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ABSTRACT

Objective: Alterations in mitochondrial function play an important role in the development of various diseases, such as obesity, insulin resis-
tance, steatohepatitis, atherosclerosis and cancer. However, accurate assessment of mitochondrial respiration ex vivo is limited and remains
highly challenging. Using our novel method, we measured mitochondrial oxygen consumption (OCR) and extracellular acidification rate (ECAR) of
metabolically relevant tissues ex vivo to investigate the impact of different metabolic stressors on mitochondrial function.

Methods: Comparative analyses of OCR and ECAR were performed in tissue biopsies of young mice fed 12 weeks standard-control (STD), high-
fat (HFD), high-sucrose (HSD), or western diet (WD), matured mice with HFD, and 2year-old mice aged on STD with and without fasting.
Results: While diets had only marginal effects on mitochondrial respiration, respiratory chain complexes Il and IV were reduced in adipose tissue
(AT). Moreover, matured HFD-fed mice showed a decreased hepatic metabolic flexibility and prolonged aging increased OCR in brown AT.
Interestingly, fasting boosted pancreatic and hepatic OCR while decreasing weight of those organs. Furthermore, ECAR measurements in AT could
indicate its lipolytic capacity.

Conclusion: Using ex vivo tissue measurements, we could extensively analyze mitochondrial function of liver, AT, pancreas and heart revealing

effects of metabolic stress, especially aging.

© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Mitochondria convert the energy stored in nutrients into ATP and other
utilizable forms. Moreover, they are involved in the production and
elimination of reactive oxygen species (ROS). Therefore, mitochondria
have the capacity to adapt to altered physiological conditions, such as
increased energy requirements or changed environmental factors and
are thus crucial for cellular homeostasis [1]. However, pathological
conditions, for instance long-term excessive supply of nutrients, may
overwhelm the mitochondrial respiratory chain, leading to mitochon-
drial dysfunction and cell apoptosis [2]. The vicious circle of disrupted
cellular energy homeostasis and resulting lipid accumulation, paired
with increased concentrations of ROS, promotes the development of
insulin resistance and local inflammation [2,3]. Such tissue inflam-
mation as well as immigration of activated immune cells into organs as
liver and adipose tissue caused by diet-induced obesity or other dietary
overload has already been investigated [4—7]. To execute their specific
role, functional mitochondria are essential for every cell. Focusing on
energy homeostasis in states of altered body weight and lipid accu-
mulation, liver and adipose tissue are highly affected by mitochondrial
dysfunction [8]. Correlations of obesity and mitochondrial dysfunction

in liver and white adipose tissue (WAT) have been described [9—11]. In
the liver, this can lead to non-alcoholic fatty liver (NAFLD) and non-
alcoholic steatohepatitis (NASH) [12—16]. In early stages of obesity,
with or without fatty liver, mitochondria can still adapt and increase
cellular respiration and oxidative function [17]. In case of extensive
changes in the liver, as inflammation and fibrosis in NASH, mito-
chondrial function is decreased together with reduced ATP and
increased ROS production [17]. In WAT, obesity has been shown to
directly induce impaired mitochondrial function [18,19]. Cellular
mitochondrial dysfunction is currently the focus of extensive research
in numerous diseases like atherosclerosis, cancer, obesity, fatty liver,
and NASH [1,2,8,16,17,20—23]. Thus, a sound understanding of or-
gan- and tissue-specific mitochondrial function and dysfunction in
various (pathophysiological) conditions can lay a foundation for ther-
apeutic approaches to those diseases. However, functional analysis of
mitochondria within tissues remains a challenge.

Initially, isolated mitochondria were used to estimate mitochondrial
function, followed by studies on isolated cells already providing more
comprehensive data. Nevertheless, the isolation process and subsequent
culture conditions of those cells can induce substantial (metabolic)
changes, even within the mitochondria [24]. The analysis of oxygen
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Abbreviations

Acaca acetyl-CoA carboxylase 1

BAT brown adipose tissue

Cd36 cluster of differentiation 36 (aka fatty acid translocase)
ECAR extracellular acidification rate

eWAT epididymal white adipose tissue

FCCP fluoro-carbonyl cyanide phenylhydrazone
Fasn fatty acid synthase

FFA free fatty acids

G6pc glucose-6-phosphatase catalytic-subunit 1
HFD high-fat diet

HSD high-sucrose diet

IWAT inguinal white adipose tissue

KRBH Krebs-Ringer-Bicarbonate-HEPES

Lv left ventricle

NASH non-alcoholic steatohepatitis

OCR oxygen consumption rate

Opat mitochondrial dynamin like GTPase

Ppara peroxisome proliferator-activated receptor alpha
RD regular maintenance chow

ROS reactive oxygen species

SC spare capacity

STD standard-control diet

Tfam/TFAMtranscription factor A, mitochondrial

Ucp1 uncoupling protein 1

WAT white adipose tissue

WD western diet

XFe96 Seahorse XF96 extracellular flux analyzer

concentration within tissue samples has so far been possible using the
Oroboros system, only allowing for the measurement of a very small
sample number [25]. Recently, Neville and colleagues established a
promising technique to evaluate mitochondrial function in isolated
drosophila brain tissue ex vivo via measuring oxygen consumption on a
Seahorse flux analyzer [26].

The aim of our study was to investigate mitochondrial function in
metabolically relevant murine tissues challenged by different metabolic
stressors, such as diet, aging and fasting. Hence, we adapted the
aforementioned method to directly screen oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) of various tissue bi-
opsies ex vivo in a 96-well throughput to examine mitochondrial
function-related characteristics of liver, brown and white adipose,
pancreatic and cardiac tissue.

2. MATERIAL AND METHODS

2.1. Animal experiments

All animal experiments were approved by institutional and national
authorities (Landesamt fiir Gesundheit und Soziales, Berlin, Germany)
in several applications (G0242/15, T0180/16, G0028/17, G0219/17,
T-CH0019/21) and conducted in compliance with the institution’s
ethical guidelines and in accordance with EU Directive 10/63/EU, as
well as in line with the ARRIVE guidelines.

All mice were maintained in individually ventilated cages (2-3 mice/
cage) environmentally controlled with a 12 h light/dark cycle and ad
libitum access to diet and water. All studies were conducted using
male mice with a C57BL/6J background, except for one study, in which
C57BL/6N were analyzed. Mice were purchased from Charles River or
bred in-house, transferred into the animal facility and acclimatized for
minimum one week prior to specific interventions.

2.2. Diets

To induce metabolic stress, dietary interventions started at the age of 6
weeks. Mice were fed either a standard-control diet (STD), a high-
sucrose diet (HSD), a high-fat diet (HFD), or a western diet (WD)
consisting of a HFD supplemented with 6% sucrose in the drinking
water for 12 weeks. All were purchased from Ssniff Spezialdidten and
their nutritional composition is depicted in Table 1 (and details in
Supplementary Tables S1—4). For maturing under metabolic stress, 5-
month-old mice were fed a HFD for 12 weeks and the “aging group”
aged for 2 years on a regular maintenance chow (RD). Old mice of the
aging group were randomly assigned to a fed group with ad /libitum
access to food and to a fasted group without access to diet overnight. A

detailed overview of cohort sizes and experiment assignment is listed
in Supplementary Table S5.

2.3. Body composition

During dietary intervention, all animals were scored and weighed
weekly. Fat and lean mass were assessed by 1H—magnetic resonance
spectroscopy using a Minispec LF50 Body Composition Analyzer
(Bruker), time-points are indicated in graphs.

2.4. Sample preparation

All experiments were consistently conducted according to standardized
protocols at same time of the day. Terminally, mice were sacrificed
and first the organs relevant for tissue measurements were quickly
extracted and weighed. Biopsies were immediately taken for assess-
ment of mitochondrial function. One mouse per intervention group
within an experiment was sacrificed simultaneously to assure equal
conditions. The tissue biopsies were prepared with the help of punches
(Biopsy punch, plunger type; KAl medical) and different diameter from
1 to 2 mm (Figure 1C and Supplementary Fig. S1A) were tested in
order to identify the appropriate punch size for each tissue. To ensure
reproducibility and comparability, all samples of one organ were
prepared identical (liver: 1 mm, left ventricle (LV): 1 mm, pancreas:
1 mm, epididymal white adipose tissue (€WAT): 1.5 mm, brown adi-
pose tissue (BAT): 1.5 mm), also in terms of preparation order and
time. Identical for all experiments, freshly produced biopsies were
placed in the 96-well plate, one biopsy per well and 3—5 wells
(replicates) per tissue per mouse, and kept in assay medium
(DMEM5030, Sigma) at 37 °C with 10 mM glucose and 2 mM
glutamine until the measurement (see standardized lab protocol in
Supplementary Table S6). Based on a publication by Neville and

Table 1 — Nutritional composition of used mouse diets purchased from

Ssniff.

Name Maintenance  Control High-Sucrose High-Fat
(RD) (STD) (HSD) (HFD)

Number V1124-300 S$8090-E050 S8090-E052 E15742

Protein (kcal%) 24 20 20 20

Carbohydrate (kcal%) 67 65 65 20

Sucrose (kcal%) 7 58 9.4

Fat (kcal%) 9 15 15 60

Total (kcal%) 100 100 100 100

Metabolizable 3225 3680 3752 5150
energy (kcal/kg)

Metabolizable 135 15.4 15.7 21.6
energy (MJ/kg)
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Figure 1: Experimental setup and reproducibility assessment. Comparative baseline oxygen consumption rate (OCR) measurements in tissue biopsies of naive, young adult
male BL/6J mice in two independent groups (1st and 2nd group). (A) Schematic of dietary intervention, aging and experimental procedures. (B) Overview of the experimental setup.
(C) Evaluation of 1.0, 1.5, and 2.0 mm punch sizes for measurement of oxygen consumption rate (OCR) in epididymal white adipose tissue (eWAT). (D) Basal OCR of liver, left
ventricle (LV) and epididymal white adipose tissue (WAT). (E) Basal OCR per pg protein in liver, eWAT and LV. (F) Maximal OCR after FCCP application in liver, eWAT and LV. (G)
Spare capacity (SC) in liver, eWAT and LV. Statistical significance was calculated using a two-tailed unpaired Student £ test (E—G). Data represent mean + SEM.n =8 (C),n =5
(D); n =7 1st, n = 5 2nd group (E—G). HFD, high-fat diet; HSD, high-sucrose diet; RD, regular maintenance chow; STD, standard-control diet; WD, western diet.

colleagues [26], micro-restrainer were used to keep tissue biopsies in
position in the well of the cell culture microplate during measurements.
The 3D printing process of those micro-restrainer is described in 2.5.
After biopsy pieces were taken, additional tissue samples were
immediately harvested and prepared for further experiments, e.g.
lipolysis, microscopy etc. or snap-frozen for storage, RNA and protein
extraction.

2.5. Micro-restrainer

To overcome the limitations of production for the micro-restrainer
described by Neville at al. [26], SLA (stereolithography) 3D printing
technology was utilized to enable rapid production of respective de-
vices. Information about the micro-restrainer dimension was kindly
provided by Neville and colleagues. A simplified model was prepared
by Computer Aided Design (Supplementary Figs. S2A and B) and a
printing file was created using a proprietary slicing software, provided
by the 3D printer manufacturer (Anycubic). Printing was done in
highest resolution (25 pwm) with an Anycubic Photon 3D printer using
UV-sensitive resin type “Basic” (green, Anycubic). Subsequently to the
printing process, micro-restrainer were washed with isopropanol in an
ultrasonic bath and further cured by UV-radiation. Upon use, micro-
restrainer were cut from their printing support, checked for integrity,
and rinsed for at least 48 h in dH,0. To ensure that the material of the
micro-restrainer does not interfere with the OCR measurements,
different printing resins were evaluated with primary hepatocytes in
seahorse measurements in advance.

2.6. Oxygen consumption and extracellular acidification rate
Real-time OCR and ECAR were measured using a Seahorse XFe96
extracellular flux analyzer (XFe96; Agilent, Germany) at 37 °C. After
assessment of the basal OCR with a minimum recording of 6 cycles
[27], 5 uM FCCP (Sigma) were injected for 3 cycles as uncoupler to
measure the maximal OCR and finally 2.5 uM antimycin A (Sigma) and
2.5 uM rotenone (Sigma) were injected for another 6 cycles to inhibit
the respiratory chain. Titration experiments were carried out to assess
the appropriate concentrations of FCCP injection (Supplementary
Figs. S1B and C). After evaluation of all test runs from different or-
gans, the standardized lab protocol used for all tissues was established
for the seahorse measurements (Supplementary Table S6). The spare
capacity (SC) of tissues was calculated as the difference between
maximal and basal OCR and indicates the adaptability of the organ
towards situations of increased ATP demand or metabolic stress. ECAR
measurements monitor the medium acidification as change of pH by
released protons, e.g. generated during glucose catabolism.

For normalization, each biopsy was mechanically disrupted in ho-
mogenization buffer (250 mM sucrose, 20 mM HEPES, 1 mM EDTA, pH
7.4), and lysates were exclusively used for Micro BCA Protein Assay Kit
(ThermoFisher) determination to normalize seahorse measurements to
protein abundance per well.

2.7. Western blot
Snap frozen tissue pieces from same mice as used for seahorse
analysis were lyzed in homogenization buffer with Protease Inhibitor
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(cOmplete™, Roche) and protein concentration was determined with
BCA (ThermoFisher). Lysates were heated to 50°C for 5 min in
Laemmli buffer with 10% [B-mercaptoethanol. 15 pg of liver and eWAT
or 5 g of BAT total protein lysates were separated by SDS-PAGE gels,
blotted onto nitrocellulose membranes, and blocked (5% skim milk/
TBS-T). Total OXPHOS Rodent WB Antibody Cocktail (ab110413,
Abcam), rabbit anti-mouse GAPDH (2118, Cell Signaling), rabbit anti-
mouse TFAM (22586, proteintech), HRP-linked anti-rabbit 1gG (7074,
Cell Signaling) or HRP-linked anti-mouse 1gG (7076, Cell Signaling)
were used for detection on a ChemiDoc XRS+- (Bio-Rad) and quantified
for optical density with GAPDH as loading control for each tissue using
Image Lab (Bio-Rad).

2.8. gPCR

mRNA extraction and gPCR were performed as described [28]. In brief,
total RNA was extracted from snap-frozen tissue samples using TRIzol
(Ambion) according to the manufacturer’'s protocol. 1ug RNA was
digested with DNase (ThermoFisher) and transcribed into cDNA via
RevertAid Reverse Transcriptase (ThermoFisher). Quantitative real-
time PCR was performed on a LightCycler96 (Roche) with GoTaq
gPCR Master Mix (Promega) detection system. qPCR data were eval-
uated for relative gene expression using the 27 8ACT method. Relative
expression of G6pc, Acaca, Fasn, Pparc, Cd36, Ucp1, Tfam, and, Opal
was normalized to 78S rRNA as housekeeping gene. Primer sequences
are detailed in Supplementary Table S7.

2.9. Lipolysis assay

250 mg of STD-, HSD-fed or 500 mg of HFD- and WD-fed adipose
tissue was freshly isolated after extraction pieces for punch biopsies,
transferred into 37 °C KRBH+ (Krebs-Ringer-Bicarbonate-HEPES;
20 mM HEPES, 5 mM KH2P04, 1 mM MgS04, 1 mM CaCl2, 136 mM
NaCl, 4.7 mM KCl, 1 g/l glucose, 2% BSA), minced, and digested with
fresh collagenase type Il (C6885, Sigma) for 30 min in a shaking water
bath @ 37°C with 120 rpm disrupting tissue by pipetting every 7 min.
Digested adipocytes were filtered through a 250 pum cell strainer
(ThermoFisher). After 5 min for layer formation (adipocyte toplayer and
sublayer buffer), buffer was withdrawn, adipocytes were washed with
KRBH+ and after layer formation buffer was aspirated again. Adipo-
cyte were appropriately adjusted with KRBH+ to the sample with
lowest cell weight and adipocyte solution was plated in a 96-well plate
(V-shape, Sarstedt). Triplicates were stimulated with 0, 1, 10, 25,
50 nM isoprenaline (Sigma) on a plate shaker with 300 rpm for 3.5 h at
37°C. 10 min before end, shaking was stopped to allow layer for-
mation again and buffer was collected and stored at —80°C for
analysis of free fatty acid (FFA) secretion in duplicates via NEFA-HR(2)
kit (Wako).

2.10. Hepatic fat accumulation

For histology, freshly isolated tissue samples were stored in 4% His-
tofix (Roth) @ 4°C. Liver samples were transferred in 0.C.T. Compound
(Sakura) at dry ice and 6 pum sections were cryocut using a Jung
Frigocut 2800E (Leica). Neutral lipids were histologically quantified
using Oil-Red O (ORO) stainings of 8 sections per mouse in 10x
magnification as described [29]. Mean ORO-covered area was
analyzed via ImageJ (V1.48) selecting the green channel for best
contrast separation with a fixed threshold from 0 to 70 to select for
ORO-stained area. For quantification, all images were automatically
evaluated using a macro.

Triglycerides were biochemically assessed from snap frozen liver
samples as specified [30].

2.11. Transmission electron microscopy

Freshly isolated tissue samples were punched with 1 mm? for 3—5
times and immediately fixed by immersion with 2% (w/v) para-
formaldehyde and 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer
at RT for 2 h and at 4°C overnight. Samples were transferred to 1%
paraformaldehyde in 0.1 M phosphate buffer at 4°C for long-term
storage and then postfixed and stained consecutively with 1% (w/v)
tannic acid, 1% (v/v) osmium tetroxide, and 2% (w/v) uranylacetate at
RT, dehydrated in a graded series of ethanol, and embedded in Pol-
yBed® 812 resin (Polysciences). Ultrathin sections (60—80 nm) were
made and stained with uranyl acetate and lead citrate, and examined
at 80 kV with a Zeiss EM 910 electron microscope (Zeiss). Acquisition
was done with a Quemesa CCD camera using iTEM software (Emsis
GmbH) at 5000 x magnification with a field of view of 11.2 x 7.4 um
per image. 9 independent images per mouse at different positions
within the liver sections representing hepatocytes were used for
evaluation and quantification of mitochondria.

2.12. Statistics

All data are presented as mean =+ standard error (SEM). GraphPad
Prism 9 (La Jolla) was used for statistical analyses and graphs. Sta-
tistical significance was considered with *p < 0.05, **p < 0.01,
***p < 0.001. Differences were calculated using two-tailed unpaired
Student’s t-test or Mann—Whitney test and one-way ANOVA adjusted
with Tukey’s multiple comparisons test for post-hoc analysis or
Kruskal Wallis test by ranks with Dunn’s multiple comparisons test and
two-way (repeated measures) ANOVA with Bonferroni multiple com-
parisons test. All depending on whether data passed normal distri-
bution tests.

3. RESULTS

3.1. Oxygen consumption in tissue biopsies of naive, young mice
The major aim of this study is to investigate changes of OCR in
metabolic active tissues induced by different metabolic stressors
(Figure 1A). OCR in organs and tissues has an eminent metabolic
importance. However, its assessment is complicated as usually in vivo
aspects get lost during preparation for measurements, e.g., dietary
effects if explanted cells are cultured. Therefore, we developed a
method, inspired by the approach of Neville and colleagues, to assess
the OCR in freshly isolated organ biopsies ex vivo, in order to preserve
tissue context, integrity and especially physiological conditions [26]. A
schematic of the experimental procedure measuring OCR using tissue
biopsies is illustrated in Figure 1B. Tissues are immediately removed
after euthanasia, punch biopsies instantly sampled, directly placed in
the 96-well plate at 37°C and held in position by a 3D printed micro-
restrainer, also during measurements (Supplementary Fig. S2). To
determine the appropriate tissue biopsy size, we tested different punch
sizes (Figure 1C and Supplementary Fig. S1A). OCR measurements in
monolayer-cultured cells, e.g., hepatocytes, adipocytes, immune cells
or neurons, are well established and commonly used. As tissues with
highest relevance, with respect to their cellular metabolic activity under
(patho-)physiological conditions, we first tested this method using
liver, epididymal white adipose tissue (eWAT) and heart tissue (left
ventricle, LV) (Figure 1D). Measurements of those biopsies produced
similar OCR ratios as published for the respective cell type (hepato-
cytes, adipocytes or cardiomyocytes) [31—33]. In addition to equal
punch biopsy diameters, we assessed protein content of the biopsies
for normalization to assure comparability of results from independent
experiments and groups in the following.
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To determine a baseline reference after the successful methodological
establishment, we measured OCR in metabolic relevant organs without
metabolic challenge. Consequently, a first group (1St) of naive, young
adult, male BL/6J mice were housed on a standard-control diet (STD)
and OCR was measured in liver, eWAT and LV. To evaluate method-
ological robustness and reproducibility, the analyses were repeated in
a second group (2"") under comparable conditions (age, diet, back-
ground) three months later. Both groups exhibited similar body weight
and composition (Supplementary Fig. S3). Basal OCRs of both groups
was nearly identical in all three tissues (Figure 1E) indicating repro-
ducible measurements.

After measuring basal OCR, the maximal OCR was monitored applying
FCCP, an uncoupler of the respiratory chain. Thereby, the OCR
increased slightly in all examined tissues (Figure 1F). Noteworthy, the
stimulated OCR increase of tissue biopsies differed substantially in
comparison to those observed in cell monolayers, where higher
uncoupling effects occur. From basal and maximal OCR, the spare
capacity (SC) was calculated, which represents the adaptive capacity
of tissue in situations of increased ATP demand or metabolic stress
[34]. Interestingly, LV and eWAT showed a higher SC than liver
(Figure 1G).

In summary, our tissue OCR baseline measurements from liver, eWAT
and LV showed comparable basal OCR results as cell monolayers and
provided reliable data without environmental and time-related
interferences.

Furthermore, we examined whether the genetic strain background
difference between BL/6J and BL/6N specifically influences OCR but
observed no differences under comparable conditions. Similar basal
and maximal OCR as well as SC were measured in liver and eWAT
biopsies of naive mice without stimulation (Supplementary Fig. S4). In
response to our findings, we proceeded with obesity-prone BL/6J mice
to investigate the impact of metabolic stressors on OCR.

3.2. Dietary interventions in young mice induced marginal effects
on OCR but reduced OXPHOS complexes in eWAT

After the assessment of baseline conditions, we investigated the
impact of different key nutrients on mitochondrial respiration. Dietary
interventions such as high-fat diet (HFD) and western diet (WD) are
frequently used models to induce metabolic stress also resulting in
weight gain, fat accumulation, insulin resistance, inflammation and/or
fibrosis in mice. Therefore, a study was set up feeding 6-week-old
male mice either a STD as control, a HFD, a high-sucrose diet (HSD), or
a WD for 12 weeks. As expected, mice on HFD and WD exhibited a
significantly increased body weight after 8 and 7 weeks of intervention,
respectively (Figure 2A). No difference was observed between HSD and
STD or between HFD and WD. Moreover, fat mass gain was signifi-
cantly higher during HFD and WD, without differences in lean mass and
also similar between STD and HSD (Figure 2B and Supplementary
Fig. S5A). After the dietary intervention, mice were sacrificed to har-
vest tissue biopsies from various organs for assessment of their
mitochondrial function. HFD increased eWAT weight (p = 0.008) and
WD eWAT and brown adipose tissue (BAT) weight (p = 0.030 and
p = 0.025, respectively), whereas the weights of pancreas, kidney,
spleen and heart but, unexpectedly, also liver showed no significant
differences (Figure 2C and Supplementary Fig. S5B). Surprisingly, we
observed no significant changes of OCR in liver and eWAT (Figure 2D—
1), as well as in pancreatic and LV tissue between dietary groups (data
not shown). However, BAT exhibited an elevated basal OCR after HSD
in comparison to HFD (p = 0.042; Figure 2J). A similar trend was
observed for maximal OCR in BAT, however, this finding missed
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statistical significance (p = 0.056, Figure 2K) and SC did not differ
between groups (Figure 2L).

To examine whether the different diets affected the composition of
mitochondria, the protein abundance of different representative res-
piratory chain complex proteins was assessed by western blot ex-
aminations of liver, eWAT and BAT. The data corroborated our OCR
analyses and revealed no differences of mitochondrial complexes in
liver between groups (Supplementary Fig. S5D). However, in eWAT a
decreased complex Il and complex IV were observed in all dietary
groups compared to STD (p < 0.001; Figure 2N). Furthermore,
complex | was reduced in WD (p = 0.007; Figure 2N). Similar ten-
dencies were found in the OCR measurements, however, did not reach
statistical significance (Figure 2G and H). Interestingly, in BAT we
observed an increase of complex IV protein in HSD and WD-fed and
additionally an increased complex lll in WD-fed mice (both p < 0.001;
Figure 2P). Our mitochondrial respiration measurements in BAT
showed a similar trend in mice fed the sucrose-containing diets, HSD
and WD (Figure 2J and K). To detect structural adjustments in response
to the different diets, we assessed the mitochondrial transcription
factor A (TFAM) and mitochondrial dynamin-like GTPase (OPA1) as
estimation for regulation and amount of mitochondrial DNA. Expression
of Tfamand Opa7 in eWAT were not upregulated and TFAM abundance
did not differ in eWAT and BAT between dietary groups but was
reduced in liver of HFD- and WD-fed mice (both p = 0.02; Figure 2N, P
and Supplementary Figs. S5D and 5E). Moreover, several glucose and
lipid metabolism genes remained unchanged in liver (Supplementary
Figs. S5F—5J).

In summary, the three-month dietary interventions at young age
affected only marginally tissue OCR measurements, however, we
observed some structural adaptations in liver, eWAT and BAT.

3.3. Maturing during metabolic stress reduced hepatic metabolic
flexibility but increased OCR in eWAT and BAT

A common hypothesis in aging is the free radical theory, which pro-
poses that aging is caused by accumulation of ROS leading to mito-
chondrial DNA mutations [35]. As mitochondria are a major source of
intracellular ROS, they presumably play a key role in the aging process
[36]. Since we observed only minor dietary-induced effects on mito-
chondrial respiration in young adult mice, we combined HFD-feeding
with advanced maturation (30 weeks). The matured group was
compared to the young adult group (18 weeks), both fed HFD for 12
weeks. The matured mice not only gained significantly higher body
weight but also developed more fat mass, while maintaining their level
of lean mass (p = 0.013 and p = 0.019; Figure 3A and B). Additionally,
liver, eWAT, and BAT weight was increased, whereas weight of heart
and other organs did not differ (p = 0.023, p = 0.031, p = 0.037;
Figure 3C and Supplementary Fig. S6A). Although liver weight was
considerably elevated, no change in hepatic OCR could be observed
(Figure 3D and E). Contrary to young mice, the SC of matured mice was
significantly lower indicating a loss of metabolic flexibility towards
uncoupling conditions under maturing in combination with metabolic
stress (p < 0.001; Figure 3F). Adipose tissues revealed an increased
OCR in eWAT and BAT (p = 0.007 and p = 0.008; Figure 3G and H and
p = 0.001 and p = 0.011, respectively; Figure 3J and K). Conse-
quently, eWAT and BAT of matured HFD-fed mice showed a higher
energy turnover. The SC of eWAT and BAT did not differ between both
groups (Figure 3l, L). Finally, our measurements did not reveal any
difference for OCR or SC in LV between young and matured mice
exposed to metabolic stress (data not shown). Interestingly, western
blot quantification of hepatic respiratory chain complexes revealed a
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slight increase of complex I, IV and V in matured mice on HFD
compared to young HFD mice, indicating an enhancement of mito-
chondrial functions, which was also observed in our OCR measure-
ments in adipose tissue and by trend in liver (Figure 3D,G, and J), to
possibly counteract an HFD-induced mitochondrial impairment
(Figure 30).
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3.4. Prolonged aging increased OCR in BAT and elevated maximal
OCR and SC in LV but did not influence hepatic metabolic flexibility
Since we observed stronger effects on mitochondrial respiration after
maturing combined with HFD-feeding, we investigated the impact of
prolonged aging in more detail. Hence, we examined mitochondrial
function of various tissues from age-old mice. These mice aged for 96
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weeks, were fed with a regular maintenance chow (RD; matching STD)
and subsequently compared to the naive young adult group (18 weeks)
on STD.

After two years the age-old mice reached a higher body weight
(p = 0.006; Figure 4A) with elevated fat and lean mass (p = 0.016 and
p = 0.001; Figure 4B). Accordingly, their organ weights differed for
liver, heart, kidney (all p < 0.001), pancreas (p = 0.0014), and
furthermore showed trends for eWAT (p = 0.053), but not for BAT and
spleen (Figure 4C and Supplementary Fig. S6B). Interestingly, we did
not observe an age-mediated effect on OCR in liver and pancreatic
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biopsies between age-old RD and young STD mice (Figure 4D—F and
data not shown). In contrast, LV of age-old mice exhibited elevated
basal OCR (p = 0.037; Figure 4G), increased maximal OCR and a
higher SC (both p = 0.029; Figure 4H and I). Likewise, eWAT showed
anincreased SC but no difference in basal or maximal OCR (p = 0.042;
Figure 4J—L). Next, we investigated whether aging affects the mito-
chondrial respiration of BAT. Similarly to our findings in the matured
group, we observed an increase in basal and maximal OCR, as well as
an increased SC in the age-old group (p = 0.009, p = 0.005 and
p = 0.009, respectively; Figure 4M—40). As UCP1 (uncoupling protein
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1) levels decline with age it has been hypothesized that mitochondrial
respiration also diminishes in BAT during the aging process [37,38].
However, we observed an increase in OCR in BAT in aged mice, while
the anticipated decrease of Ucp? was significant in aged mice
(p = 0.0043; Supplementary Fig. S7).

Summarizing the effects of aging, both maturing with additional
metabolic stress (HFD) and prolonged aging (2 years), resulted in an
increased basal and maximal OCR in BAT. Remarkably, maturing on
HFD induced a reduction of hepatic metabolic flexibility and an in-
crease of basal and maximal OCR in eWAT. The hepatic effect, how-
ever, did not occur during prolonged aging on RD.

Based on the analysis of body parameters comparing maturing HFD
and aged RD mice, we deduced that HFD provoked significantly more
weight and fat gain (p < 0.001; Figure 5A and B left). This effect was
obvious within 3 months of feeding, however, could not be observed
with RD within 96 weeks, reflecting the impact of HFDs. Furthermore,
similar effects were also found in young HFD mice (data not shown).
Likewise, there was a significantly increased fat mass as well as more
eWAT and BAT in matured HFD mice with comparable lean mass
(p < 0.001; Figure 5B right, 5C). In contrast, cardiac and renal tissues,
which are known to exhibit insufficiencies in aging humans, showed a
higher weight in age-old mice (p = 0.037 and p = 0.041; Figure 5C).
Fascinatingly, liver weight did not differ between both groups
(Figure 5C), but hepatic metabolic flexibility was impaired after HFD
(Figure 3F), whereas aging per se showed no significant effect on
metabolic flexibility (Figure 4F). In order to further specify the impact of
high-fat feeding on liver, we measured hepatic triglyceride content and
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observed a tenfold increase under HFD (p < 0.001, Figure 5D).
Additionally, histological quantifications of liver sections staining for
neutral lipids using Qil-Red O (ORO, Figure 5E) revealed that aged mice
barely exhibited lipid accumulation compared to HFD-fed mice which
showed an extensive hepatic fat amount (p < 0.001, Figure 5F). In
summary, this confirms the dramatic effect of HFD by demonstrating a
fatty degeneration of liver tissue already within 12 weeks of HFD
compared to 2 years on RD.

3.5. Fasting boosts hepatic and pancreatic OCR

Finally, we investigated the impact of fasting, as a short-term extreme
metabolic stressor, on mitochondrial function. Since glucagon treat-
ment can increase basal and maximal hepatic respiration, we and
others assumed that fasting might enhance hepatic mitochondrial
respiration due to increased glucagon levels [39—42]. Therefore, a
second group of age-old mice was fasted overnight before measuring
their OCR to identify whether their metabolic flexibility is altered to
counteract aging-related changes. As anticipated, the fasting group
had slightly lower body weight with reduced fat but similar lean mass
(p = 0.052 and p = 0.004; Figure 6A and B). Interestingly, mice of the
fasting group exhibited lower liver and pancreas weights (p < 0.0001
and p = 0.011; Figure 6C). Other organ weights did not differ
(Figure 6C and Supplementary Fig. S6C). In line with our hypothesis,
hepatic basal and maximal OCR was increased after fasting
(p < 0.005, p = 0.027; Figure 6D and E), whereas fed mice had a
higher SC (p = 0.003; Figure 6F), implying a descending metabolic
flexibility due to a lack of adaptation in fasted livers. For pancreatic

Bl Matured HFD
Age-old

Organ weight (g)
N w

-

50

Heart Kidney

Lean mass eWAT BAT  Liver

d HFD

BERT:

Age-old ND

Figure 5: Comparison of maturing on HFD and prolonged aging. Body parameter and liver histology in matured mice (30 weeks) on HFD vs. age-old (2-year-old) male mice.
(A) Body weight. (B) Fat mass and lean mass. (C) Organ weights after diet. (D) Hepatic triglyceride (TG) concentration of both groups. (E) Representative images of Oil-red O-stained
(ORO) liver sections of mice matured on HFD (left) and age-old mice on ND (right). Black scale bars, 150 um; magnification is 10x. (F) Quantification of hepatic ORO stainings (as in
E).*p < 0.05, **p < 0.01, ***p < 0.001. Statistical significance was calculated using a two-tailed unpaired Student £ test (A-C (tested per tissue), D, F). Data represent the
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tissue, we also theorized an increased OCR representing an impair-
ment in the respiratory chain due to fasting. Indeed, pancreatic basal
and maximal OCR were elevated in fasted mice (both p = 0.001;
Figure 6G and H), however SC did not differ (Figure 6l). Measuring LV
OCR showed a similar basal OCR, however, a decrease of maximal
OCR and SC in fasted mice (p = 0.018, p = 0.001; Figure 6J—L). This
resembles our observations in SC in hepatic tissue.

Finally, we compared brown and epididymal WAT depots as energy
sources, especially important during fasting. While we did not see any
OCR changes in BAT (data not shown), a significantly lower SC in fasted
eWAT could be observed (p = 0.040; Supplementary Fig. S8A).
Summarizing the OCR data, we observed a fasting induced upregulation
of OCR in liver and pancreas in our tissue measurements. Interestingly,
the same trend was detected in hepatic Tfam and Opa? expression
already induced by 16 h fasting (Figure 6M). Though, this did not (yet)
affect TFAM abundance or the composition of respiratory complexes
(Figure 60). However, evaluating hepatocytes using transmission
electron microscopy (Supplementary Fig. S8B), we revealed a strongly
increased amount of mitochondria in hepatocytes of fasted mice
(P = 0.006; Figure 6P). In contrast, the mitochondrial area was
significantly reduced (p = 0.015; Figure 6Q), but apart from that, we did
not discover obvious structural differences (data not shown).

In conclusion, our findings suggest that fasting induces enhanced
mitochondrial respiration and a decrease in organ weight in energy
producing tissues, such as liver and pancreas, but also a loss of
metabolic flexibility in liver, eWAT, and LV, hence reflecting a lack of
energy resources during fasting. Thus, these fasting-mediated effects,
also observed using electron microscopy analysis, could already be
assessed by our tissue OCR measurements.
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3.6. Extracellular acidification rate indicates the lipolytic activity of
adipose tissue

In addition to the oxygen consumption, we also evaluated ECAR
monitoring as estimation of pH change by proton release. Our ECAR
data predominantly correlated with the OCR results. Interestingly, in
eWAT OCR and ECAR measurements appear to diverge for diets
(Figure 7A, for OCR see Figure 2G). During adipocyte lipolysis, the FFA
release is presumably accountable for medium acidification [33,43].
Therefore, we investigated isoprenaline-induced lipolysis of primary
adipocytes with regard to ECAR. Indeed, adipocytes of HFD-fed mice
showed a lower isoprenaline-stimulated FFA release (Figure 7B). In the
absence of metabolic stress, adipose tissue ECAR remained un-
changed comparing young and age-old mice (data not shown). How-
ever, challenging young and matured mice by HFD revealed an obvious
difference in ECAR with a strong elevation in matured mice
(p = 0.0001; Figure 7C). In contrast to a similar OCR during fasting, we
observed an increased ECAR in eWAT (p = 0.021; Figure 7D).
Consistently, adipocytes from fasted mice exhibited an increased
isoprenaline-stimulated lipolytic activity (p < 0.018; Figure 7E). In
summary, we also observed that our ECAR measurements were not
providing adequately information about the glycolytic rate, as already
described, but rather could be used as an estimate of lipolytic capacity
of adipose tissue [33].

4. DISCUSSION

For our study we developed a novel method, inspired by recent work of
Neville and colleagues measuring direct mitochondrial respiration in
drosophila brains [26], enabling the analysis of OCR in small murine
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tissue biopsies. An optimized protocol and improved production of
biopsy micro-restrainer using 3D printing allowed for a broad
comparative study on mitochondrial function in various murine tissue
biopsies in the 96-well seahorse format. We established these mea-
surements for liver, adipose tissue (eWAT and BAT), pancreas and
cardiac muscle (LV). Compared to previous research in cell cultures,
this procedure has the methodological advantage of analyzing the
mitochondrial function in tissues ex vivo, while preserving tissue
complexity, microenvironment and intact cell interactions of different
cell clusters, e.g., immune, storage cells. Ex vivo, the presence of
several cell types and the paracrine communication between different
cells equates to a more physiological representation of the organ
function. Using FCCP in our tissue measurements, we observed its
uncoupling effect as in cultured cells, although with different kinetics
and amplitude. The reduction of the uncoupling effect might result
from the fact that FCCP cannot reach mitochondria within tissues to the
same extent as in cells, due to necessary tissue diffusion. However,
since we worked with identical tissue punches in each tissue, we
assume that FCCP was absorbed equally in each biopsy and, thus,
relative comparability within the same organ should be given. Since
absorption processes of applied inhibitors, antimycin A and rotenone,
in tissue biopsies were not comparable to cell monolayers, protocols of
inhibitor injection will need further refinement and adaption in future
studies.

We deployed the adapted tissue OCR measurements to investigate the
impact of important metabolic stressors on mitochondrial function. In
summary, we revealed only mild dietary effects (HFD and WD) on
mitochondrial respiration in young mice, which may still be compen-
sated by physiological counter-regulations. In contrast to young mice,
HFD in matured mice lowered hepatic metabolic flexibility, while
increasing OCR in eWAT and BAT. Remarkably, such a reduction of
hepatic metabolic flexibility was not caused by 2 years aging without
additional metabolic stress (RD). The aging process instead increased
OCR in BAT. Ultimately, the metabolic stressor fasting decreased liver
and pancreas weight while boosting their OCR. Moreover, fasting led to
a reduction of SC and, thus, to a declined adaptability towards situa-
tions of increased ATP demand in liver, eWAT, and LV.

We observed no major effects, only trends, on liver and eWAT OCR
after 12 weeks dietary interventions starting at adolescence. Likewise,
Cummins and colleagues showed no significant impact of a 6-week
HFD on mitochondrial function in WAT but revealed a reduced mito-
chondrial respiration by trend [44]. Both works exhibit comparable
similar tendencies. Unlike to OCR and in line with Cummins, we
detected a reduction of some respiratory chain complexes in eWAT
after HFD [44]. Interestingly, this reduction was also observed under
HSD and WD. Thus, it seems that mitochondria of young adult mice
adapt more flexibly to metabolic stress despite reduced respiratory
chain complexes. Furthermore, chronic HSD feeding can elevate Ucp1
expression in BAT and, with it, energy expenditure in mice [45—48].
Our findings might be able to explain how UCP1-dependent upregu-
lation of mitochondrial OCR increases energy expenditure via respi-
ratory chain complex IV in BAT after HSD. The increased OCR seems to
be induced by an elevated mitochondrial uncoupling due to a higher
Ucp1 expression and may explain why sucrose alone does not elevate
body weight. Interestingly, this effect was not only induced by HSD but
the same tendency in OCR as well as a significant elevation of res-
piratory chain complexes Il and IV were evident after WD, which
consists of HFD plus sucrose in drinking water. Our results suggest
that dietary sucrose is a driving factor for UCP1 and thus OCR
upregulation.

To investigate the influence of aging on mitochondrial respiration we
examined two different aging groups, maturing under metabolic stress
in terms of a 12-week HFD and prolonged aging for 2 years on RD. We
observed an aging-induced increase in basal and maximal OCR in BAT
in both groups. BAT plays a crucial role in thermoregulation by ther-
mogenesis, the enhancement of energy metabolism and the protection
against cold exposure and obesity [49]. Various studies have already
addressed improved BAT activity in long-lived animals [50—53].
Thermoregulatory processes such as vasoconstriction decline during
aging [51], thus requiring the use of BAT for heat production evidenced
by an increased OCR, which was also found in our study.
Furthermore, we observed that age-old mice exhibit an increased
basal and maximal OCR and SC in LV. While cardiac function, espe-
cially contraction and diastolic relaxation, declines with age, more
energy may be required to provide the contractile strength in car-
diomyocytes and ensure sufficient blood supply [54]. Our analysis
indicates that LV mitochondria adapt to the more challenging condi-
tions by increased respiratory activity. An aging-mediated upregulation
of proteins vital to mitochondrial energy metabolism has already been
described [55—57]. Among others, it was observed that Cytochrome C
oxidase activity, which plays an important regulatory function of
mitochondrial respiration in cardiomyocytes, increased with age in
cardiomyocytes of C57BL/6 mice [58—60]. In contrast, dietary inter-
vention at young age and HFD-feeding in matured mice showed no
effect on cardiac OCR. Therefore, we conclude that heart function is
preserved as long as possible and direct effects of (mild) metabolic
stress(ors) on the heart are mitigated, whereas the aging process
inevitably impacts cardiac function and induces an upregulation of OCR
to sustain cardiac output.

As opposed to metabolic stress at young age, in which mitochondria
are seemingly able to adjust, HFD feeding in matured mice showed a
decreased SC in liver and, therefore, a reduced hepatic metabolic
flexibility. Interestingly, this reduction of hepatic metabolic adaptability
was not observed after 2 years aging. Thus, it seems that an unhealthy
lifestyle in adulthood has more detrimental consequences, while
(prolonged) aging alone under healthy conditions does not compromise
tissues to the same extent, even if there are other, age-related
changes e.g., organ weight gain. This is also exemplified by the
rapid lipid/triglyceride accumulation in liver after HFD, an effect which
was notably absent during RD.

Finally, the short-term stressor fasting resulted in decreased liver and
pancreas weight and boosted their mitochondrial respiration, induced
hepatic Tfam and Opa?’ mRNA upregulation by trend, but did not (vet)
alter protein abundance of hepatic TFAM and key respiratory chain
complexes. However, analog to decreasing liver tissue (weight), we
observed a reduction of mitochondria size in livers of fasted mice
together with an increasing number of mitochondria, whereas they
sustained the composition of the respiratory complexes during fasting.
Hence, mitochondria lose size, but their number increases within
fasting hepatocytes and these provide an enhanced mitochondrial
respiration, as monitored in our tissue measurements. This fasting-
mediated increase of hepatic and pancreatic OCR may be induced
by glucagon secretion and corresponding glycogen breakdown. During
fasting, pancreatic alpha cells secrete glucagon to stimulate hepatic
glucose production maintaining euglycemia [61—63]. In order for this
to occur, increased levels of uncoupling protein 2 are required, which
in turn leads to an increased proton transport and increased net proton
conductance [64]. We suppose this mechanism disrupts the respira-
tory chain and, thus, pancreatic OCR is enhanced, as supported by our
data. Glucagon treatment has been described to elevate hepatic

‘]2 MOLECULAR METABOLISM 64 (2022) 101563 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

respiration, however, most studies analyzed isolated mitochondria to
examine the influence of glucagon or fasting on hepatic mitochondrial
respiration [39—41,65—67]. In contrast, we investigated tissues of
fasted mice ex vivo and could confirm an increased hepatic basal and
maximal OCR. With our real-time OCR measurement, we were effec-
tively able to detect the impact of such an impressive short-term
stimulus on mitochondrial function. At a regulatory level, changes
were already induced, presumably to adapt towards this situation.
Therefore we concluded that mitochondrial capacity gets increased to
ensure cellular functionality during fasting.

Interestingly, fasting reduced SC in liver, eWAT and LV, indicating a
decreased metabolic flexibility to increased ATP demand, most likely
due to missing energy reserves. In conclusion, we suppose that
glucagon plays a central role during fasting-mediated OCR increases in
liver and pancreas, not only in isolated mitochondria [39,40,65,67] but
also ex vivo in tissue biopsies. Moreover, fasted mice did not reduce
eWAT weight during the overnight phase, as one could have expected,
but rather consumed liver and pancreas tissue. This utilization of liver
reserves has already been described as the depletion of hepatic
glycogen storages for rapid energy supply during prolonged fasting
[68]. Expanding on this, we also consider the decrease of pancreatic
tissue a consequence of fasting-induced glucagon secretion, although,
the pancreas could also deploy exocrine fat depots as energy reserves
to supply increased mitochondrial respiration. While available research
is very limited on the effects of overnight fasting, Munhoz and col-
leagues described a reduction of pancreas and decrease islet size after
12 weeks of intermittent fasting in mice [68]. Thus, it would be of
particular interest to unravel the effect of fasting in more detail.

Not only OCR is monitored using a seahorse device, but also the ECAR
is recorded. We, therefore, evaluated ECAR in our tissue biopsy
measurements to investigate whether these data provide additional
information. We and others have noticed that ECAR is not a useful
indicator of glycolysis, as almost all metabolic processes in a cell lead
to changes in proton concentration and thus can influence ECAR
[33,43]. However, analyzing adipose tissue, we discovered that ECAR
can be considered as an estimate for the lipolytic capacity of adipo-
cytes in terms of stimulated FFA release.

A particular limitation of this study was that the OCR data in small
skeletal muscle biopsies did not provide satisfactory results on mito-
chondrial respiration. This was, presumably, due to physical damage
to fiber and fasciae integrity caused by tissue manipulation. We aim to
further investigate measurements of oxygen consumption in muscle
tissue in following studies. Presently, no adequate stimuli, like
contraction or motor innervation before OCR measurement could be
reproduced in our approach, and hence further stimulation experi-
ments should be carried out. As already discussed, the inhibitors
showed other kinetics and were not as effective as in monolayer-
cultured cells. But ex vivo cultured, primary cells forfeit their charac-
teristics during cell culture. Therefore, one has to trade off, what
exactly should be investigated.

In conclusion, we investigated the mitochondrial function ex vivo in
liver, adipose tissue, pancreas and LV in detail. From a methodological
stance our novel approach provides the opportunity to analyze OCR
ex vivo under (metabolic) challenges, as well as in other tissue sam-
ples, such as human surgical material. Furthermore, optimization of
the protocol and the 96-well format enables the assessment of organ-
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