumulating
evidence also suggests that mitochondrial stress- or OxPhos
dysfunction-induced UPR™, which is evolutionarily
conserved from worms to mammals [25, 26], has beneficial
effects on whole-body metabolism [18, 19, 27]. However,
most studies of this phenomenon have used lower organisms
or global mouse knockout models, so the effects of this
response in specific tissues remain incompletely understood.
Therefore, we aimed to determine how adipose OxPhos func-
tion affects energy homeostasis in vivo. In the present study,
we demonstrated that adipocyte-specific reduction in OxPhos
function was associated with activation of local UPR™ and
mitohormesis through increased transcription and secretion of
FGF21 and GDF15, which are protective against the metabol-
ic defects of diet-induced obesity.

In a prior study, we developed a mouse model with
adipocyte-specific impairment in OxPhos function using
Fabp4-Cre mice [28]. Unlike the AdKO mice, Crift”"F*
mice exhibited adipose M1 macrophage-mediated inflamma-
tion and insulin resistance. This discrepancy between AdKO
mice and Crif’”*"*P* mice may be explained by inherent
differences in the distribution and activity of Cre-recombinase
driven by the Fabp4 or Adipog promoters. Previous reports
reveal that Fabp4 is expressed in macrophages [29] and the
lymphatic system [30] in adult animals, and is detected within
the embryo [31]; this may explain (in part) the difference
between AdKO mice and Crif/” """ mice. Another mouse
model of adipocyte mitochondrial dysfunction was also gener-
ated by crossing aP2-cre (also known as Fabp4-Cre) mice
with Tfam” mice [6]. These mice had lower mtDNA copy
number, but higher EE, and were protected against HFD-
induced obesity and insulin resistance, similar to the pheno-
type of AdKO mice observed in the present study. By contrast,
a study of adipocyte-specific Pgc-1(3 (also known as

Ppargclb)-deficient mice demonstrated that lower mitochon-
drial oxidative capacity in adipocytes is not sufficient for insu-
lin resistance to develop, regardless of diet type [32].

Moreover, decreased white adipocyte OxPhos capacity
appears to be a hallmark of obesity, although evidence of a
causal role for mitochondrial dysfunction in obesity and meta-
bolic diseases is lacking [33]. Furthermore, adipose tissue
mitochondrial dysfunction can lead to a syndrome of
lipodystrophy with insulin resistance and hepatic fat accumu-
lation in mice [34]. These findings suggest that the relation-
ship between mitochondrial OxPhos function and metabolic
disease is complex, and is also likely to be context-specific.
Therefore, the mechanisms by which tissue-specific OxPhos
function affects whole-body metabolism remain unclear, but
we have identified a causal link between adipose OxPhos
function and systemic energy homeostasis in this study.

Mitochondrial dysfunction elicits a cellular stress response
and resultant secretion of mitokines in various models and
species [18, 35, 36]. UPR™-associated secretory signals are
proposed to promote longevity and improve health [37].
Recent studies show that activation of the UPR™ could be
an important determinant of longevity in lower organisms
such as Caenorhabditis elegans [37] and Drosophila
melanogaster [25]. Knockdown of mitochondrial ribosomal
protein S5-mediated induction of the UPR™" increases
lifespan, accompanied by reduced VO,, ATP content and
citrate synthase activity in C. elegans. Redox signalling is also
involved in activation of the UPR™, which increases lifespan
and preserves mitochondrial function in D. melanogaster.
Although there is presently no evidence for a role of the
UPR™ in longevity or metabolic diseases in mammals,
mitokines such as FGF21 and GDF15 are not only useful
diagnostic biomarkers for human mitochondrial diseases, but
are also a potential therapeutic modality for metabolic diseases
[18, 35, 36, 38, 39]. Moreover, Fgf2] "~ and Gdf15 "~ mice
are prone to HFD -induced obesity, glucose intolerance, and
hepatic and adipose inflammation [40, 41], suggesting an
important role for these mitokines in whole-body metabolic
homeostasis.

In the present study, we screened strong candidates for
potential mitokine signals secreted by the adipose tissue of
AdKO mice using RNA sequencing, and showed that
mitokines play an important role in the phenotype associated
with OxPhos dysfunction in AdJKO mouse adipocytes by
generating AdKO mice with global deletion of Gdf15
(AdGKO) or Fgf21 (AdFKO). To exclude the effects of
GDF15 and FGF21 from other tissues, we used global
Gdf15 " or Fgf21”' mice instead of adipose tissue-specific
Gdf15- or Fgf2I-deleted mice. Our data from AdGKO mice
fed an HFD for 8 weeks revealed that long-term induction of
GDF15 in AdKO mice attenuated progression of obesity in
this context through increased EE. Our findings in AdFKO
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mice suggested that prolonged induction of FGF21 in AdKO
mice did not affect EE, but remarkably ameliorated HFD-
induced obesity and insulin resistance. However, further
longer-term studies are warranted to determine whether the
metabolic phenotypic effects of impaired OxPhos-mediated
induction of the UPR™ are transient or persistent in mammals.

In humans, BAT activation protects against obesity and
insulin resistance through non-shivering thermogenesis [42,
43]. The functional capacity and expression of UCPI in
BAT is impaired by chronic obesity in mice [44]. However,
HFD- and thermoneutrality-induced whitening and dysfunc-
tion of BAT are likely to only modestly affect systemic
glucose metabolism and EE. Consistent with this, surgical
removal of BAT does not exacerbate diet-induced obesity or
disrupt systemic glucose or lipid homeostasis in mice under
limited thermal stress [45]. However, in the present study,
AdKO mice showed decreased BAT UCP1 expression, but
exhibited better glucose tolerance and higher EE in the context
of HFD. Despite lower BAT UCP1 expression, the higher EE
in AJKO mice may result from marked UCP1 induction in the
iWAT and eWAT as well as from a higher concentration of
mitokines. Consistent with this, ectopic WAT UCP1 expres-
sion improves glucose tolerance and insulin sensitivity in mice
and rats [46, 47]. In addition, beige adipocytes are critically
involved in the regulation of systemic glucose homeostasis
and EE, as demonstrated by mice overexpressing PR
domain-containing 16 in iWAT [47].

Taken together, our data demonstrate that AdKO mice
show dual activation of cell-autonomous (chaperones and
proteases) and non-cell-autonomous (mitokine) mechanisms
in WAT. We have yet to confirm whether decreased OxPhos
capacity directly induces secretion of adipo-mitokines.
However, both AAGKO and AdFKO mice demonstrated a
less pronounced iWAT UPR™ than AdKO mice under
NCD-fed conditions, but the UPR™ was more marked than
wild-type control mice (ESM Fig. 14e), indicating that the
UPR™, which was activated by mitochondrial stress in
AdKO mice, was further increased by mitokine secretion.
Although activation of the UPR™" and increased mito-
adipokine secretion were identified, there were no differences
in metabolic endpoints between AdKO, AdGKO, and
AdFKO mice (ESM Fig. 14c, d) under NCD conditions,
implying that a threshold concentration of mitokines may be
required to regulate whole-body metabolism. Although these
findings do not fully establish cause—effect relationships, we
suggest that the adipose OxPhos function and mitohormesis
from WAT can influence systemic glucose homeostasis and
EE in pathologic states, such as diet-induced obesity.
Metabolic dysfunction in Fgf2I " and GdfI5 ' mice also
supports our findings in the AJFKO and AdGKO mice used
in the present study [40, 41]. Thus, we propose a novel role for
the UPR™" and mitokine secretion in adipose tissue, which
regulates both systemic glucose homeostasis and EE as part

@ Springer

of an organismal adaptation to local mitochondrial stress.
However, the human relevance of adipose mitochondrial
OxPhos dysfunction and mitokine secretion in systemic ener-
gy metabolism needs to be clarified.
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