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Loss of mitochondrial protease ClpP protects mice
from diet-induced obesity and insulin resistance

Shylesh Bhaskaran®, Gavin Pharaoh™? Rojina Ranjit}, Ashley Murphy?*, Satoshi Matsuzaki®,
Binoj C Nair?, Brittany Forbes®, Suzana Gispert®, Georg Auburger®, Kenneth M Humphries?,
Michael Kinter!, Timothy M Griffin® & Sathyaseelan S Deepa® ™'

Abstract

Caseinolytic peptidase P (ClpP) is a mammalian quality control
protease that is proposed to play an important role in the initia-
tion of the mitochondrial unfolded protein response (UPR™), a
retrograde signaling response that helps to maintain mitochon-
drial protein homeostasis. Mitochondrial dysfunction is associated
with the development of metabolic disorders, and to understand
the effect of a defective UPR™ on metabolism, ClpP knockout
(CIpP~7) mice were analyzed. ClpP~/~ mice fed ad libitum have
reduced adiposity and paradoxically improved insulin sensitivity.
Absence of ClpP increased whole-body energy expenditure and
markers of mitochondrial biogenesis are selectively up-regulated
in the white adipose tissue (WAT) of ClpP’/~ mice. When chal-
lenged with a metabolic stress such as high-fat diet, despite simi-
lar caloric intake, ClpP~/~ mice are protected from diet-induced
obesity, glucose intolerance, insulin resistance, and hepatic steato-
sis. Our results show that absence of ClpP triggers compensatory
responses in mice and suggest that CIpP might be dispensable for
mammalian UPR™® initiation. Thus, we made an unexpected
finding that deficiency of CIpP in mice is metabolically beneficial.
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Introduction

Mitochondria are critical for the normal function of eukaryotic cells
through production of ATP, maintenance of calcium homeostasis,
and regulation of programmed cell death, and are also the major site

for fatty acid oxidation [1]. The mitochondrion has its own quality
control system consisting of proteases and chaperones that
helps to maintain protein homeostasis that in turn preserves mito-
chondrial integrity [2]. The QC proteases present in the outer mito-
chondrial membrane (ubiquitin—proteasome system), inner
mitochondrial membrane (PARL, OMA1l, YMEIL1, AFG3L2, and
paraplegin), the intermembrane space (HtrA2), and mitochondrial
matrix (Lon and ClpXP) help to maintain mitochondrial proteosta-
sis through degradation of misfolded or damaged proteins [3]. Fail-
ure of the QC system has been linked to various neurological
diseases, aging, and metabolic disorders [4,5]. For example,
muscle-specific knockdown of PARL impairs insulin signaling and
deficiency of OMA1 causes obesity and defective thermogenesis in
mice [6,7].

Caseinolytic peptidase P (ClpP) is a highly conserved QC
protease from bacteria to humans. ClpP lacks ATPase activity and
multimerizes with the mitochondrial chaperone and ATPase, ClpX
to form the functional protease ClpXP. In Caenorhabditis elegans,
CIpP plays a critical role in the activation of UPR™, a retrograde
signaling response that induces the expression of mitochondrial
chaperones that helps to maintain mitochondrial proteostasis. The
peptides generated through the proteolytic cleavage of unfolded
proteins by ClpP initiate the UPR™ response in C. elegans [8,9]. In
mammalian cells, accumulation of unfolded proteins in mitochon-
drial matrix results in the transcriptional up-regulation of mitochon-
drial chaperones and ClpP [10,11]. While the role of ClpP in
mammalian UPR™ is not clear, a potential involvement of CIpP in
mitochondrial peptide release, similar to C. elegans, has been
suggested [12]. In addition to its proposed role in UPR™, CIpP is
involved in other mitochondrial functions; for example, knockdown
of ClpP in muscle cells causes mitochondrial dysfunction and
reduces cell proliferation [13], and CIpP is also involved in the regu-
lation of mitochondrial protein synthesis through mitochondrial
ribosome assembly [14]. Recessive mutations in CLPP cause
Perrault syndrome in humans, characterized by sensorineural deaf-
ness and ovarian failure [15].
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Acquired obesity in humans is associated with an impaired
UPR™ response in subcutaneous WAT (sSWAT) suggesting a possi-
ble relationship between metabolic stress and UPR™ [16]. Because
CIpP is proposed to play an important role in UPR™, we analyzed
mice deficient in ClpP (ClpP~/~ mice) to understand the role of
UPR™“mediated proteostasis in metabolism. ClpP~/~ mice recapitu-
late the phenotypes of Perrault syndrome in humans and are charac-
terized by mild mitochondrial dysfunction, up-regulation of
mitochondrial chaperones, and accumulation of ClpX and mtDNA in
various tissues [17]. We hypothesized that a defective UPR™
response and mitochondrial dysfunction due to ClpP deficiency will
cause insulin resistance in ClpP~/~ mice. On the contrary, ClpP~/~
mice fed ad libitum showed improved insulin sensitivity, reduced
adiposity, and elevated mitochondrial respiration in WAT. When
challenged with a metabolic stress such as high-fat diet (HFD),
ClpP™'~ mice are protected from diet-induced obesity, glucose intoler-
ance, insulin resistance, and hepatic steatosis. Our findings suggest
that compensatory responses due to ClpP deficiency could contribute
to the paradoxical beneficial metabolic effects in CIpP~/~ mice.

Results

ClpP~/~ mice have reduced adiposity and white adipocytes from
ClpP~'~ mice exhibit increased respiration

Gispert et al [17] reported that CIpP~/~ mice have reduced gain in
body weight compared to wild-type (WT) littermates. In our cohort,
at 5 months of age ClpP~/~ male mice have 28% reduction in body
weight compared to WT littermates or heterozygous ClpP*/~ mice,
despite increased food consumption by CIpP~/~ mice (34% more
compared to WT) (Fig 1A and B). ClpP’/ ~ mice have 64 % reduction
in fat mass and 24% reduction in lean mass (Appendix Fig S1A).
After normalizing to body weight, fat mass in CIpP~/~ mice showed
38% reduction compared to WT, whereas lean mass showed a
tendency to increase but did not reach statistical significance
(Fig 1C). Thus, reduced body weight in CpP~/~ mice is attributable
to reduced fat mass. Body weight, food intake, fat mass, and lean
mass of CIpP"/~ mice were similar to WT littermates (Fig 1A-C).
ClpP~/~ female mice (5-month-old) also showed a reduction in body
weight and fat mass, comparable to male mice (Appendix Fig S1B
and C). H&E staining of gonadal white adipose tissue (gWAT)
showed smaller adipocytes (37% reduction in adipocyte area) in
ClpP™’~ mice compared to adipocytes in WT mice (Fig 1D). Tran-
script levels of adipocyte differentiation factors peroxisome prolifer-
ator-activated receptor gamma (PPARy), CCAAT/enhancer-binding
protein alpha (C/EBPa), and adipocyte protein 2 (aP2) in gWAT
were similar in CIpP™/~ and WT mice, suggesting that adipocyte dif-
ferentiation is not impaired in CIpP~/~ mice (Appendix Fig S1D).
Differentiated adipocytes from CIpP~/~ mice accumulated 50%
less triglycerides than adipocytes from WT or CIpP*/~ mice
(Fig 1E). Basal respiration (30% increase), ATP-linked respiration
(93% increase), maximal respiration (127% increase), and spare
respiratory capacity (1,319% increase) were increased in ClpP~/~
mice compared to WT or CIpP*/~ adipocytes (Fig 1F). Levels of
non-mitochondrial respiration and proton leak were similar in WT,
ClpP*/~, and ClpP™/~ adipocytes. For ClpP*/~ adipocytes, only
basal respiration showed a 17% increase compared to WT
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adipocytes, whereas other parameters were comparable to WT mice.
Similarly, in vitro knockdown of ClpP (90% reduction in ClpP
protein) in 3T3-L1 cells also increased respiration, compared to
control cells (Appendix Fig S1E and F). Thus, ClpP deficiency
increased respiration in adipocytes both in vitro and in vivo.

An increased number of mitochondria per cell or the same
number of highly active mitochondria per cell can contribute to high
mitochondrial respiration. Immunostaining of differentiated adipo-
cytes using an antibody for mitochondrial outer membrane protein
Tom20 showed more intense staining in ClpP~/~ adipocytes than
WT adipocytes, suggesting there is an increase in mitochondrial
content in CIpP~/~ adipocytes (Fig 1G). In agreement with this,
mitochondrial content in gWAT of CIpP~/~ mice was higher (and
the mitochondria appeared larger) than WT mice, as assessed by
electron microscopy (Fig 1H). Thus, elevated mitochondrial content
could contribute to elevated respiration and reduced fat mass in
ClpP~/~ mice.

Markers of mitochondrial biogenesis, mitochondrial chaperones,
and mitochondrial fission/fusion regulator OPAL1 are elevated in
gWAT of ClpP '~ mice

Peroxisome proliferator-activated receptor gamma coactivator
l-alpha (PGC-lo) is a key transcription factor that regulates
mitochondrial biogenesis. In gWAT of ClpP~/~ mice, expression of
PGC-1a is up-regulated 3.3-fold compared to WT mice (Fig 2A).
Protein expression of transcription factor A, mitochondrial (Tfam)
(mitochondrial DNA transcription factor, 3.3-fold), and voltage-
dependent anion channel (VDAC) (a highly conserved outer
mitochondrial membrane protein, 2.8-fold) is also elevated in
ClpP~/~ mice of gWAT (Fig 2A). Protein expression of PGC-1o and
Tfam was comparable in gWAT of CIpP*/~ mice and WT mice;
however, expression of VDAC was twofold higher in CIpP*/~ mice
compared to WT mice (Fig 2A). We also found a significant increase
in the protein expression of electron transport chain (ETC) subunits:
ATP Synthase, H+ Transporting, Mitochondrial F1 Complex, Alpha
Subunit 1 (ATP5al, 2.4-fold); ATPSab (2.5-fold); Succinate Dehy-
drogenase Complex Flavoprotein Subunit A (SDHA, 3.4-fold);
SDHAB (2.4-fold); SDHC (2.2-fold); and Ubiquinol-Cytochrome C
Reductase Core Protein II (UQCRC2, 2.6-fold) in gWAT of ClpP*/ -
mice, compared to WT mice (Fig 2B and Table EV1). However,
expression of ETC subunits in WAT of ClpP*/~ mice was similar to
WT mice (Fig 2B). In addition, protein expression of citrate
synthase was increased twofold (Appendix Fig S2A and Table EV1)
and mitochondrial DNA (mtDNA) content was increased fourfold in
the WAT of CIpP~/~ mice (Fig 2C). Taken together, mitochondrial
biogenesis markers are increased in gWAT of ClpP~/~ mice suggest-
ing an increase in mitochondrial mass, compared to WT or Clpp*/~
mice. PGC-1a expression is also elevated (2.7-fold) in subcutaneous
WAT (sWAT) of ClpP~/~ mice, but not in brown adipose tissue
(BAT), heart, or skeletal muscle (Fig 2D). We also looked for a
potential signal that might drive PGC-la expression in gWAT.
Increased levels of reactive oxygen species (ROS) are linked to acti-
vation of PGC-1a expression in skeletal muscle [18-20]. In humans,
oxidative stress induced by short-term exercise increases PGC-la
expression in skeletal muscle [21]. Based on this, we also tested
whether ROS levels are altered in gWAT of ClpP~/~ mice. Levels of
4-Hydroxynonenal (4-HNE) were used as a marker of oxidative

© 2018 The Authors
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Figure 1. ClpP '~ mice have reduced adiposity and elevated respiration in WAT.
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Body weights of WT, CIpP*/~, and ClpP~/~ male mice fed ad libitum at 5 months of age (n = 8-10).

Food consumption of WT, CIpP*/’, and CIpP’/’ mice fed ad libitum, normalized to body weight, at 5 months of age (n = 8-10).

Fat mass and lean mass in WT, ClpP*'~, and CIpP~/~ mice, assessed by quantitative magnetic resonance imaging and normalized to body weight age (n = 8-10).
H&E staining of gWAT sections of WT and CIpP’/’ mice (left panel, scale 100 um, magnification 20x) and quantification of the average adipocyte area of gWAT
sections (right panel) age (n = 3).

Qil red O staining of differentiated adipocytes from WT, CIpP*/’, and ClpP~'~ mice (left panel, scale 100 pm, magnification 20x). Quantification of total oil red O
extracted from differentiated adipocytes (right panel) (n = 3). Data shown are mean + SEM from three independent experiments.

Graphical representation of cellular bioenergetics in differentiated primary adipocyte cultures from WT, ClpP*~, and ClpP~/~ mice was measured using the Seahorse
Bioscience XF24 Extracellular Flux Analyzer mitostress assay, normalized to protein concentration per well. Data represent mean + SEM from three independent experiments.
Immunostaining of differentiated adipocytes from WT and ClpP~/~ mice using Tom20 antibody (left panel, scale 100 pm, magnification 20x) and quantification of
fluorescent intensity (right panel) (n = 3).

Electron micrographs of gWAT from WT and CIpP’/’ mice (n = 3). Scale 500 nm. Magnification 5,000x.

/—

Data information: (A-G) Bars represent mean + SEM (ANOVA, *: WT vs. ClpP~"~; #: ClpP*'~ vs. ClpP~'~; ~: WT vs. ClpP*/~; *#"p < 0,05). WT: white bars, ClpP*/~: gray bars,
CIpP’/’: black bars.

stress [22] and Western blotting of gWAT showed increased 4-HNE are shown to induce PGC-1a expression through activation of AMPK
levels (1.3-fold) in CIpP~/~ mice compared to WT mice, suggesting in skeletal muscle [18]. Assessing AMP-activated protein kinase
increased oxidative stress in gWAT (Fig 2E). Elevated levels of H,0, (AMPK) activation in gWAT of CZpP_/ ~ mice showed that the ratio
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Figure 2.

of phospho-AMPK/AMPK is increased in ClpP~/~ mice compared to
WT mice, suggesting increased AMPK activation (Fig 2F). Thus,
increase in ROS and AMPK activation could contribute to the
increased expression of PGC-1a in gWAT of ClpP~/~ mice.

Loss of ClpP was reported to induce the expression of mitochon-
drial chaperones and the mitochondrial protease Lon in testis, heart,
liver, and brain of ClpP’/’ mice [17]. In gWAT of ClpP’/’ mice,
protein expression of Lon protease (2.1-fold) and mitochondrial

4 of 17 EMBO reports  19: e45009 | 2018

chaperones [Heat shock protein 60 (Hsp60, 3.5-fold), Hsp40 (2.6-
fold), Hspl0 (2.5-fold), and ClpX (1.9-fold)] was significantly
elevated compared to WT mice (Fig 2G). However, this increase in
the expression of mitochondrial chaperones in gWAT could be
attributed to the increase in mitochondrial number. In ClpP*/~
mice, protein levels of Lon, Hspl0, and ClpX were similar to WT
mice, whereas protein expression of Hsp60 (2.2-fold) and Hsp40
(2.2-fold) was significantly elevated (Fig 2G). Similarly, sWAT of

© 2018 The Authors
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Figure 2. Markers of mitochondrial biogenesis, mitochondrial chaperones, and mitochondrial fission/fusion regulator OPA1 are elevated in gWAT of ClpP~

mice.
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A Left panel: immunoblots of gWAT extracts from WT, CIpP*/~, and CIpP’/’ mice for PGC-1a, Tfam, VDAC, B-actin, and ClpP (n = 5). Right panel: graphical

representation of quantified blots normalized to B-actin.

B Quantification of protein levels of electron transport chain (ETC) subunits ATP5al, ATP5ab, SDHA, SDHAB, SDHC, and UQCRC2 in gWAT of WT, ClpP*/~, and Clpp~/~

mice obtained by mass spectrometry (n = 5).

C Quantification of mtDNA/nDNA content in gWAT from WT and ClpP~'~ mice (n = 6-8).

D Top panels: immunoblots of SWAT, BAT, heart, and muscle extracts from WT and ClpP~/~ mice for PGC-1a and B-tubulin (Western blot shows representative
examples for n = 4, and quantification is based on n = 6). Bottom panels: graphical representation of quantified blots normalized to B-tubulin.

E Left panel: immunoblots of gWAT extracts (30 ug/lane) from WT and ClpP~/~ mice for 4-HNE. Right panel: Quantification of band intensity of the entire line

represented graphically (n = 5).

F Top panel: immunoblots of gWAT extracts from WT and ClpP~'~ mice for P-AMPK and AMPK (n = 5). Right panel: graphical representation of the ratio of P-AMPK to AMPK.
Left panel: immunoblots of gWAT extracts from WT, CIpP‘“/’, and CIpP’/’ mice for Lon, Hsp60, Hsp40, Hsp10, ClpX, and ClpP (n = 5). Right panel: graphical

representation of quantified blots normalized to B-actin.

H Western blots showing protein expression of OPAL isoforms and fB-actin in gWAT, SWAT, BAT, muscle and heart of WT, and ClpP™"

/= mice (top panel) (Western blot shows

representative examples for n = 2, and quantification is based on n = 5). Quantification of the blots normalized to B-actin is shown as bar graphs (bottom panel).

Data information: Bars represent mean + SEM (ANOVA, *: WT vs. ClpP~'~; #: ClpP*'~ vs. ClpP™/=; A WT vs. ClpP*'~; "#/"p < 0.05). WT: white bars, ClpP*/~: gray bars,

CIpP’/’: black bars.

ClpP™’~ mice showed a strong induction of Lon and mitochondrial
chaperones and BAT showed increased expression of Lon protease
and Hsp40 compared to WT mice (Appendix Fig S2B).

Previously, we found that knockdown of ClpP (70% reduction
compared control cells) in C2C12 muscle cells increased the expres-
sion of mitochondrial fission protein dynamin-related proteinl,
Drpl [13]. In gWAT of ClpP~/~ mice, we did not see any change in
the expression of fusion protein mitofusin 2 (Mfn2) or fission
proteins Drpl or Fisl (data not shown). However, protein expres-
sion of mitochondrial fission—fusion regulator Optic Atrophy 1
(OPAL, total) was increased in the gWAT (17%) and sWAT (114%)
of ClpP~/~ mice (Fig 2H). OPA1 exists in multiple long forms (L-
OPA1) and short forms (S-OPA1) and processing of OPA1 to L-OPA1
and S-OPA1 balances mitochondrial fission/fusion and the antibody
we used detected five different isoforms, as previously reported
[23,24]. In BAT and skeletal muscle of ClpP~/~ mice, total OPA1
was similar to WT mice, whereas in heart, total OPA1 was reduced
by 34% (Fig 2H). Thus, PGC-1a and OPA1 showed a tissue-specific
difference in their expression and WAT depots showed higher
expression, compared to other tissues.

Pink1 and Parkin are known initiators of mitophagy [25]. There-
fore, we quantified the expression of mitophagy markers PINK1 and
Parkin in gWAT to test whether activation of mitophagy contributes
to the recovery of healthy mitochondria in the absence of ClpP.
Surprisingly, expression of PINK1 and Parkin is decreased in gWAT
of ClpP™/~ mice, suggesting that mitophagy is not activated in
ClpP~’~ mice (Appendix Fig $2C).

Absence of ClpP increases whole-body energy expenditure and
mitochondrial uncoupling and alters expression of metabolic
enzymes in gWAT of ClpP~/~ mice

ClpP~/~ mice exhibited 37 and 12% increases in oxygen consump-
tion during dark and light phases, respectively, when normalized to
total body mass (Fig 3A). When normalized to lean body mass,
ClpP™~ mice showed a 15% increase in oxygen consumption
during dark phase and this difference was not statistically significant
(Fig 3B). Similarly, energy expenditure (EE) normalized to total
body mass was 40 and 34% higher for ClpP~/~ mice during dark
and light phases, respectively (Fig 3C). Normalizing EE to lean body
mass also reduced the increased EE in CIpP~/~ mice to 10%, which

© 2018 The Authors

did not reach statistical significance (Fig 3D). Furthermore, WT and
ClpP~~ mice had a similar respiratory exchange ratio (RER) and
cage activity levels (Fig 3E and F). Metabolically, CIpP*/~ mice
were similar to WT mice except for significantly reduced RER during
the light phase (Fig 3E). Thus, the finding that higher oxygen
consumption and EE rates of CIpP~/~ mice were reduced when
normalized to lean rather than total body mass is consistent with
increased adipose tissue metabolism in ClpP~/~ mice.

Transcript level of uncoupling protein 1 (UCP1) was signifi-
cantly increased in SWAT, not in gWAT, of CIpP~/~ mice compared
to WT mice (Fig 3G). UCP2 was significantly elevated in gWAT
and sWAT of ClpP~/~ mice compared to WT mice (Fig 3G),
whereas UCP3 levels were similar in WT and ClpP~/~ mice WAT
depots (data not shown). Beige fat or “brown-like” fat present in
WAT is known to increase energy expenditure [26,27]. Therefore,
we tested markers of browning/beiging in sWAT and found that in
addition to UCP1, transcript levels of PGC-la (11.6-fold), cell
death-inducing DFFA-like effector A (CIDEA, 11.4-fold), and cyto-
chrome ¢ oxidase subunit 8b (Cox8b, 15.8-fold) were elevated in
sWAT of CZpP*/* mice; however, levels of PR/SET Domain 16 (Prd-
m16) were similar in ClpP~/~ and WT mice (Appendix Fig S3A).
Western blotting to assess protein expression of UCP1 in BAT
showed no significant change in UCP1 expression (Appendix Fig
S3B). Thus, increased uncoupling in WAT depots as well as
“browning” of sSWAT could contribute to increased energy expendi-
ture in CIpP™/~ mice.

A targeted quantitative proteomic approach was employed for a
detailed study of the changes in protein expression of mitochondrial
metabolic enzymes in gWAT of WT, ClpP*/~, and CIpP~/~ mice.
Protein expression of mitochondrial fatty acid oxidation enzymes,
and enzymes/proteins involved glucose metabolism, tricarboxylic
acid (TCA) cycle, and ETC, and antioxidants are altered in gWAT of
ClpP~/~ mice, compared to WT mice (Fig 3H and Table EV1). Thus,
absence of ClIpP altered expression of metabolic enzymes in gWAT,
and the increase in mitochondrial biogenesis might partly contribute
to this increase.

ClpP~'~ mice have improved insulin sensitivity

Mitochondrial dysfunction is associated with the development of
insulin resistance [28]. To understand the effect of ClpP deficiency

EMBO reports 19:e45009]|2018 5 of 17



EMBO reports

>

*
5 40007 .
m L] *
2
= 30007 "3 .
2 lewe oo%
H 4 °®
c 20001 7 @ % s
a (o]
E 10001
o~
o
> 0 T T
Dark Phase Light Phase
D p=0.079
@ 25+ p=0.079
] o L4
5 Eapd ﬁ
s 0 .
o
2R RS Qo %
S b
X @ o0
22y
52
e c 57
ws
20 - .
Dark Phase Light Phase
G gWAT
£ £
T3 3 ¢ <
S 2 S
o £ 1 a £
O 0 (&)
- =]

Figure 3.

6 of 17

EMBO reports

WT clpP" clpp™

Acadl
Acadm
Acads *
Acadvl L
Acot13
Acslt
Cd3g
Cpt2
Crat
Decri
Dch1
Dchs1
Dcit
Eci2
Etfa
Etfb
Etfdh *
Hadh
Hadha
Hadhb S
Hsd17b4
Prkaca #
Slc25a20
Abcd3
Acaalalb
Acaa2
Acad11
Acox1

T

Bl [} 1 2
Log,(fald change)

19: 45009 | 2018

OC-_-NWhH

Aldoa
Eno1
Gapdh
Ldhb
Pc
Pkm2
Pygb
Tkt
Taldot
Akrib1
Eno3
Gpit
Hk1
Ldha
Pgk2
Slc2a4
Tpit

Loss of ClpP protects from obesity

wT clpP clpr™
*
*if

*

*
* |
*

I s —

.

-4 0 1 2

Log,(fold change)

ldh2
ldh3a
ldh3b
ldh3g
Mdh2
Ndufs1
Ogdh
Pdhai
Pdhb
Samm50
Sdha
Sdhb
Sdhe
Slc25ad
Slc25ali
Sucla2
Suclg1
Tufm
Uqeret
Ckm
Ckmi2
Coqé
Fisi
Glud1
Got1
Got2
Idh1
Mdh1
Ndufvi

B p=0.09
S 5000+ p=00d
o [ ]
-l
24000+
A P .
- (o]

2]
gggog. '(.% ‘ ° ' ¥
= 'L
© 20001
a
E10001
o~
]

0 T T
>
Dark Phase Light Phase
E 1.17
0 4l [
2 1.0 % _% A #
s (TS o T
o J
= &(} [} 8
o (o]
w 0.8 , [ ]
14
0.7 T T
Dark Phase Light Phase
*
* £ 150
D~
? £100
A=
=% 50
%é
S 0

wt cipP'” cipp”

Log,(fold change)

201

Energy Expenditure
(kcal/hrikg body mass)

M

Cage Activity Level

n g
>
=l

UCP2/B-acti
(MRNA)

Gstp1
Hsp90b1
Hspata
Hspab
Lonp2
Msra
Ne
Prdx1
Prdx2
Prdx4
Prdx5
Prdxé
Rps8
Sod1
Tpm1
Txn1
Txnrd1

(fold minimum)

N

[ ]

%

0o [)
%,

Shylesh Bhaskaran et al

sdf.

£ %

0 T
Dark Phase

1z

o oo

Light Phase

0 T
Dark Phase

Y

o B 00N

WT cipp'” cpp”

ETT.

-1 L 1 2

Log,lfold change)

Light Phase

© 2018 The Authors



Shylesh Bhaskaran et al ~ Loss of ClpP protects from obesity

EMBO reports

Figure 3. Absence of ClpP increases whole-body energy expenditure and mitochondrial uncoupling and alters expression of metabolic enzymes in gWAT.

Metabolic cage data of WT, CIpP*/’, and CIpP’/’ mice.

A-F Oxygen consumption rate (OCR) normalized to body weight (A), OCR normalized to lean body mass (B), EE normalized to body weight (C), EE normalized to lean

body mass (D), RER (E), and cage activity (F) (n = 6).

G Transcript levels of UCP1 and UCP2 in gWAT and sWAT of WT and ClpP~/~ mice (n = 6-8).
H Heatmaps showing changes in the expression of protein in fatty acid metabolism (first panel), glucose metabolism (second panel), TCA cycle, electron transport
chain (ETC), and other mitochondrial proteins (third panel) and stress response (detoxification/antioxidant enzymes, chaperones, heat shock proteins, and

proteases) (forth panel) in gWAT of WT, CIpP*'~, and CIpP~/~ mice (n = 5). Average value of WT was used to normalize values of ClpP*'~ and ClpP™

/= mice. The

darker the red indicates the greater the increase in expression, and the darker the blue indicates the greater the decrease in expression.

Data information: (A—F) Circles indicate values of individual mice. (A-G) Bars represent mean =+ SEM (ANOVA, *: WT vs. ClpP~/~; #: ClpP*'~ vs. ClpP~'~; A: WT vs. ClpP*/~;
*#"p < 0,05). WT: white circles/bars, ClpP*'~: gray circles/bars, ClpP~/~: black circles/bars.

on glucose metabolism, glucose clearance was measured by glucose
tolerance test (GTT) and was found to be similar in WT, ClpP*/~,
and CIpP™/~ mice (Fig 4A). However, ClpP~/~ mice exhibited
improved insulin sensitivity compared to WT or ClpP*/~ mice when
subjected to insulin tolerance test (ITT) (Fig 4B). Improved insulin
sensitivity suggests enhanced insulin-stimulated Akt activation to
enable faster glucose uptake. Consistent with this, insulin-stimu-
lated Akt phosphorylation was significantly elevated in skeletal
muscle (45%), liver (62%), and gWAT (27%) of ClpP~/~ mice
compared to WT mice (Fig 4C). Circulating level of insulin and
glucose was reduced by 68 and 44 %, respectively, in CIpP~/~ mice
compared to WT mice, further supporting improved insulin sensitiv-
ity in CIpP~/~ mice (Fig 4D and E). Circulating triglycerides were
also significantly reduced (33%) in CIpP~/~ mice, whereas free fatty
acid levels were similar in ClpP~/~ mice and WT mice (Fig 4F and
G). Surprisingly, circulating level of the insulin-sensitizing adipo-
kine, adiponectin was significantly lower (23%) in ClpP~/~ mice
compared to WT (Fig 4H).

ClpP~'~ mice are resistant to diet-induced obesity and are
protected from HFD-induced glucose intolerance and
insulin resistance

To understand the effect of CIpP deficiency during metabolic stress,
WT, ClpP” —, and CZpP’/ ~ mice were fed defined diets containing
low fat (10% of calories from fat, LFD) or high fat (60% of calories
from fat, HFD) for 10 weeks. Weight gain for WT, ClpP”’, and
CIpP™'~ mice at 10 weeks on a LFD was 26, 26, and 0.7 %, respec-
tively, and weight gain for HFD-fed mice was 83, 65, and 12%,
respectively (Fig 5A and Appendix Fig S4A). This difference in body
weight between WT and CIpP~/~ mice with HFD feeding is regard-
less of any significant change in food intake (Appendix Fig S4B).
WT, ClpP”’, and ClpP’/’ mice after 10 weeks on HFD showed
184, 143, and 79% increase in fat mass and 41, 26, and 12%
decrease in lean mass as a percentage of body weight, respectively
(Fig 5B, left panel). gWAT mass as a percentage of body weight in
WT and ClpP*/~ mice fed a HFD increased 125 and 168%, respec-
tively, whereas ClpP~/~ mice did not show a significant increase in
gWAT weight, compared to respective control mice fed a LFD
(Fig 5C, left panel). H&E staining of the gWAT showed hypertro-
phied adipocytes in HFD-fed WT mice, whereas in HFD-fed ClpP~/~
mice adipocytes were smaller, similar to ClpP~/~ mice fed LFD
(Fig 5D). sWAT weight as a percentage of body weight in HFD-fed
WT and CIpP"/~ mice weighed 168 and 115% more, compared to
respective control mice fed a LFD. Interestingly, HFD-fed ClpP~/~
mice showed a 140% increase in sSWAT weight compared to ClpP~/~

© 2018 The Authors

mice fed a LFD (Fig 5C, middle panel). BAT weight as a percentage
of body weight was significantly higher in CIlpP~/~ mice, compared
to CIpP*/~ or WT mice (Fig 5C, right panel). BAT weight as a
percentage of body weight of LFD- and HFD-fed CIpP*/~ and WT
mice was similar, however BAT weight of HFD-fed CIpP~/~ mice
was reduced by 63%, compared to CIpP~/~ mice fed a LFD (Fig 5C,
right panel). Gastrocnemius muscle weight as a percentage of body
weight showed a significant reduction in WT (36%) and ClpP*/~
mice (27%) fed a HFD, compared to mice a LFD, whereas in HFD-
fed ClpP™/~ mice gastrocnemius muscle weight was similar to
ClpP~'~ mice fed a LFD (Fig SE, left panel). Similarly, tissue weight
of quadriceps muscle weight as a percentage of body weight showed
a significant reduction in HFD-fed WT (42%) and CIpP*/~ (37%)
mice; however, in HFD-fed CIpP™/~ mice quadriceps weight was
reduced by only 7% and this reduction is not statistically significant
(Fig SE, right panel). Ten weeks of HFD feeding increased liver
weight of WT and CIpP*/~ mice by 18 and 9%, respectively,
whereas liver weight of ClpP~/~ mice was reduced (12%) by HFD
feeding, compared to ClpP™/~ mice fed LFD (Fig SF, left panel).
Consistent with this, H&E staining of liver sections revealed
increased lipid accumulation only in HFD-fed WT mice, not in
ClpP~~ mice (Fig SF, right panel). Thus, ClpP™/~ mice are
protected against diet-induced obesity and hepatic steatosis.

High-fat diet induced glucose intolerance and insulin resistance
in WT and CIpP*/~ mice, compared to mice fed a LFD (Fig 5G and H).
In contrast, glucose tolerance and insulin sensitivity in HFD-fed
ClpP~'~ mice were similar to LFD-fed ClpP~/~ mice (Fig 5G and H).
HFD feeding also elevated levels of circulating glucose (53%),
insulin (23%), and triglyceride (22%) and reduced adiponectin
(35%) in WT mice (Fig 5I). However, HFD-fed CIpP~/~ mice had
similar blood glucose, insulin, and triglyceride levels to ClpP~/~
mice fed LFD (Fig SI).

Mitochondrial respiration is increased in gWAT of HFD-fed
ClpP~'~ mice

To understand the effect of HFD feeding on mitochondrial function
in gWAT, mitochondrial respiration was measured using the
OROBOROS Oxygraph 2K. Measurement of complex I-linked oxida-
tive phosphorylation (OXPHOS) using glutamate/malate as ETC
complex I substrates did not show a significant difference in respi-
ration for WT, CIpP*/~, or ClpP~/~ mice fed LFD or HFD (Fig 6A).
However, gWAT from LFD-fed or HFD-fed ClpP~/~ mice showed
increased oxygen consumption, compared to LFD-fed or HFD-fed
WT or CZpP”’ mice, both with the addition of succinate/rotenone
to measure complex II-linked OXPHOS (Fig 6B) and the complex II
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Figure 4. CIpP~'~ mice exhibit improved insulin sensitivity.

A B Glucose tolerance test (A) and insulin tolerance test (B) of WT, ClpP*'~, and ClpP~/~ mice fed ad libitum (n = 6-8).

C

Western blots showing expression P-Akt (T308), Akt, B-actin, and CIpP in WT and ClpP~'~ mice muscle (first panel), liver (second panel), and gWAT (third panel)

injected with PBS (—Ins) or insulin (+Ins) (top panels) (n = 3-4). Quantification of P-Akt/Akt is shown in bottom panels.
D-H Levels of circulating insulin (D), glucose (E), triglyceride (F), free fatty acids (G), and adiponectin (H) in WT and ClpP~/~ mice in fed state (n = 6-8).

Data information: (A, B) Circles represent mean £ SEM. (C-H) Bars represent mean + SEM (ANOVA, *: WT vs. CIpP‘/‘; #: CIpP”/‘ VS, CIpP‘/‘; *WT (—Ins) vs. WT (+Ins);

& ClpP~'~ (=Ins) vs. ClpP~'~ (+Ins);

substrate succinate to measure OXPHOS capacity through complex
II (Fig 6C). Comparing levels of OXPHOS linked to complex I and
II substrates, it can be concluded that complex II exhibits higher
activity than complex I. Measurement of proton leak-linked oxygen
consumption in the absence of substrates did not show any signifi-
cant difference between LFD- or HFD-fed WT, CIpP*/~, and
ClpP~/~ mice (Fig 6D). proton leak-linked oxygen
consumption following ATP synthase inhibition was significantly
increased in both LFD-fed and HFD-fed ClpP~/~ mice compared to
WT or CIpP*™/~ mice (Fig 6E). Oligomycin increases membrane
potential and thus increases the driving force for proton leak, likely
causing the discrepancy in these proton leak measurements [29].

However,

8 of 17  EMBO reports 19: e45009 | 2018

S: WT (+Ins) vs. ClpP~/~ (+Ins); *#/+/4/Sp < 0,05). WT: white circles/bars, CpP*/~: gray circles/bars, ClpP~'~: black circles/bars.

Thus, gWAT from CIpP~/~ mice has significantly increased respira-
tory capacity when fed a LFD or HFD, compared to WT or ClpP*/~
mice.

Elevated mitochondrial biogenesis markers are preserved in
gWAT of HFD-fed ClpP~/~ mice

Mitochondrial dysfunction in adipose tissue is characterized by
reduced mitochondrial number and is associated with the develop-
ment of insulin resistance under obese conditions [30]. HFD feed-
ing reduced the expression of mitochondrial biogenesis markers
[PGC-1a (64%), Tfam (44%), and VDAC (64%)] in the gWAT of

© 2018 The Authors
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Figure 5.
WT mice (Fig 7A). LFD-fed ClpP~/~ mice have increased expres- preserved the expression of these proteins (Fig 7A). Because skele-
sion of mitochondrial biogenesis markers PGC-1a. (2.5-fold), Tfam tal muscle is the major site for glucose utilization, we tested the

(1.7-fold), and VDAC (2.5-fold) in gWAT and HFD feeding effect of HFD on mitochondrial biogenesis markers in this tissue.
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Figure 5. CIpP~/~ mice are resistant to diet-induced obesity and are protected from HFD-induced glucose intolerance and insulin resistance.
A Change in body weights of WT, ClpP*~, and ClpP~/~ mice fed low fat diet (LFD, solid line) or high-fat diet (HFD, dotted line) (n = 8-10). WT—white circle, ClpP*'~—

gray triangle, ClpP~/~—black square.

B Quantitative magnetic resonance analysis showing fat mass (left panel) and lean mass (right panel), normalized to body weight (n = 8-10).
C Weights of different fat depots, normalized to body weight (gWAT—gonadal white adipose tissue, SWAT—subcutaneous WAT, and BAT—brown adipose tissue)

(n = 8-10).

D H&E staining of gWAT sections of WT and ClpP~/~ mice fed a LFD or HFD. Scale bar 100 pm, magnification 20x.
E Tissue weight of gastronenius muscle (left) and quadriceps muscle (right) normalized to body weight (n = 8-10).
F Liver weight of WT, CIpP"/’, and CIpP’/’ mice fed LFD or HFD (left panel, n = 8-10) and H&E staining of liver sections of WT and CIpP’/’ mice fed a LFD or HFD.

Scale bar 100 pm, magnification 20x.

G Glucose tolerance test of WT, CIpP*/’, and CIpP’/’ mice fed LFD or HFD (left panel) (n = 8-10). Area under the curve is represented graphically (right panel).

H Insulin tolerance test of WT, CIpP’/’, and CIpP*/’ mice fed LFD or HFD (left panel) (n = 8-10). Graphical representation of area under the curve (right panel).

| Levels of circulating glucose (first panel) and insulin (second panel) in LFD- or HFD-fed WT and ClpP~/~ mice, fasted for 16 h, and levels of circulating triglycerdies
(third panel) and adiponectin (fourth panel) in LFD- or HFD-fed WT and CIpP’/’ mice in fed state (n = 8-10).

Data information: Bars represent mean + SEM (ANOVA, *: WT vs. ClpP~'~; #: ClpP*'~ vs. ClpP™/~. @: change in same genotype with different diets. **/@p < 0.05). WT:

white circles/bars, ClpP*'~: gray circles/bars, ClpP~'~: black circles/bars.

In WT mice, HFD increased the expression of PGC-1a (47%) in
skeletal muscle and expression of Tfam was unchanged; however,
HFD did not affect the expression of PGC-1a or Tfam in ClpP ™/~
mice (Fig 7B).

Protein expression of insulin receptor beta (IRB) was elevated
by 68% in LFD-fed ClpP™/~ mice skeletal muscle, compared to
LFD-fed WT mice, and could contribute to the improved insulin
sensitivity in LFD-fed CIpP~/~ mice. HFD feeding further increased
the expression of IRP in ClpP~/~ mice by 29% (Fig 7B). WT and
ClpP’/’ mice have similar levels of glucose transporter 4 (Glut4)

when fed LFD; however, HFD reduced Glut4 expression in WT by
52%, whereas Glut4 expression in CIpP~/~ mice skeletal muscle
was unaffected by HFD (Fig 7B). Thus, increased expression of IRf
and preservation of Glut4 in skeletal muscle with HFD feeding
could contribute to the improved insulin sensitivity in ClpP~/~
mice. It is noteworthy that in HFD-fed WT mice, ClpP protein
expression was reduced by 73% in gWAT, but not in muscle
(Fig 7A and B). It is possible that the reduction in mitochondrial
content in gWAT could account for this drastic reduction in ClpP
levels.
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Figure 6. Mitochondrial respiration is increased in gWAT of HFD-fed ClpP’/’

mice.

A Electron transport chain (ETC) complex I-linked OXPHOS measured with the substrate combination glutamate, malate, and ADP (n = 6).
B ETC complex II-linked OXPHOS measured with the substrate combination glutamate, malate, ADP, succinate, cytochrome ¢, and rotenone (n = 6).
C ETC complex 1&lI-linked OXPHOS, or maximum OXPHOS capacity (P) of the ETC, measured with the substrate combination glutamate, malate, ADP, succinate, and

cytochrome c (n = 6).

D Mitochondrial innermembrane proton leak-linked oxygen consumption in the presence of substrates (glutamate and malate) and absence of ADP (n = 6).
E Mitochondrial innermembrane proton leak-linked oxygen consumption in the presence of substrates (glutamate, malate, and succinate) and ADP but addition of

oligomycin to inhibit ATP synthase (n = 6).

Data information: Bars represent mean £ SEM (ANOVA, *: WT vs. CIpP’/’; #: CIpP*/’ VS, CIpP’/’, *Hp < 0.05). WT: white bars, CIpP*/’: gray bars, CIpP’/’: black bars.
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Figure 7. Elevated mitochondrial biogenesis markers are preserved in gWAT of HFD-fed CIpP"’ mice.
A Western blots showing protein expression of PGC-1a, Tfam, VDAC, CIpP, and B-tubulin in gWAT of LFD- or HFD-fed WT and ClpP~'~ mice (left panel) (n = 4).

Quantification of proteins normalized to B-tubulin is shown in the right panel.

B Western blots showing protein expression of PGC-1a, Tfam, IRB, Glut4, CIpP, and B-tubulin in skeletal muscle of LFD- or HFD-fed WT and CIpP’/’ mice (left panel)
(n = 4). Quantification of proteins normalized to B-tubulin is shown in the right panel.

Data information: Bars represent mean £ SEM (ANOVA, *: WT vs. CIpP’/’; @: change in same genotype with different diets. *@p < 0.05). WT: white bars, CIpP*/’: gray

bars, CIpP’/’: black bars.

Discussion

The UPR™ is an important pathway that maintains mitochondrial
matrix proteostasis through up-regulation of mitochondrial chaper-
ones, yet the effect of UPR™ on mammalian metabolism is not
known. Because CIpP is proposed to play an important role in
UPR™, we used mice deficient in CIpP (CIpP~/~ mice) to understand
the role of defective UPR™ in metabolism. Surprisingly, our findings
revealed an unexpected effect of ClpP on UPR™ and paradoxical
beneficial effect of ClpP deficiency on metabolism.

Absence of ClpP resulted in many compensatory responses in
ClpP~/~ mice. One such response is increase in the expression of
mitochondrial biogenesis markers, suggesting increased mitochon-
drial mass, in WAT of ClpP~/~ mice. Gispert et al [17] measured the
protein expression of VDAC/porin, Tfam, and ETC complex subu-
nits in testis, heart, liver, and brain of ClpP’/ ~ mice and did not find
any difference in their expression compared to WT mice [17]. We
found a fourfold increase in mtDNA content, another mitochondrial
biogenesis marker, in WAT. Interestingly, Gispert et al [17] also
reported two- to fourfold accumulation of mtDNA in testis, ovary,
heart, and brain of ClpP~/~ mice compared to WT mice. However, it
should be noted that in the tissues that showed an increase in
mtDNA, none of the mitochondrial biogenesis markers (Tfam,
porin, or ETC subunits) were increased. It is proposed that elevated
levels of ClpX, the binding partner of ClpP, could contribute mtDNA
accumulation [17], because ClpX has been shown to contribute to
the maintenance of mitochondrial genome distribution [31]. Thus,
our finding that mitochondrial biogenesis markers increase only in

© 2018 The Authors

adipose tissue, but not in other tissues, suggests that mitochondrial
biogenesis is selectively occurring in WAT. The increase in mito-
chondrial mass could contribute to increased respiration by WAT,
because respiration is reduced in the heart of CI[pP~/~ mice, whereas
respiration in muscle and brain is similar to WT mice [14,17]. Thus,
ClpP deficiency shows a differential effect on respiration in tissues.
Our findings also suggest that increase in ROS level and AMPK acti-
vation could be the driver of the mitochondrial biogenesis in WAT,
because ROS is known to induce PGC-1a expression through AMPK
that is a known activator of PGC-1a [18].

In addition to the increased expression of mitochondrial tran-
scription factor PGC-1a, up-regulation of mitochondrial uncoupling
proteins (and “beiging or browning” of WAT) and OPA1 could also
be compensatory responses due to ClpP deficiency in WAT.
Increased expression of these proteins could be metabolically bene-
ficial in CIpP~/~ mice, because studies have shown that overexpres-
sion of human PGC-la in human subcutaneous white adipocytes
increases the expression of respiratory chain proteins, UCP1, and
fatty acid oxidation [32], and WAT-specific loss of PGC-1a in mice
has been shown to reduce expression of mitochondrial OXPHOS and
fatty acid oxidation genes and these mice develop insulin resistance
when challenged with HFD [31]. UCP2 uncouples OXPHOS only
after induction by cold or ROS and we found increased ROS level in
gWAT of CIpP~/~ mice [33]. UCP2 gene expression is reduced in the
WAT of patients with obesity and type 2 diabetes [34], and moder-
ate overexpression of human UCP2 in mice has been shown to
reduce fat mass [35], and three common polymorphisms in UCP2
gene are possibly associated with DM2 and/or obesity [36].
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Proteomic analysis of gWAT revealed increased expression of
enzymes/proteins involved in glycolysis, TCA cycle, ETC, and beta-
oxidation, in CIpP™'~ mice. These changes in gWAT are associated
with increased mitochondrial number, and elevated respiration in
gWAT. Recently, it was shown that absence of CIpP can increase
respiration; for example, DARS2 mice, a mouse model of dysregu-
lated mitochondrial translation, have a strong up-regulation of the
UPR™ and heart-specific deletion of ClpP in DARS2 mice increases
respiration [37]. OPAL is critical in regulating mitochondrial cristae
structure that in turn determines respiratory efficiency, and deletion
of OPA1 reduces supercomplex assembly and respiration, whereas
its overexpression favors supercomplex formation and increases
respiration [38,39]. It is possible that increased OPA1l protein is
contributing to increased respiration in WAT of ClpP™/~ mice.
Increased expression of PGC-1a and OPA1 is specific to WAT of
ClpP’/ ~ mice; however, the reason(s) for this tissue-specific effect is
not known. Thus, our findings signify a beneficial metabolic effect
of increased adipose tissue metabolism due to ClpP deficiency. This
was further supported by the finding that increased oxygen
consumption and energy expenditure rates of CIpP™/~ mice were
reduced when normalized to lean rather than total body mass.

Up-regulation of mitochondrial chaperones in CIpP~/~ mice
might be yet another compensatory response that will help to stabi-
lize unfolded proteins generated due to ClpP deficiency [3]. In WAT
depots of CIpP~/~ mice, it is difficult to differentiate up-regulation of
mitochondrial chaperones from mitochondrial biogenesis. It is
possible that the increase in mitochondrial chaperones is a reflection
of elevated mitochondrial number in WAT. However, in other
tissues that showed an increase in mitochondrial chaperones (testis,
heart, liver, and brain) mitochondrial biogenesis markers are not
elevated suggesting that mitochondrial chaperones are induced in
those tissues [17]. Similarly, in ClpPJr/’ mice WAT, mitochondrial
chaperones Hsp60 and HSp40 are elevated whereas expression of
mitochondrial biogenesis markers in ClpP*/~ mice was similar to
WT mice. The transcription factors CHOP and C/EBPf are the
proposed transcription factors for mitochondrial chaperones in
mammals, and they bind to the conserved regulatory element in
promoters of the UPR™-related genes when UPR™ is initiated [40].
How these transcription factors are activated to increase the expres-
sion of mitochondrial chaperones in the absence of ClpP is not
known. Induction of mitochondrial chaperones in the absence of
CIpP might suggest that ClpP is dispensable for mammalian UPR™
induction. One possible explanation for the accumulation of mito-
chondrial chaperones in CIpP™/~ mice is that CIpP is the peptidase
that is specifically responsible for mitochondrial chaperone turn-
over; therefore, absence of ClpP would lead to chaperone accumula-
tion. This is not unlikely, because mitochondrial chaperones ClpX
and Erall are degraded by CIpP [14,17]. Mitochondrial matrix
protease Lon is yet another QC protease that showed a tissue-
specific adaptive response in ClpP~/~ mice. Lon is also increased in
both WAT and BAT of ClpP~/~ mice, and a similar increase is previ-
ously reported in brain, but not in other tissues [17]. Lon protease is
mainly involved the degradation of oxidized proteins, in addition to
its role in the turnover of specific mitochondrial enzymes and in the
regulation of mtDNA replication [41]. Whether Lon can compensate
for the absence of ClpP is not known.

In our previous study in C2C12 muscle cells, we performed an
acute knockdown of ClpP and found that decline in ClpP (70%
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down-regulation) expression can cause mitochondrial dysfunction
[13]. However, in CIpP~/~ mice, such an effect was not observed
in skeletal muscle. A likely explanation is that loss of ClpP is a
chronic effect in CIpP™/~ mice that is compensated by molecular
adaptations. Thus, the lack of adaptations in acute knockdown
could explain the differential outcome. The finding that CIpP is
critical for the initiation of UPR™ and UPR™ initiation will shift
cell metabolism from respiration to glycolysis was made using
C. elegans as a model organism [8,42]. In contrast, many aspects
of mammalian UPR™ are less well understood, even though loss
of mitochondrial proteostasis is shown to increase the expression
of Hsp60 and ClpP [10,11]. The role of ClpP in the initiation of
mammalian UPR™ and how UPR™ affects metabolism in
mammals is not known. Recent study by Seiferling et al [37]
suggests that ClpP is neither required for, nor it regulates the
UPR™ in mammals. Their study demonstrated that a strong mito-
chondrial cardiomyopathy and diminished respiration due to
DARS2 deficiency can be alleviated by the loss of ClpP. Thus,
further studies are needed to understand the role of ClpP in
mammalian UPR™ and UPR™-associated metabolic shift.

ClpP~/~ mice fed ad libitum exhibited improved insulin sensi-
tivity compared to WT mice. In contrast, glucose clearance in
response to GTT in ClpP~/~ mice fed ad libitum was similar to
WT mice. This would suggest that the CIpP~/~ mice have a lower
or slower insulin release in response to the glucose challenge, and
in support of this, insulin levels in CIpP~/~ mice in fed state are
lower than WT mice (Fig 4D). Thus, a reduction in glucose-
induced insulin secretion could be a potential reason why we do
not see improved glucose clearance in chow-fed animals. However,
when fed HFD, WT mice develop glucose intolerance, and there-
fore, the difference between WT and CIpP~/~ mice in glucose
clearance becomes more obvious. Reduced fat mass could account
for the improved metabolic parameters in CIpP~/~ mice when fed
ad libitum or HFD. Previous studies have correlated reduced fat
mass with beneficial metabolic outcomes with HFD feeding [43—
45]. ClpP™'~ mice have minimal fat deposition when fed a HFD,
and interestingly, this fat accumulation occurred only in the
SWAT, but not in gWAT, and it is known that visceral adipose
tissue mass, not subcutaneous adipose tissue mass, correlates with
the development of insulin resistance [46,47]. Importantly, HFD-
fed ClpP~/~ mice retained elevated levels of PGC-1a and increased
respiration in gWAT that could contribute to increased fat utiliza-
tion. In addition to reduced fat mass in CIpP /" mice, increased
expression of IR and GLUT4 in skeletal muscle could also contri-
bute to improved insulin sensitivity in HFD-fed conditions.
Reduced insulin signaling is a well-established defect in obesity-
mediated insulin resistance [48], and studies have shown that
patients with insulin receptor mutation exhibit insulin resistance
[49], and muscle-specific knockout of IR can cause systemic
insulin resistance in mice [S0]. Thus, cellular levels of IR itself,
rather than downstream signaling, are critical for insulin signaling.
Muscle-specific deletion of GLUT4 in mice causes insulin resistance
and glucose intolerance [51], and transgenic overexpression of
GLUT4 enhances glucose tolerance in lean and obese mice [52].
Adiponectin is a well-known insulin sensitizer and increased levels
of adiponectin are associated with improved insulin sensitivity,
whereas a reduction in adiponectin is associated with insulin resis-
tance condition [53]. Surprisingly, CIpP~/~ mice have reduced

© 2018 The Authors



Shylesh Bhaskaran et al ~ Loss of ClpP protects from obesity

levels of circulating adiponectin when fed a LFD or HFD, suggest-
ing that adiponectin does not contribute to the improved insulin
sensitivity in CIpP™/~ mice. In support of this, studies have shown
that fat-specific Tfam knockout mice have reduced levels of circu-
lating adiponectin, yet have improved insulin sensitivity when fed
a HFD [44].

The importance of WAT mitochondria in metabolism is high-
lighted by the fact that a reduction in mitochondrial number,
respiration, or antioxidant levels is associated with metabolic
disease conditions in mice and humans [54,55]. Compounds such
as TZD that can stimulate mitochondrial biogenesis in WAT have
beneficial metabolic outcome [56]. WAT-specific genetic manipu-
lations targeting mitochondrial biogenesis or mitochondrial fatty
acid oxidation have improved metabolic phenotype when chal-
lenged with HFD [44,57,58]. Thus, adipose tissue mitochondria
are an ideal organelle for targeting in obesity and related meta-
bolic disorders. Generation of fat-specific ClpP knockout mice will
help to understand whether the beneficial metabolic effects in
ClpP~/~ mice are due to the metabolic changes specifically in
WAT. In future, identification of ClpP inhibitor(s) and targeting
ClpP using these inhibitor(s) to increase mitochondrial respiration
in adipose tissue will make our findings translationally important
that will help to compact the obesity pandemic.

Materials and Methods
Animals

All experiments were approved by the Institutional Animal Care and
Use Committee at the Oklahoma Medical Research Foundation.
CIpP™’~ mice were generated as described previously and obtained
from Georg Auburger (Goethe University Medical School, Frankfurt
am Main, Germany) [17]. All experiments, except HFD feeding,
were performed in 5-month-old male CIpP~/~, ClpP*/~, and control
littermates in C57BL/6 background. The mice were group housed
(five animals per cage) in ventilated cages 20 + 2°C, 12-h/12-h
dark/light cycle and were fed ad libitum.

Quantitative magnetic resonance imaging

Body composition (fat mass and lean mass) of non-anesthetized
mice was analyzed by quantitative magnetic resonance (QMR)
imaging during the light phase using QMR imaging [EchoMRI (Echo
Medical Systems, Houston, TX, USA)] as described before [59].

WAT and liver histology

WAT and liver tissue were fixed in 10% formalin and embedded in
paraffin. Sections (7 pm) were stained with hematoxylin and eosin
(H&E), and images were visualized and captured with Nikon
Element software (Nikon Inc., Melville, NY, USA). ImageJ software
(NIH image) was used to quantify adipocyte cell area.

Glucose tolerance test and insulin tolerance test

For GTT, mice were given an intraperitoneal injection of 2 g/kg
body weight of glucose (Sigma, St. Louis, MO, USA) after a 6-h fast
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during the light cycle. For ITT, mice were given an intraperitoneal
injection of 0.5 U of insulin (Novolin R; Novo Nordisk, Princeton,
NJ, USA) after fasting for 5 h during the light cycle. Before injection
and at indicated time points after injection, blood glucose levels
were measured using a One-Touch Ultra glucometer (Life Scan, Inc.,
Milpitas, CA, USA) [59].

Primary adipocyte culture

Stromal vascular fraction (SVF) from sWAT was differentiated to
mature adipocytes as described before [27,60]. In brief, adipose
tissue was digested with dispase II (Roche) and 1.5 U/ml collage-
nase D (Roche), and the SVF obtained after centrifugation and filtra-
tion was cultured in complete stromal vascular culture medium
(DMEM/F12 [1:1; Invitrogen] plus glutamax, pen/strep, and 10%
FBS). For adipocyte differentiation assays, SVF was plated and
grown to confluency and exposed to the adipogenic cocktail (1 pM
dexamethasone, 5 pg/ml insulin, 0.5 mM isobutylmethylxanthine
(DMI), and 1 uM rosiglitazone) in stromal vascular culture medium,
followed by addition of 5 pg/ml insulin in stromal vascular culture
medium after 48 h. At day 6 of differentiation, cells were ready for
analysis.

Measurement of mitochondrial respiration in
differentiated adipocytes

Mitochondrial respiration in differentiated primary adipocyte
cultures or 3T3-L1 differentiated adipocytes was measured using a
Seahorse Bioscience XF24 Extracellular Flux Analyzer (North Biller-
ica, MA, USA). SVF isolated from WT, ClpP”’, and ClpP’/’ mice
sWAT was seeded at a density of 20,000 cells/well kept in a 37°C
incubator with 5% CO,. Once the cells reached confluency, the pre-
adipocytes were differentiated to mature adipocytes and respiration
was assessed as described before. In brief, adipocytes were metabol-
ically perturbed by the sequential injections of oligomycin, carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and anti-
mycin A (1 mM, final concentration) and oxygen consumption rate
(OCR) was recorded. The following measurements were made from
the OCR values and normalized to protein concentration in each
well: Third basal measurement indicates basal respiration; the dif-
ference between basal respiration and oligomycin-induced respira-
tion represents ATP-linked respiration; the difference between
oligomycin-induced and antimycin A-induced respirations is proton
leak; the OCR after FCCP injection represents maximal respiration;
and the difference between maximal respiration and basal respira-
tion is reserve capacity [13].

Targeted quantitative proteomics

Quantitative proteomics was used to determine changes in mito-
chondrial enzymes in gWAT as previously described [61,62].
Briefly, 20 pg total adipose tissue homogenate from gWAT was run
1.5 cm into a 12.5% SDS-PAGE gel (Criterion, Bio-Rad) followed by
fixation and staining with GelCode Blue (Pierce). The entire lane
was cut into ~1 mm?® pieces, washed, reduced with DTT, alkylated
with iodoacetamide, and digested with trypsin. The peptides gener-
ated were extracted with 50% methanol/10% formic acid in water,
dried, reconstituted in 1% acetic acid, and analyzed using selected
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reaction monitoring (SRM) with a triple quadrupole mass spectrom-
eter (ThermoScientific TSQ Vantage) configured with a splitless
capillary column HPLC system (Eksigent). Data processing was
done using the program Pinpoint (ThermoScientific), which aligned
the various collision-induced dissociation reactions monitored for
each peptide and determines the chromatographic peak areas. The
response for each protein was taken as the total response for all
peptides monitored. Changes in the relative abundance of the
proteins were determined by normalization to the BSA internal stan-
dard, with confirmation by normalization to the housekeeping
proteins.

Transmission electron microscopy

The electron microscopy experiment was carried out at the Okla-
homa Medical Research Foundation Imaging Facility using estab-
lished procedures, as described before [13].

In vivo insulin action

Mice at 5 months of age were fasted for 16 h and given an
intraperitoneal injection of insulin (1 U/kg animal body weight
(Novolin; Novo Nordisk) or an equal volume of saline. Ten
minutes after the injection, mice were euthanized via cervical dislo-
cation, and WAT, liver, and gastrocnemius muscle were collected
and snap-frozen in liquid nitrogen, and kept at —80°C until further
analysis [59].

Oil red O staining

Differentiated adipocytes in 6-well culture dishes were fixed with
10% formalin, washed with 60% isopropanol, and stained with oil
red O. After washing with water, images were taken and the content
of oil red O in each well was quantified by extracting with 100%
isopropanol and measuring absorbance at 550 nm [63].

High-fat diet feeding

Three- to four-month-old WT (n = 8/group), ClpP*/~ (n =10/
group), and ClpP’/ ~ (n = 8/group) female mice were fed a defined
diet containing 10% fat diet [low fat diet (LFD), Research Diets,
Cat#D12450J] or 60% kcal from fat (HFD, Research Diets,
Cat#D12492). Mice were fed the diets for 10 weeks, and food
consumption and body weight were monitored weekly as previously
described [45]. GTT and ITT were performed at 8 and 9 weeks after
feeding the diets. At the end of experimental period, mice were
sacrificed and tissues were snap-frozen in liquid nitrogen and stored
at —80°C until used.

Antibodies and ELISA kits

The following primary antibodies were used for Western blotting:
Anti-PGC-1 alpha (1:1,000, ab54481, Abcam, rabbit polyclonal);
Anti-VDAC1/Porin (1:1,000, ab15895, Abcam, rabbit polyclonal);
Anti-Tfam (1:1,000, ab131607, Abcam, rabbit polyclonal); Anti-
Hsp60 (1:1,000, ab46798, Abcam, rabbit polyclonal); Anti-Hsp40
(1:1,000, ab69402, Abcam, rabbit polyclonal); Anti-Hsp10 (Cpnl0)
(1:1,000, ab53106, Abcam, rabbit polyclonal); Anti-OPA1 (1:1,000,
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ab42364, Abcam, rabbit polyclonal); Anti-UCP1 (1:1,000, ab23842,
Abcam, rabbit polyclonal); Anti-Parkin (1:500, ab77924, Abcam,
mouse monoclonal); Anti-PINK1 (1:500, ab75487, Abcam, mouse
monoclonal); Phospho-AMPKa (Thr172) (1:1,000, 2531, Cell Signal-
ing Technology, rabbit polyclonal); AMPKa (1:1,000, 2532, Cell
Signaling Technology, rabbit polyclonal); Insulin Receptor f
(1:1,000, 3020, Cell Signaling Technology, mouse monoclonal);
Glut4 (1:500, 2213, Cell Signaling Technology, mouse monoclonal);
Phospho-Akt (T308) (1:1,000, 9275, Cell Signaling Technology,
rabbit polyclonal); Akt2 (1:1,000, 2964, Cell Signaling Technology,
rabbit monoclonal); p-Actin (1:1,000, 4970, Cell Signaling Technol-
ogy, rabbit monoclonal); Anti-CLPP (1:1,000, WH0008192M1,
Sigma, mouse monoclonal); Anti-B-Tubulin (1:2,000, T5201, Sigma,
mouse monoclonal); Anti-CLPX (1:1,000, AP10767b, Abgent, rabbit
polyclonal). ELISA Kits for insulin and adiponectin were from Crys-
tal Chem (Downers Grove, IL, USA); kits for triglyceride were from
Cayman Chemical (Ann Arbor, MI, USA); and the nonesterified fatty
acid (NEFA) kit was from Wako USA (Richmond, VA, USA).

Western blotting

The tissues collected during sacrifice were immediately frozen in
liquid nitrogen and stored at —80°C until use. Homogenization of
tissues and Western blotting was performed as previously described
[59]. Images were taken using a G:BOX imaging system (Syngene)
and quantified using ImageJ software (U.S. National Institutes of
Health, Bethesda, MD, USA).

Detection of 4-HNE adducts

For the detection of 4-HNE modified proteins, equal amounts of
protein (30 pg/lane) were subjected to SDS-PAGE, and separated
proteins were transferred to PVDF membrane and treated with
250 mM sodium borohydride in 100 mM MOPS, pH 8.0 for 15 min
to chemically reduce the adduct for antibody recognition. This was
followed by washing the membrane with water, TBS-T, blocking
with 5% non-fat milk and overnight incubation with 1:2,000 dilu-
tion of polyclonal antibody made against 4-HNE [64]. The antibody
recognizes cysteine, lysine, and histidine 4-HNE protein adducts
and is highly specific to 4-HNE derived protein adducts (gift from
Luke Szweda, OMRF) [65]. This was followed by incubation with
anti-rabbit IgG HRP conjugated antibody and development of the
blot using enhanced chemiluminescence reagent.

Quantitative real-time PCR

Total RNA was extracted using the RNeasy kit (Qiagen, Valencia,
CA, USA) from 50 mg of frozen WAT as described before [45]. First-
strand cDNA was synthesized using SuperScript II reverse transcrip-
tase (Life Technologies, Grand Island, NY, USA), and quantitative
real-time PCR was performed with ABI Prism using Power SYBR
Green PCR Master Mix with the primers (Applied Biosystems, Foster
City, CA, USA). The following primers were used: UCP1 (forward-
ACTGCCACACCTCCAGTCATT, reverse-CTTTGCCTCACTCAGGAT
TGG), UCP2 (forward-GTGGTCGGAGATACCAGAGC, reverse-GAGG
TTGGCTTTCAGGAGAG) PGC-la (forward-CCCTGCCATTGTTAAG
ACC, reverse-TGCTGCTGTTCCTGTTTTC); Prdm16 (forward-CAGC
ACGGTGAAGCCATTC, reverse-GCGTGCATCCGCTTGTG); CIDEA
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(forward-TGCTCTTCTGTATCGCCCAGT, reverse-GCCGTGTTAAGG
AATCTGCTG); Cox8b  (forward-GAACCATGAAGCCAACGACT,
reverse-GCGAAGTTCACAGTGGTTCC); P2-microglobulin (forward-
CACTGACCGGCCTGTATGC, reverse-GGGTGGCGTGAGTATACTTG
AAT); B-actin (forward-AATCGTGCGTGACATCAAAGAG, reverse-
GCCATCTCCTGCTCGAAGTC); 18S (forward-CTGAGAAACGGCTAC
CACATC, reverse-CGCTCCCAAGATCCAACTAC). Calculations were
performed by a comparative method (2-*2%) using B-microglobulin,
actin, and 18S.

mtDNA copy number

Total DNA was isolated from gWAT (50 mg) by proteinase K diges-
tion for 16 h as described before [59]. Relative mtDNA copy number
was measured as described by Gispert et al [17] by determining the
ratio of mtDNA target sequence (mitochondrial Cox3 gene: forward,
TTTGCAGGATTCTTCTGAGC; reverse, TGAG CTCATGTAATTGA
AACACC) to the expression of nuclear target sequence (Ndufvl-
gene: forward, CTTCCCCACTGGCCTCAAG; reverse, CCAAAACC
CAGTGATCCAGC) by real-time PCR using Power SYBR Green PCR
Master Mix (Applied Biosystems). The reaction was initiated by
50°C for 2 min and then 94°C for 10 min, followed by 40 cycles of
95°C for 10 s, 60°C for 60 s, and melting curve ranging from 85 to
65°C was done. The C; for Ndufvl was subtracted from C; for Cox3
to generate AC,. Relative differences in mtDNA copy number were
determined using 242G,

Mitochondrial respirometry

Mitochondrial respiration in gWAT was measured using high-
resolution respirometry in the OROBOROS Oxygraph 2K (Inns-
bruck, Austria) as previously described [66]. In brief, gWAT was
removed, weighed, and immediately placed in mitochondrial
isolation buffer (0.21 M mannitol, 70 mM sucrose, 0.1 mM
potassium EDTA, 1 mM EGTA, 10 mM Tris-HCI, 0.5% BSA, pH
7.4) on ice. 40-60 mg adipose tissue was cut into ~1 mm® and
loaded into the Oxygraph 2K in calibrated MiR05 assay buffer
(100 mM sucrose, 60 mM potassium lactobionate, 20 mM
HEPES, 10 mM KH,PO,, 3 mM MgCl,, 0.5 mM EGTA, 0.1% BSA,
pH 7.1). Mitochondrial function was assessed using sequential
additions of 10 mM glutamate, 2 mM malate, 2.5 mM ADP,
10 mM succinate, 5 pM cytochrome c, 0.5 pM rotenone, 2.5 utM
oligomycin, and 5 pM Antimycin A. Data were normalized using
the Complex III inhibitor Antimycin A to account for non-mito-
chondrial respiration and tissue mass.

Cell culture and generation of a stable ClpP-deficient cell line

The mouse cell line 3T3-L1 (ATCC) was grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum and 1% penicillin—streptavidin and maintained at 37°C in 5%
humidified incubator. For generation of the stable cell line, 3T3-L1
cells were infected with mission shRNA lentiviral transduction parti-
cles for ClpP (Sigma) or shRNA control transduction particles and
transduced cells were obtained by puromycin selection. 3T3-L1 cells
were differentiated to adipocytes by growing them in DMEM
containing 2% horse serum and 1% penicillin-streptavidin for
4 days.
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Immunofluorescence

Primary cultures of differentiated adipocytes were stained with
Tom20 antibody followed by Alexa Fluor® 488 F(ab')2 Fragment of
Goat Anti-Rabbit IgG (H + L) antibody as per manufacturer’s
instructions. Cell fluorescence was measured using the NIH ImageJ
software. Corrected total cell fluorescence (CTCF) was calculated as
CTCF = Integrated Density — (Area of selected cell x Mean fluores-
cence of background readings).

Indirect calorimetry

Energy expenditure was measured by indirect calorimetry in WT,
ClpP*/~, and CIpP~/~ mice. Animals were acclimated to the testing
cages and metabolic cabinet for 48 h before data collection with
ad libitum access to food and water. After acclimation, oxygen
consumption and carbon dioxide production were measured using
a multiple animal respirometry system (MARS) (Sable Systems,
Las Vegas, NV, USA). 10-min/animal averages were collected
hourly over a continuous 20-h period. The respiratory exchange
ratio was calculated as the ratio of the average carbon dioxide
produced to oxygen consumed over this time period. Energy
expenditure was calculated as described by [67] using the caloric
equivalent of oxygen. Data were initially subdivided into the light
or dark phase time periods to evaluate potential differences in
metabolic responses associated with different activity levels. Light
and dark phase values were then averaged to report results. Rates
of energy expenditure were normalized to either total body mass
or lean body mass as determined by dual-energy X-ray absorptiom-
etry analysis.

Statistics

Ordinary one-way ANOVA or two-way ANOVA with Tukey’s post
hoc test was used to analyze data.

Expanded View for this article is available online.
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