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Summary eBioMedicine
Background Reduced mitochondrial respiratory function has been implicated in metabolic disorders like type 2  202%12% 106007
diabetes (T2D), obesity, and metabolic dysfunction-associated steatotic liver disease (MASLD), which are tightly ~ Pvblished Online o
linked to insulin resistance and impaired metabolic flexibility. However, the contribution of the ketone bodies ;‘gtlpg// /:t;;i;gz/ ;2'5
(KBs) B-hydroxybutyrate (HBA) and acetoacetate (ACA) as substrates for mitochondrial oxidative phosphorylation 1060(?7 o
(OXPHOS) in these insulin resistant states remains unclear.

Methods Targeted high-resolution respirometry protocols were applied to detect the differential contribution of HBA
and ACA to OXPHOS capacity in heart, skeletal muscle, kidney, and liver of distinct human or murine cohorts with
T2D, obesity, and MASLD.

Findings In humans with T2D, KB-driven mitochondrial OXPHOS capacity was ~30% lower in the heart (p < 0.05)
and skeletal muscle (p < 0.05) compared to non-diabetic controls. The relative contribution of KBs to maximal
OXPHOS capacity in T2D was also lower in both the heart (~25%, p < 0.05) and skeletal muscle (~50%,
p < 0.05). Similarly, in kidney cortex from high-fat diet-induced obese mice, both the absolute and relative
contribution of KBs to OXPHOS capacity was ~15% lower (p < 0.05). Finally, hepatic HBA-driven mitochondrial
OXPHOS capacity was 29% lower (p < 0.05) in obese humans with hepatic steatosis compared to humans without.

Interpretation Mitochondrial KB-driven OXPHOS capacity is impaired in insulin resistant states in various organs in
absolute and relative terms, likely reflecting impaired mitochondrial metabolic flexibility. Our data suggest that KB
respirometry can provide a sensitive readout of impaired mitochondrial function in diabetes, obesity, and MASLD.
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Research in context

Evidence before this study

Insulin resistance is a main driver of metabolic disorders such
as type 2 diabetes (T2D), obesity, and metabolic dysfunction-
associated steatotic liver disease (MASLD). Accumulating
evidence indicates that mitochondrial respiratory function in
insulin resistant states is impaired. However, the contribution
of ketone bodies (KBs) to mitochondrial oxidative
phosphorylation (OXPHOS) capacity in these disease states
has not been investigated, despite prior studies showing
lower KB uptake in different organs in insulin resistant states.
Investigating the contribution of KBs to mitochondrial
capacity is relevant since KBs have been suggested to have
therapeutic potential for several cardiometabolic diseases,
due to their role as reserve substrates in different organs
under metabolically compromised conditions.

Added value of this study

This translational study elucidated the alterations in KB-
driven mitochondrial OXPHOS capacity in the above-
mentioned metabolic disorders using high-resolution
respirometry, the gold-standard technique for assessing
OXPHOS capacity. Using different human cohorts, we

Introduction

Type 2 diabetes (T2D), obesity, and metabolic
dysfunction-associated steatotic liver disease (MASLD)
have become increasingly common globally and are
tightly associated with insulin resistance.’ These insulin
resistant states have been linked with a series of mito-
chondrial alterations that are thought to underpin the
aetiology of these diseases.”” In this regard, mito-
chondrial alterations in mitochondrial respiratory
function and bioenergetics have been reported in the
diabetic heart® and skeletal muscle,”"* the obese kid-
ney,'""? and the steatotic liver."*

The ketone bodies (KBs) f-hydroxybutyrate (HBA)
and acetoacetate (ACA), represent an alternative energy
source for all domains of life and have attracted
growing research interest''® due to accumulating evi-
dence from human and rodent studies for their thera-
peutic potential in various diseases, such as
cardiovascular diseases,'”'® heart failure (HF),”*
cardiogenic shock,”** neurodegenerative disease,?***
kidney disease,”* skeletal muscle atrophy,” cancer,*
and hepatic steatosis.”'* However, previous studies
investigating KB metabolism have not quantified the
actual contribution of KBs to mitochondrial OXPHOS
capacity, the main source of cellular ATP, in insulin
resistant states.””?! Instead, most studies assessed

identified that T2D is associated with a lower ability of
cardiac and skeletal muscle mitochondria to oxidise KBs for
ATP production. By utilising a murine model of diet-induced
obesity, we also demonstrate decreased KB-driven OXPHOS
capacity in kidney cortex. Finally, we demonstrate that the
liver's ability to oxidise HBA ex vivo (likely in a non-
physiological direction for this inherently ketogenic organ) is
reduced in MASLD. The relative contribution of KBs to
maximal OXPHOS capacity was also lower in all the diseased
states investigated.

Implications of all the available evidence

These findings demonstrate a lower KB utilisation for
mitochondrial ATP generation in T2D, obesity, and MASLD.
Lower KB utilisation may represent an early sign of metabolic
inflexibility for the utilisation of reserve substrates in insulin
resistant states. This may therefore indicate that the
therapeutic potential of increasing circulating KBs in insulin
resistant states may be hampered by the reduced ability of
mitochondria to utilise KBs as reserve substrates for ATP
production.

surrogate parameters such as circulating KB
concentrations,**** the protein abundance or activity of
enzymes involved in KB metabolism,** or tissue KB
uptake.’*** Therefore, even though the current literature
demonstrates alterations in these markers of KB
metabolism in various tissues in insulin resistant
states,**** it remains uncertain whether this actually
translates to a respectively altered contribution of KBs
to mitochondrial ATP generation by OXPHOS.

We therefore hypothesised that ATP production
through KB oxidation is altered in insulin resistant
states. High-resolution respirometry (HRR) is the
gold-standard technique for the assessment of mito-
chondrial OXPHOS capacity in organs and cells,**
but has so far not been used to study KB metabolism
in insulin resistant states. Therefore, to test our hy-
potheses, we validated and modified previously pro-
posed Substrate-Uncoupler-Inhibitor Titration (SUIT)
protocols® for HRR and utilised them to compare the
contribution of KB metabolism to OXPHOS capacity
of specific organs in insulin resistant conditions.” Our
findings demonstrate a reduction in mitochondrial
KB-driven OXPHOS capacity in insulin resistant states
in various organs and feed into future research aiming
to generate novel drugs targeting KB metabolism as a
therapeutic approach.
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Methods

Overview

In the present study, we first validated the feasibility of
using slightly modified versions of previously proposed
HRR KB protocols* to assess the contribution of KBs to
mitochondrial OXPHOS capacity in our target organs.
We initially validated these protocols in various mouse
organs and later in humans; these titration protocols
allowed us to also determine the specific substrate
concentrations to use in each organ and species. We
then applied them to different organs in distinct insulin
resistant states, such as the human type 2 diabetic heart
and skeletal muscle, the kidney cortex of diet-induced
obese mice, and the human liver with MASLD.

Human participants and tissue acquisition

The study was performed in accordance with the
Declaration of Helsinki and the STROBE guidelines
and informed consent was acquired upon inclusion to
the study from all participants.

Human heart studies

For initial KB protocol validation and generation of
Michaelis Menten constant (K,,) plots in the human
heart, ventricular tissue was acquired during cardiac
surgery from end-stage HF participants undergoing left
ventricular assist device (LVAD) surgery (n = 7).

For comparisons of KB-driven OXPHOS capacity
between participants with T2D versus non-diabetic
(Controls), the cohort included heart-transplanted in-
dividuals aged 45-70 years without clinical signs of heart
failure, who underwent transcatheter ventricular endo-
myocardial biopsies between March 2023 and October
2024 as part of routine surveillance after heart trans-
plantation.”*” Participants were divided into T2D
(n =22) and Controls (n = 35) using the following criteria
for T2D: haemoglobin Alc (HbAlc) > 6.5% or presence
of specific antihyperglycemic treatment (metformin,
sulfonylureas, thiazolidinedione, dipeptidyl peptidase 4
inhibitors). Cardiac tissue handling was carried out ac-
cording to a previously published protocol.”” All cardiac
tissues (1-2 mg) were stored in ice-cooled biopsy pres-
ervation medium (BIOPS; composition described below)
immediately after extraction until further processing.
Study-related procedures have been approved by the local
ethics committee at Heinrich Heine University under
the study numbers 5263R, 2021-1635, and 2022-1962
(ClinicalTrials.gov Identifier: NCT05958706).

Human skeletal muscle studies

Human skeletal muscle samples were acquired from
participants in the German Diabetes Study (GDS),*
between October 2022 and April 2024. Briefly, GDS is
a prospective observational clinical study that enrols
individuals aged 18-69 years diagnosed with T2D
within the last 12 months based on the criteria of the
American Diabetes Association.* Samples of m. vastus
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lateralis were collected from T2D individuals (n = 13),
and glucose-tolerant volunteers with no first-degree
relatives with diabetes, who underwent a 75-g oral
glucose tolerance test (AccuCheck Dextro O. G-T.,
Roche, Basel, Switzerland) to confirm normal glucose
tolerance (n = 7, Controls). Skeletal muscle from the
glucose-tolerant volunteers was also used to perform
the initial KB protocol validation and generation of K,
plots. Insulin sensitivity was assessed during a mixed
meal tolerance test (MMTT) using standardised liquid
meals (Boost® Nestlé Health Care Nutrition, Lau-
sanne, Switzerland) from the oral glucose insulin
sensitivity (OGIS) index, as previously described and
validated.”® Approximately 50-100 mg of skeletal mus-
cle tissue was obtained from the vastus lateralis muscle
under local anaesthesia with 2% lidocaine and imme-
diately transferred into ice-cooled BIOPS for HRR. The
GDS was approved by the local ethics committee of the
Medical Faculty of the Heinrich Heine University of
Diisseldorf (reference number 4508) and is registered at
Clinicaltrials.gov (NCT01055093).

Human liver studies

Human liver was obtained from the BARIA_DDZ
cohort study (ClinTrials.gov identifier: NCT01477957),
between March 2023 and December 2023. Liver bi-
opsies were obtained by an experienced surgeon
approximately 30 min after induction of anaesthesia
prior to bariatric surgery according to a standardised
procedure.” Approximately 25 mg of fresh liver tissue
were immediately transferred into ice-cooled BIOPS for
HRR; the remaining tissue was immediately snap-
frozen in liquid nitrogen and stored at —80 °C for
further analyses. Participants were divided into two
groups: with (n = 11) and without (n = 5) histologically
confirmed steatosis (cut-off: >5% liver lipid content). A
sub-cohort was used to perform the initial KB protocol
validation and generation of K, plots in the human
liver (n = 7) The BARIA_DDZ cohort study protocol was
approved by the institutional ethics boards of Heinrich-
Heine-University Diisseldorf (Germany) and of the
North Rhine Medical Association (Germany) (no. 2022-
2021_1/no. 2017222).

Laboratory mice and tissue harvest

All mouse procedures were approved by the Animal
Experimental Committee of the local government
“Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen” (LANUV) and performed in
accordance with the ARRIVE guidelines for animal care
and the European Convention for the Protection of
Vertebrate Animals used for Experimental and other
Scientific Purposes (Council of Europe Treaty Series
No. 123) and 2010/63/EU. In accordance with the 3R
principles (Replacement, Reduction, and Refinement),
the same animals were utilised for multiple experi-
mental steps in the development and validation of the
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KB SUIT protocol to ensure the minimum number of
animals necessary was used. Overall, a total of 50 mice
were used in this study.

Protocol validation in mice

These experimental procedures were carried out in
accordance with Directive 2010/63/EU on the protection
of animals used for scientific purposes (§ 4 Absatz 3 des
Tierschutzgesetzes) and were approved by the internal
animal officer (Tierschutzbeauftragter) of the DDZ. Mice
used for protocol validation, generation of K,,, plots, and
characterisation of our combined KB SUIT protocol were
female wildtype C57BL/6] mice aged 16-26 weeks
(n = 12). Mice were fed with a standard chow diet and
provided tap water ad libitum. For tissue harvest, mice
were sacrificed, and organs were immediately collected
and processed for HRR (see below).

Kidney cortex of diet-induced obese mouse studies

For these experiments (LANUV AZ: 81-02.04.2021/A218),
male wildtype C57BL/6] mice aged 10-12 weeks were
obtained from Janvier-Labs and housed at the Zentrale
Einrichtung fiir Tierforschung und wissenschaftliche
Tierschutzarbeit (ZETT) animal facility of the Heinrich-
Heine-University Diisseldorf. This mouse strain shows a
high susceptibility to develop obesity and insulin resis-
tance in response to high-fat diet (HFD).”*** Male mice
were chosen because they are less protected from obesity-
induced renal dysfunction.”* Baseline body weight was not
directly measured prior to the start of the dietary inter-
vention. However, all mice were male, of the same strain,
and were purchased from the same Vendor at the same
age. Mice were randomly assigned to cages, and cages
were then randomly allocated to provide either a HFD
(Sniff, $7200-E010, 60 k] % fat) to induce diet-induced
obesity (DIO, n = 12) or a normal chow diet (Sniff,
V1184-300, 16 k]% fat) as controls (n = 10), for 24 weeks
each. Both treatment groups received food and tap water
ad libitum. The health of the animals was monitored us-
ing a scoring sheet that assessed body weight, overall
condition, and behaviour. Animals exhibiting severe
distress before completion of the treatment period were
euthanised. After 24 weeks of HFD or normal chow diet,
mice were sedated with an LP. injection of ketamine
(100 mg/kg; Pfizer Pharma) and xylazine (10 mg/kg;
Bayer AG). Blood was collected by cardiac puncture and
the left kidney was immediately harvested and prepared
for HRR, as described below. Plasma insulin levels
were determined with the Ultra Sensitive Mouse Insulin
ELISA Kit (90,080; Crystal Chem Europe, Zaandam,
Netherlands), according to the manufacturer's in-
structions. All personnel involved in the experiments and
downstream analyses were blinded to group assignments.

Sample size in diseased-state cohorts
For these exploratory studies, which employed respi-
rometry protocols specifically developed to investigate

the contribution of KBs to OXPHOS capacity, no formal
power calculation was performed prior to initiation due
to the lack of available effect size data. Instead, despite its
limitations, we applied the resource equation method,*
which yielded estimated required numbers of partici-
pants/animals (E) of 55 for the human heart, 18 for the
human skeletal muscle, 20 for the murine kidney, and
13-14 for the human liver. According to this method,
these values represent adequate sample sizes (E > 10) to
detect significant differences. All human tissues were
gathered from participants of ongoing, prospective
cohort studies in the pre-specified time frames stated in
each respective section, according to set collaboration
agreements. Samples for the DIO mouse study cohort
were also gathered from mice of an ongoing collabora-
tion study. The results presented are based on the initial
analyses of the respective datasets, with no additional
participants or mice included thereafter.

Cell culture

Primary hepatocyte experiments

Mouse primary hepatocytes. Mouse primary hepato-
cytes were isolated from 16- to 20-week-old mixed-sex
C57BL/6] mice (HBA titration: n = 6, ACA titration:
n = 7) as previously described,” with minor modifica-
tions. After cervical dislocation, the liver was rapidly
exposed and perfused sequentially with EGTA and
collagenase solutions through the vena cava at 37 °C.
The digested liver was minced gently in suspension
buffer and filtered through a 100 pM cell strainer
(Corning, Wiesbaden, Germany). Single-cell hepato-
cytes were separated by low-speed centrifugation at 50g
for 2 min, further purified by Percoll® density gradient
(Sigma—Aldrich, Taufkirchen, Germany), and finally
suspended in William medium supplemented with 1%
penicillin/streptomycin and 10% FBS. Cell viability was
assessed by trypan blue dye exclusion. With this pro-
tocol, we have previously shown mouse hepatocytes
purity to be >98.5%.° After cell counting, primary he-
patocytes were suspended directly in mitochondrial
respiration medium (MiRO5; for chemical composition
see below) and immediately added to the Oxygraph-2k
chambers (Oroboros Instruments, Innsbruck, Austria)
at a concentration of 100,000 cells/mL.

Human primary hepatocytes. ~Human primary hepato-
cytes from n = 3 females were obtained from com-
mercial sources (LifeNet Health®, Virginia Beach, VA,
USA). These commercially available hepatocytes are
isolated from human liver with an improved protocol of
the gold-standard method for hepatocyte isolation.”
After thawing and washing, cell viability was assessed
by trypan blue dye exclusion, and after cell counting,
primary hepatocytes were suspended directly in MiRO5
and immediately added to the Oxygraph-2k chambers
(Oroboros Instruments, Innsbruck, Austria) at a con-
centration of 250,000 cells/mL.
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High-resolution respirometry

Sample preparation

Heart, skeletal muscle, and liver tissues were collected
in ice-cooled BIOPS (containing [in mM]: 2.77
CaK,EGTA, 7.23 K,EGTA, 20 imidazole, 20 taurine, 50
4-morpholine-ethanesulfonic acid, 0.5 dithiothreitol,
6.56 MgCl,-6H20, 5.77 Na,ATP, and 15 disodium
phosphocreatine, pH 7.1), whereas kidney cortex was
collected in ice-cooled MiR05 (containing [in mM un-
less specified]: 0.5 EGTA, 3 MgCl2, 60 K-lactobionate,
20 taurine, 10 KH,PO,, 20 HEPES, 110 sucrose and
1 g/L BSA essentially fatty acid-free, pH 7.1) for im-
mediate preparation for HRR.***

Sample preparation for HRR was carried out ac-
cording to standard protocols. In short, fresh cardiac™
and skeletal muscle fibres® were mechanically sepa-
rated in ice-cold BIOPS using forceps; fresh kidney
cortex® was cut into small pieces and gently tapped with
forceps in ice-cold MiROS5; fresh liver was cut in
~2 x 2 mm pieces using forceps in ice-cold BIOPS,***
under a light microscope. Subsequently, samples were
chemically permeabilised by gentle agitation for 20 min
at 4 °C with saponin dissolved in BIOPS (myocardium
and skeletal muscle) or MiROS5 (kidney cortex) at a
concentration of 50 pg/mlL, except for kidney cortex for
which 100 pg/mL of saponin was used.”” For both hu-
man and mouse myocardium samples, the saponin
step lasted 30 min.”* As previously indicated for the
liver, chemical permeabilization was not performed.***
For all tissues, this was followed by three 5-min (or two
10-min for myocardium samples) washing steps in ice
cold MiRO5. Cells (primary hepatocytes) were added
directly to the chambers and—following an initial sta-
bilisation—were permeabilised with 50 pg/million cells
of digitonin in the presence of malate and ADP.*

High-resolution respirometry

Mitochondrial respiration was measured in duplicates
(except for K,, determinations) in MiR05 at 37 °C,
750 rpm stirrer speed and a chamber volume of 2.0 mL
using the high-resolution Oxygraph-2k (Oroboros In-
struments, Innsbruck, Austria). For all tissues, oxygen
concentration was maintained, via direct syringe injec-
tion of pure O,, between 270 and 480 nmol mL™ for the
duration of the experiment, to avoid potential oxygen
diffusion limitations.** Mitochondrial respiration in
cells was instead assessed at sub-atmospheric oxygen
pressure (50 and ~195 nmol mL™"). Cytochrome ¢
(10 pM) was added to assess the integrity of the outer
mitochondrial membrane.” Inclusion criteria for all
cohorts included valid respirometry measurements ac-
cording to the following prespecified criteria: i) a cyto-
chrome ¢ <15% in at least one chamber® and ii) a
positive response to OXPHOS substrates of the fatty
acid oxidation (F), NADH (N), and/or succinate (S)
pathway. Only samples with available mitochondrial
respiration traces were included in our analyses.

www.thelancet.com Vol 122 December, 2025

Validation of HBA and ACA as HRR substrates in target
organs

Since HBA and ACA have previously been used as HRR
substrates in murine skeletal and cardiac muscle, as
well as in human skeletal muscle,” but not in the other
target organs or cohorts of our study, we first validated
their suitability for our research. We then used titration
protocols to determine the optimal substrate concen-
tration for each organ and species for the subsequent
translational comparison studies.

HBA is oxidised to ACA by p-hydroxybutyrate de-
hydrogenase (BDH1) during the first step of ketolysis.
During this reaction, NAD" is reduced to NADH, which
can directly enter the electron transport system (ETS)
via complex I (CI) (Fig. 1); hence, addition of malate is
not required. Therefore, after adding saturating levels
of ADP (5 mM) and obtaining stabilisation of respira-
tion (times ranging from 10 to 60 min depending on
tissues, likely due to exhaustion of endogenous sub-
strates), sodium DL-p-hydroxybutyrate (Sigma—-Aldrich,
cat. no.: H6501-5G; racemic mixture of D and L iso-
forms) was titrated stepwise from 0.01 mM up to
20-60 mM to stimulate mitochondrial respiration
through BDH1 ([HBA]jp; Fig. 1 yellow shaded area). The
resulting JO, and corresponding K, values of per-
meabilised mouse heart, skeletal muscle (soleus), and
kidney cortex, and permeabilised human heart and
skeletal muscle (vastus lateralis) are presented in
Supplementary Figure Sla-g. The liver JO, and K,
values are shown in the relevant Results section.

ACA degradation is catalysed by succinyl-CoA: 3-
ketoacid (oxoacid) coenzyme A transferase (SCOT),
which in the second step of ketolysis converts ACA and
succinyl-CoA to ACA-CoA and succinate (Fig. 1).
Unlike BDH1, SCOT requires assistance from the TCA
cycle (via addition of a TCA cycle substrate; e.g., malate)
to provide sufficient concentrations of succinyl-CoA
along with ACA. Therefore, for ACA titration pro-
tocols, we first added saturating levels of ADP (5 mM)
and malate (2 mM), obtained stabilisation of respiration
and subsequently titrated lithium acetoacetate (Sigma-—
Aldrich, cat. no.. A8509-10MG) stepwise from
0.005 mM to 15-30 mM, to stimulate mitochondrial
respiration through SCOT (JACA + M]p; Fig. 1, blue
shaded area). The resulting JO, and K, values of per-
meabilised mouse heart, skeletal muscle (soleus), and
kidney cortex and permeabilised human heart and
skeletal muscle (vastus lateralis) are presented in
Supplementary Figure S1h-n. The liver JO, and K,
values are shown in the relevant Results section. Of
note, ACA (and HBA) was made fresh each day and was
used within 4 h to avoid decarboxylation and subse-
quent degradation.”

To rule out effects of osmolarity changes resulting
from the addition of HBA and ACA, provided as so-
dium (NaHBA) and lithium (LiACA) salts, respectively,
on JO, values, we performed a series of titrations in all
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Fig. 1: Pathways of ketone body-linked ATP generation by mitochondrial oxidative phosphorylation. Ketone body oxidation is initiated
by addition of p-hydroxybutyrate (HBA) in the presence of ADP (yellow shaded area); complete ketolysis is achieved by further addition of
malate (M; green shaded area); further addition of acetoacetate (ACA) allows further insight into the interplay of the various enzymes
involved in ketolysis (for a detailed explanation, see Methods). The isolated contribution of ACA to ketolysis can be achieved by addition of
ACA and M in the presence of ADP (blue shaded area). ADP: adenosine diphosphate; ATP: adenosine triphosphate; BDH1: B-hydroxybutyrate
dehydrogenase; CoA, coenzyme A; CoQ: coenzyme Q; e™: electron; FADH,: flavin adenine dinucleotide; H™: proton; JO,: oxygen flux; KL:
ketolysis; NADH: nicotinamide adenine dinucleotide; p: phosphorylating (coupled) mitochondrial respiration state; SCOT: Succinyl-CoA: 3-
ketoacid (oxoacid) coenzyme A transferase; TCA: tricarboxylic acid cycle. Figure generated using BioRender.com (Toronto, CA).

the tissue investigated (n = 3, mixed-sex, 17 weeks old
C57BL/6] mice). In these experiments, NaHBA (or
LiACA) was added to chamber A and NacCl (or LiCl) to
chamber B, enabling simultaneous measurements in
parallel chambers. Results indicate no osmolarity ef-
fects on JO, values at the highest concentration of
NaHBA and LiACA used in our SUIT protocols
(Supplementary Figure S2).

Combined ketone body SUIT protocol

To assess the association of insulin resistant states with
KB oxidation in HRR, we devised a combined KB SUIT
protocol incorporating both HBA and ACA that can
quantify the complete contribution of ketolysis to
OXPHOS and the interplay between the different
ketolytic enzymes within a single analysis. To deter-
mine the initial step of ketolysis ([HBA]p, where P in-
dicates phosphorylation; Fig. 1, yellow shaded area),
saturating ADP concentrations (5 mM) were added,
followed by brief stabilisation and subsequent injection
of a single dose of saturating HBA, pre-determined via

the above-mentioned HBA-titration protocols, to stim-
ulate maximal HBA-linked OXPHOS capacity. For
ketolysis to proceed, sufficient supply of succinyl-CoA
to SCOT is required; this was achieved by subsequent
addition of the TCA cycle metabolite malate (2 mM),
which if added by itself has negligible impact on
OXPHOS.*® Because this step encompasses complete
ketolysis, we named this respiratory state “[KL]p”
(Fig. 1, green shaded area). To gain further insight into
the relative contribution of the various enzymes
involved in ketolysis, we included a third step, whereby
ACA can be titrated stepwise or added in a single in-
jection. We named this readout “[KL + ACA]p". The
ratio between [KL]p and [KL + ACA], ([KL]p/
[KL + ACA]Jp) allows to determine whether and to which
extent the activity of specific ketolytic enzymes may be
rate limiting. In this regard, a ratio below 1 suggests
that addition of ACA provides further substrate for the
reaction catalysed by SCOT/mThiolase, suggesting
BDH1 would be rate limiting. A ratio above 1 suggests a
product-induced inhibition of the equilibrium of the
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reaction catalysed by BDH1 (Le Chatelier’s principle),
since its product (ACA) is now provided at greater
concentrations; this would indicate that SCOT/mThio-
lase do not possess a “reserve capacity” to further drive
ketolysis. Thus, a higher [KL]p/[KL + ACA]p ratio may
suggest a lower ability to utilise excess ACA over the
already present HBA. When KB-supported mitochon-
drial respiration is low, the [KL]/[KL + ACA] ratio
should be interpreted with caution, as it may not reli-
ably reflect meaningful differences in BDH1 relative to
SCOT activity.

After these KB states, 5 mM pyruvate (except human
and mouse myocardium) and 10 mM glutamate
(KL + ACA + N]p), and 10 mM succinate
(KL + ACA + NSJp) were added to test the samples’
response to non-KB substrates. Leak respiration (L) was
subsequently assessed by addition of the ATP synthase
inhibitor oligomycin (2.5 uM, except human heart: 5
pM; [KL + ACA + NSJp) (except for human skeletal
muscle). Maximal uncoupled respiratory ETS (E) ca-
pacity ([KL + ACA + NSJg) was assessed by stepwise
titration with the protonophore FCCP (0.75-1.5 uM).
The CIII inhibitor antimycin A (5 pM) was finally added
to determine non-mitochondrial oxygen consumption
(ROX). A detailed description of the substrates, in-
hibitors, and uncoupler concentrations used for the
combined KB SUIT protocol is presented in
Supplementary Tables S1 and S2 for all mouse and
human organs tested, respectively. The resulting JO,
values of permeabilised mouse heart, skeletal muscle
(soleus), and kidney cortex are presented in
Supplementary Figure S3. Owing to the inability of
hepatocytes to undergo ketolysis due to the lack of
SCOT,” our combined KB SUIT protocol is unsuitable
for hepatic tissue, as the respiratory states [KL]p and
[KL + ACA]Jp cannot be achieved; hence, we did not use
it in the liver.

NADH and succinate-linked (NS) and fatty acid, NADH, and
succinate-linked (FNS) SUIT protocols

NS or FNS protocols were used as surrogates of
maximal coupled OXPHOS capacity to calculate the
ratios of KB-linked respiration relative to maximal
OXPHOS capacity. 5 mM pyruvate, 10 mM glutamate,
and 10 mM succinate (as well as 1.0 mM octa-
noylcarnitine in the heart) were added in the presence
of saturating ADP (5 mM) to stimulate P with limita-
tion of flux by convergent electron input via the N and S
pathway. Substrates of the F pathway were only added
in the heart protocols due to its higher physiological
reliance on fatty acids,*” to stimulate P with limitation
of flux by convergent electron input via the F, N and S
pathway. Of note, when substrates of the F, N, and S
pathways were added after KB substrates, the resulting
JO, values were mostly significantly lower than in
similar protocols without prior addition of KB
(Supplementary Figure S4). Thus, maximal OXPHOS
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capacity determined from KB + FNS and FNS protocols
should not be used interchangeably to ensure the in-
ternal validity of the calculated ratios. However, using a
KB + ENS protocol to determine maximal OXPHOS
capacity remains a valuable approach when tissue or
machine availability is limited. In the present study,
this was the case for the kidney cohort, where, due to a
shortage of machine availability, the combined KB
SUIT protocol described above was used.

Tissue homogenisation

Briefly, proteins were extracted from ~20 mg of frozen
tissues and homogenised in 200 pl of lysis buffer
(25 mM trisaminomethane-hydrochloride (Tris—-HCI),
1 mM ethylenediaminetetraacetic acid (EDTA), 150 mM
NaCl, 0.2% Tergitol) with protease (cOmplete Tablets,
EASYpack, Roche Diagnostics) and phosphatase
(PhosSTOP, EASYpack, Roche Diagnostics) inhibitors.
Samples were shaken thrice for 1 min at 20 Hz in a
TissueLyser II (Qiagen) and centrifuged (13,000 rpm,
15 min, 4 °C) to pellet insolubilised material. The
concentration of the extracted proteins was determined
in the supernatant using the bicinchoninic acid (BCA)
Assay Kit (Thermo Scientific, Dreieich, Germany).
Tissue homogenates were subsequently used for both
citrate synthase (CS) activity measurements and
immunoblotting.

Citrate synthase activity

CS activity was assayed spectrophotometrically by a
commercially available kit (Citrate Synthase Assay Kit;
Sigma-Aldrich, St. Louis, MO, USA), according to
Morgunov and Srere” and is expressed as [nmol min~"
mg tissue™'].

Immunoblotting

Expression levels of proteins of interest were assessed
by immunoblotting, as previously described.”” Aliquots
of 20 pg of total proteins were diluted 4 times with
reducing Laemmli sample buffer containing 2-
mercaptoethanol (1610747, Biorad, CA, USA), boiled
5 min at 95 °C and then loaded onto a SDS-
polyacrylamide gradient gel (4-20% Mini-PRO-
TEAN® TGX™ Stain-Free Gels, Biorad, CA, USA).
Prior to immunoblotting the stain-free gels were UV-
activated for 1 min and pictures were taken using the
ChemiDoc MP imaging system (Biorad, CA, USA).
Proteins were transferred to a polyvinylidene difluoride
membrane using the Trans-Blot Turbo Transfer System
(Biorad, CA, USA), imaged using the ChemiDoc MP
and quantified using Image Lab™ 6.0.1 software (Bio-
Rad, CA, USA) for normalisation. The membranes
were blocked in 5% milk in Tris-buffered saline-Tween
(TBS-T) for 2 h at room temperature and then they were
incubated overnight at 4 °C with the primary antibodies
diluted 1:1000. On the next day, membranes were
washed with TBST buffer and incubated for 1 h at room
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temperature with a horseradish peroxidase-conjugated
secondary anti-rabbit antibody, diluted 1:2500. The
sources and catalogue numbers of the respective anti-
bodies are provided in Supplementary Table S3. The
membranes were finally coated with Immobilon West-
ern Chemiluminescent HRP Substrate (Merck Milli-
pore, Darmstadt, Germany) and the proteins were
detected using the ChemiDoc MP in combination with
ImageLab for densitometric analysis. Immunoblot data
were normalised to total protein quantification obtained
from stain-free membrane imaging (loading control)
and expressed in arbitrary units. For analysis and
comparison of samples on different gels, an inter-run
calibrator (IRC) was loaded as reference sample on
each gel to correct for gel-to-gel variation.”

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 10.0.1 (GraphPad Software, San Diego,
California, USA) or R version 4.3.0 (R Foundation for
Statistical Computing, Vienna, Austria). All values in
figures are reported as mean + SEM. In tables showing
cohort characteristics, data are presented as median
with the interquartile ranges or as total number and
proportion. Standard distribution was assessed using
Shapiro-Wilk tests and visually using normal QQ plots
and histograms. Michaelis—-Menten kinetics were
calculated by subtracting values of mitochondrial
respiration prior to first titration of the respective sub-
strate (HBA or ACA) from all values. For comparison of
different respiratory states within a single protocol,
repeated measurement mixed-effects models (REML)
were used with post-hoc pairwise between-group tests.
Post-hoc tests were corrected for multiple testing based
on the false discovery rate, in that p values were re-
ported as significant only in cases were the q value was
below 0.05.* Simple comparisons between groups
without repeated measurements were carried out using
paired parametric (paired t-test), paired non-parametric
(Wilcoxon signed-rank test), unpaired parametric
(Welch’s t-test), or unpaired non-parametric (Mann-
Whitney-Test or Fisher’s exact test) tests, as specified in
the respective figure legends and table footnotes, and
according to the underlying study cohort and distribu-
tion, respectively. Differences in medians between hu-
man groups were analysed using the Hodges-Lehmann
Estimator with 95%-confidence intervals; differences in
proportions between human groups wusing the
Newcombe-Wilson Score with Continuity Correction
for 95% confidence intervals. Univariate linear regres-
sion models were used to assess the associations of
insulin sensitivity and KB respiratory states in human
skeletal muscle. Multiple linear regression analyses
using the least squares method were performed for
respiratory outcomes adjusting for the covariates age
and body mass index (BMI) in the human groups. Sex-
stratified analysis of mitochondrial respiration was

conducted for the human cohorts with sufficient group
size after sex stratification. An alpha level of 0.05 was
considered statistically significant. In figures where
multiple testing was corrected using the false discovery
rate, values reflecting statistically significant differences
(q < 0.05) are indicated with an asterisk (*). All p-values
are reported in figures and tables, while only p-values
indicating statistically significant differences (p < 0.05)
are reported in the Results.

Role of funders

The funders were not involved in the design of the
study, data collection, analysis or interpretation, and
had no role in writing the manuscript.

Results

To determine the contribution of ketolysis to OXPHOS
and the interplay between the different ketolytic en-
zymes in T2D, obesity, and MASLD, we devised a
combined KB SUIT protocol consisting of the sequen-
tial addition of i) HBA to assess [HBAJp (Fig. 1, yellow
shaded area), ii) malate, to assess complete ketolysis
(KL]p; Fig. 1, green shaded area), and iii) ACA, to
assess potential differences in the activity of distinct
ketolytic enzymes ([KL + ACA]p; Fig. 1 & Methods).

Lower ketone body-dependent OXPHOS capacity in
the type 2-diabetic heart

We employed our combined KB SUIT protocol in hu-
man ventricular myocardium derived from humans
with and without T2D undergoing routine endomyo-
cardial biopsies after heart transplantation. Persons
with T2D presented with higher HbA,;., BMI, and
circulating non-esterified fatty acids than controls and a
higher proportion of participants in the T2D group
were treated with antihyperglycemic treatments such as
metformin, dipeptidyl peptidase (DPP4) inhibitors,
sodium-glucose co-transporter 2 (SGLT2) inhibitors
and insulin therapy; the two groups did not differ in any
other demographic characteristics (Supplementary
Table S4).

Participants with T2D presented with 24% and 32%
lower JO, values in the KB-linked respiratory states
[KL]p and [KL + ACAJp, respectively (both p < 0.05;
Fig. 2a). With respect to alterations in mitochondrial
respiration driven by non-KB substrates, consistent
with previous observations by our and other
groups,”’>’* we observed a numerically, but not signif-
icantly reduced OXPHOS capacity for the respiratory
states [F]p, [FN]p, and [FNS]p in the T2D group (Fig. 2b).
To gain further insight into the relative contribution of
KB metabolism to maximal coupled OXPHOS capacity,
we calculated the ratios between the three states of KB-
linked mitochondrial respiration (Fig. 2a) and the
maximal coupled OXPHOS capacity achieved during
the FNS protocol ([FNSlp; Fig. 2b). We observed a
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Fig. 2: Reduced ketone body dependent OXPHOS capacity in the diabetic heart. Mitochondrial respiration (JO,) of permeabilised ven-
tricular myocardium of heart transplant recipients undergoing routine endomyocardial biopsy without (Control) versus with Type 2 Diabetes
(T2D), obtained with (a) the combined ketone body (KB) and (b) the fatty acid oxidation (F), NADH (N), and succinate (S) combined (FNS)
pathway mitochondrial respiration protocols. (c) Relative contribution of the different respiratory states of KB-linked versus maximal coupled
FNS-linked mitochondrial respiration. (d) [KL]p/[KL + ACA]p ratio. a-c: repeated-measurements mixed-effects (REML) model with correction
for multiple testing with the false discovery rate.”* d: Welch’s t-test. n = 35 (control) versus 22 (T2D). Data are mean + SEM. HBA:
B-hydroxybutyrate; ¢: electron transport chain capacity (noncoupled) mitochondrial respiration state; JO,: oxygen flux; KL: ketolysis; |: leak

mitochondrial respiration state; p: phosphorylating (coupled) mitochondrial respiration state.

significant reduction in the ratio [KL + ACA]p/[FNS]p in
T2D (p = 0.014; Fig. 2c). Additionally, the ratio [KL]p/
[KL + ACA]p was greater than 1 and higher in T2D
(p = 0.043; Fig. 2d). The decrease in the two respiratory
states involving the enzyme SCOT ([KL], and
[KL + ACAJp) along with the reduction in the
[KL + ACA]p/[FNS]p ratio in T2D, coupled with the in-
crease in the [KL]p/[KL + ACA]p ratio, suggests that
impaired KB oxidation in the diabetic heart may be
driven more by the reduced ability of SCOT to metab-
olize ACA than by the ability of BDH1 to metabolize
HBA. Separate sensitivity analyses showed consistency
with these findings in male and female participants
(Supplementary Figure S5) and in participants with and
without SGLT2 inhibitor therapy (Supplementary
Figure S6). Due to the potential confounding effects
of age and BMI, we performed linear regression ana-
lyses for all respiratory outcomes, which also presented
comparable results (Supplementary Table S5). Finally,
when measured across both groups, HbA; levels were
inversely correlated with [KL]p (Spearman r = —0.262,

www.thelancet.com Vol 122 December, 2025

p = 0.049) and [KL + ACA]p (Spearman r = —0.287,
p = 0.031) (Supplementary Figure S7). Taken together,
these results indicate that KB-linked mitochondrial
respiration is lower in the diabetic heart, particularly
with respect to ACA-driven respiration. Future research
should investigate the temporal dynamics of cardiac
KB-linked and FNS-linked mitochondrial ATP produc-
tion changes during T2D progression.

Lower KB-dependent mitochondrial OXPHOS
capacity in the type 2-diabetic skeletal muscle
Impaired mitochondrial oxidative function and mito-
chondrial metabolic flexibility, a mechanism by which
an organ’s mitochondria adapt to altered bioenergetic
demands,” have previously been shown in skeletal
muscle of T2D when compared to glucose-tolerant
humans.”* Here, we aimed to investigate if the capac-
ity to utilise KBs for ATP production in skeletal muscle
of humans with T2D is also lower. Study participants
with and without T2D”” did not differ with respect to
demographic characteristics, such as age, sex, or BMI
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(Supplementary Table S6). Similar to findings in the
human diabetic heart, our combined KB SUIT protocol
revealed lower KB-linked OXPHOS capacity in humans
with T2D in the [KL]p and the [KL + ACA]p state (both
p < 0.05; Fig. 3a). In parallel, we report no difference in
maximal OXPHOS capacity between humans with and
without T2D in the NS pathway mitochondrial respi-
ration protocol (Fig. 3b). Although most studies have
shown a decrease in maximal OXPHOS capacity in
diabetes,”*”*”* our results are consistent with previous
work indicating no difference in NS-driven OXPHOS
capacity in participants with obesity and diabetes versus
participants without diabetes.** As a consequence of the
above findings, the relative contribution of KBs to
maximal coupled OXPHOS capacity was 48-58% lower
in T2D compared to non-diabetic controls in all three
KB-linked respiration states (all p < 0.05; Fig. 3c). The
[KL]p/[KL + ACA]p ratio was higher in T2D (p = 0.038;
Fig. 3d); although these findings should be interpreted
with caution given the overall low JO, response, they
may potentially reflect an impaired SCOT-mediated
degradation of additional ACA at saturating HBA con-
centrations in diabetic skeletal muscle. A separate
sensitivity analysis in participants not receiving SGLT2
inhibitors showed results consistent with the main
findings (Supplementary Figure S8). Similarly, linear
regression analysis adjusting for age and BMI yielded
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comparable results or trends (Supplementary Table S7).
Finally, insulin sensitivity, as assessed using the OGIS
index,” was associated with [KL]p/[NS]p (R* = 0.451,
p = 0.024) and presented a similar trend with [HBA]p/
[NS]p (R* = 0.297, p = 0.083) (both Supplementary
Figure S9). Overall, these findings indicate a reduced
ability of skeletal muscle mitochondria to utilise KBs as
a substrate to generate ATP through OXPHOS in in-
dividuals with T2D as compared to those without T2D,
supporting the concept of impaired mitochondrial
metabolic flexibility in skeletal muscle of humans with
T2D and insulin resistance.”’

To assess whether these functional differences
stemmed from changes in mitochondrial content, we
measured CS activity, a validated biomarker of mito-
chondrial abundance,*" and found no differences be-
tween groups (Fig. 3e). Following normalisation to CS
activity, respiratory values showed trends similar to the
non-normalised values (Fig. 3a and b), although no
significant differences were detected (Supplementary
Figure S10). Moreover, there was no difference be-
tween groups in the protein content of the key ketolytic
enzymes BDH1 and SCOT (Fig. 3f; Supplementary
Figure S11). Taken together, these findings suggest
that the observed changes in KB-linked mitochondrial
OXPHOS capacity were not attributable to differences
in mitochondrial content or in BDH1 and SCOT
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Fig. 3: Lower KB-dependent mitochondrial OXPHOS capacity in the type 2-diabetic skeletal muscle. Mitochondrial respiration (JO,) in
permeabilised skeletal muscle (vastus lateralis) fibres from type 2 diabetes (T2D) versus glucose-tolerant (Control) individuals, obtained with
(a) the combined ketone body and (b) the NADH (N) and succinate (S) combined (NS) pathway mitochondrial respiration protocols. (c)
Relative contribution of the different respiratory states of KB-linked versus maximal coupled NS-linked mitochondrial respiration. (d) [KL]p/
[KL + ACA]p ratio. Analysis of (e) Citrate Synthase (CS) activity, a marker of mitochondrial content, and (f) protein expression of
B-hydroxybutyrate dehydrogenase (BDH1) and succinyl-CoA: 3-ketoacid (oxoacid) coenzyme A transferase (SCOT). Representative immu-
noblots of BDH1 and SCOT from three replicates of each group are shown. a, d: n = 7 versus 13. b, c: n = 6 versus 6, e: n = 6 versus 12, f:
n = 7-12. a-c: repeated-measurements mixed-effects (REML) model with correction for multiple testing with the false discovery rate.”* d and
e: Welch's t-test. f: Mann-Whitney-Test. Data are mean + SEM. HBA: B-hydroxybutyrate; ¢: electron transport chain capacity (noncoupled)
mitochondrial respiration state; JO,: oxygen flux; KL: ketolysis; : leak mitochondrial respiration state; p: phosphorylating (coupled) mito-

chondrial respiration state.
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protein expression, but were more likely related to
functional deficits in mitochondrial KB metabolism.

Lower KB-dependent OXPHOS capacity in the
kidney cortex of diet-induced obese male mice
Increasing evidence suggests that mitochondrial alter-
ations associated with insulin resistant states are not
only found in cardiac and skeletal muscle, but also in
the kidney."* Furthermore, altered renal mitochon-
drial function is a pathological mediator of kidney dis-
ease,” and T2D is associated with altered kidney
function.'* Finally, KBs may possess reno-protective
properties due to their ability to reduce renal oxidative
stress and apoptosis, and to promote anti-inflammatory
proteins.®” Given the above background, we sought to
investigate if renal KB-driven mitochondrial respiration
is also affected by obesity and insulin resistance. In the
absence of fresh human kidney cortex, we utilised our
combined KB respirometry protocol to investigate po-
tential alterations in KB-linked mitochondrial respira-
tion in the kidney cortex of a DIO C57BL/6] mouse
model reflecting obesity and prediabetes,” both of
which are tightly associated with insulin resistance.
Mouse characteristics are presented in Supplementary
Table S8. In DIO mice, plasma insulin levels, a
marker of insulin resistance, were more than 5 times
higher compared to controls (p = 0.002).

Absolute KB-linked respiration was lower in DIO mice
compared to controls for all KB respiratory states (all
p < 0.05; Fig. 4a), suggesting that these metabolic
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conditions reduce the ability of renal cortex to generate
ATP from KBs. No difference between groups was re-
ported following the subsequent addition of NS pathway
substrates (KL + ACA + NS]p: 237.56 + 45.26 and
240.46 + 71.86 pmol s mg™" for control and DIO mice,
respectively; p = 0.910, unpaired Welch’s t test). As a
consequence, the relative contribution of KB-driven res-
piratory states to maximal coupled OXPHOS capacity was
also reduced in DIO versus controls for all KB respiratory
states (all p < 0.05; Fig. 4b). The [KL]p/[KL + ACAJp did
not differ between groups (Fig. 4¢). Taken together, these
findings demonstrate that obesity-induced insulin resis-
tance results in a reduced ability of renal mitochondria to
utilise KBs for ATP production by OXPHOS.

To determine if variations in mitochondrial content
could explain these functional differences, we quanti-
fied CS activity, and observed no group differences
(Fig. 4d). When respiratory values were normalised to
CS activity, the patterns mirrored those of the unad-
justed data (Fig. 4a), but failed to reach statistical sig-
nificance (Supplementary Figure S12). In contrast, the
protein expression of BDH1 and SCOT was reduced in
the kidney cortex of DIO mice (both p < 0.05, Fig. 4e
and f; Supplementary Figure S13), further corrobo-
rating mitochondrial functional reductions. Taken
together, these findings suggest that the mitochondrial
functional impairments related to KB metabolism in
the DIO kidney may be due to defects in key enzymes
of the ketolytic machinery, rather than to an overall
reduction in mitochondrial content.
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Fig. 4: Decreased KB-dependent OXPHOS capacity in the kidney cortex of diet-induced obesity (DIO) male mice. (a) Mitochondrial
respiration (JO,) of permeabilised kidney cortex from DIO versus normal chow diet-fed (control) C57BL/6) male mice, obtained with the
combined ketone body mitochondrial respiration protocol. (b) Relative contribution of the different respiratory states of KB-linked versus
maximal coupled mitochondrial respiration determined following subsequent addition of substrates of the NADH (N) and succinate (S)
pathways combined ([KL + ACA + NSJp). (c) [KL]p/[KL + ACA]p ratio. (d) Citrate Synthase (CS) activity and (e) protein expression of
B-hydroxybutyrate dehydrogenase (BDH1) and succinyl-CoA: 3-ketoacid (oxoacid) coenzyme A transferase (SCOT). (f) Representative im-
munoblots of BDH1 and SCOT from three control and three DIO mice are shown. n = 10 versus 12. a: repeated-measurements mixed-effects
(REML) model with correction for multiple testing with the false discovery rate.”* b: multiple Mann-Whitney-tests, corrected for multiple
testing with the false discovery rate.”* c-e: Welch's t-test. Data are mean + SEM. ACA: acetoacetate; HBA: B-hydroxybutyrate; JO,: oxygen flux;
KL: ketolysis; p: phosphorylating (coupled) mitochondrial respiration state.
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Ketone body metabolism in the liver

The liver is the primary source of circulating KBs in
humans for other organs through ketogenesis; this in-
volves conversion of acetoacetyl-CoA to ACA, which is
the rate limiting step of ketogenesis.* Correspondingly,
unlike other mammalian cell types, where it is abun-
dantly expressed, SCOT is not traceable in hepatocytes,
indicating hepatocytes are not utilising ACA to generate
ATP in vivo.” However, BDH1, the enzyme catalysing
the equilibrium reaction between HBA and ACA
(Fig. 1), is expressed in the liver to a relatively high
extent.*” Moreover, monocarboxylate transporter (MCT)
1 and other MCT proteins involved in the cellular
transport of KBs are also present in hepatic tissue.®®
Thus, all prerequisites to use HBA as a substrate for
mitochondrial oxidation are present in hepatocytes,
even if further degradation of ACA is not possible due
to a lack of SCOT.

To confirm the ability of hepatic tissue to utilise
HBA as a substrate for mitochondrial oxidation ex vivo,
we titrated HBA at saturating ADP concentrations in
mouse and human liver, as we did for the other keto-
lytic organs. Addition of HBA as a sole substrate
increased JO, dose-dependently, indicating that both
mouse and human liver can indeed oxidise HBA ex vivo
(Fig. 5a and b). Of note, given the liver’s ketogenic
nature, the JO, values measured in this experiment
may rather reflect a non-physiological direction (HBA
oxidation to ACA). Titration of HBA at saturating ADP
concentrations in primary hepatocytes isolated from
mouse and human livers confirms that hepatocytes can
indeed catabolise HBA ex vivo for ATP generation
(Fig. 5c and d, respectively). The JO, response to spe-
cific inhibitors and uncouplers added following the
HBA titrations in permeabilized mouse liver, as well as
in both mouse and human primary hepatocytes
(Supplementary Figure Sl14a, b, and ¢, respectively)
confirms that oxygen consumption in these experi-
ments stems from mitochondrial OXPHOS via direct
NADH entry through CI, as portrayed in Fig. 1. Taken
together, our data demonstrate that HBA oxidation can
be quantified in the liver ex vivo using HRR. The
resulting values likely represent the enzymatic activity
of BDH1 in conjunction with that of cytosolic/mito-
chondrial transporters linked to OXPHOS, without
involvement of the TCA cycle (Fig. 1, yellow shaded
area). However, whether BDH1 operates in ketolytic
fashion (oxidation of HBA to ACA) in vivo in the liver,
which is primarily a ketogenic organ,” remains to be
determined.

As expected, titration of ACA in the presence of
malate, yielded minimal (mouse) or no (human) in-
creases in JO, in liver tissue (Fig. 5e and f, respectively).
The lack of response to ACA in primary hepatocytes
isolated from mouse and human liver (Fig. 5g and h,
respectively) indicates that the minimal increases in JO,
reported in mouse liver could be attributed to hepatic

cell types other than hepatocytes, and that both murine
and human hepatocytes cannot catabolise ACA for ATP
generation, as expected. The minimal increase in JO, in
mouse liver tissue may relate to recent findings
demonstrating a hepatocyte-macrophage ketone shut-
tle, whereby liver macrophages utilise ACA as fuel
substrates in a mechanism coordinating a protective
fibrogenic response to hepatic injury.'®

Lower hepatic HBA-supported mitochondrial
OXPHOS capacity in MASLD

Alterations in mitochondrial function and substrate
utilisation have also been observed in MASLD.>"
Hence, changes in the HBA-supported respiratory
state in the liver could be used as a readout of variations
in hepatic KB metabolism in MASLD.” To test this, we
compared hepatic [HBA]p in obese humans with and
without histologically confirmed steatosis (cut-off: >5%
liver lipid content), with similar demographic and
clinical characteristics (Supplementary Table S9). In
participants with obesity and steatosis, hepatic [HBA]p
values were lower compared to those without steatosis
(p = 0.026; Fig. 5i), consistent with previous findings.”
Mitochondrial ~respiration induced Dby substrates
entering the ETS via the N or the NS pathway was not
different between steatotic and non-steatotic hepatic tis-
sue in this obese cohort (Fig. 5j). As a result, relative to
maximal coupled OXPHOS capacity through the N
pathway (which is particularly relevant in this case
because the reducing equivalents generated by HBA in
the liver enter the ETS only via CI in the N pathway),
[HBA]p was lower in steatotic compared to non-steatotic
tissue (p = 0.002; Fig. 5k). Similar differences were
observed after normalisation by the NS pathway
(p = 0.012; Fig. 5k). Because the steatosis but not the non-
steatosis group included male participants, we conducted
a sensitivity analysis restricted to females (Supplementary
Figure S15), which vyielded results similar as the
combined-group analysis. Adjustment of JO, values for
age and BMI using linear regression analysis produced
results comparable to the wunadjusted analysis
(Supplementary Table S10). Considering the bidirectional
nature of the equilibrium reaction catalysed by BDH1, the
above findings can be interpreted as reflecting both
ketolysis and ketogenesis, with the latter likely repre-
senting the more physiologically probable outcome.

In line with previous studies that have reported an
increase in mitochondrial content in liver steatosis,” we
also observed an increase CS activity in our steatosis
cohort (p = 0.034; Fig. 51). Following normalisation to CS
activity, hepatic [HBA]p values yielded an even more
pronounced reduction in the steatotic liver (p = 0.003;
Supplementary Figure S16a), whereas OXPHOS capacity
supported by the NS pathway remained not different
between groups (Supplementary Figure S16b). Despite
lower [HBA]p values in steatotic livers (Fig. 5i), protein
expression of BDH1 did not differ between groups
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primary hepatocytes with non-linear regression fits based on the mean values according to the Michaelis Menten equation. JO, values from
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(Fig. 5m and n, Supplementary Figure S17), further
supporting the relevance of KB respirometry protocols for
investigating KB metabolism across different organs.
Taken together, these findings suggest that hepatic stea-
tosis may be associated with an increased mitochondrial
content with reduced efficiency in KB metabolism.
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Discussion

In the present study, we utilised KB-targeted HRR
protocols to obtain a comprehensive and sensitive
readout of mitochondrial KB utilisation for energy
supply in specific organs in different insulin resistant
states. We detected lower ex vivo mitochondrial KB
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utilisation for ATP generation by OXPHOS in insulin
resistant states in all of the organs tested.

Studies on the impact of insulin resistance on
mitochondrial oxidative function and metabolic flexi-
bility in the human heart are complicated by the
shortage of safely acquirable tissue and the existing
knowledge mostly relies on non-invasive methods or
extrapolations from animal studies.” Yet, increasing
evidence suggests a lower mitochondrial oxidative ca-
pacity*”**" and mitochondrial metabolic inflexibility****
in the diabetic human heart, which appears to be
already detectable in prediabetic states.”” Our data
support the concept of impaired mitochondrial meta-
bolic flexibility in the diabetic human heart by showing
a reduced capacity to utilise KBs as substrates for
mitochondrial OXPHOS. This reduction takes place
even in the absence of significant reductions in mito-
chondrial OXPHOS capacity driven by substrates of the
F, N and S pathways. Our results suggest that alter-
ations of mitochondrial KB metabolism may be an early
indicator of metabolic derangements in the diabetic
heart.

The decrease in KB-linked OXPHOS capacity re-
ported in the present study aligns with findings from
animal studies demonstrating suppression of ketolytic
enzymes in obesity or diabetes.**** Previous studies
suggest that diabetes is associated with an increase in
circulating KBs and enhanced myocardial KB up-
take 09+ However, although organs have been
shown to extract metabolites in proportion to their
circulating blood levels,**** subsequent research indicates
that increased KB uptake does not necessarily translate
into greater KB oxidation or ATP generation in the
heart.*" This is because KB oxidation is influenced by
several other factors, including the protein abundance or
activity of enzymes involved in KB metabolism and the
OXPHOS system, thus indicating a possible imbalance
between KB supply and utilisation.” This underscores
the value of assessing KB-linked OXPHOS capacity with
respirometry, as used here, to better characterise tissue-
specific pathological changes in KB metabolism in
insulin-resistant states. Finally, given the evident imbal-
ance between KB availability and utilisation, a thera-
peutic strategy aimed solely at increasing myocardial KB
levels is unlikely to mitigate the impaired mitochondrial
fuel supply in the diabetic heart.

Unlike in the heart, there is a plethora of studies
examining mitochondrial OXPHOS in human skeletal
muscle in insulin resistant states due to easier tissue
acquisition.”*7#*>%” Skeletal muscle of individuals with
insulin resistance or T2D features alterations in mito-
chondrial quality control processes, content, and res-
piratory function,’ resulting in altered mitochondrial
metabolic flexibility.>** There are discrepancies related
to studies investigating changes in mitochondrial
respiration in skeletal muscle of humans with T2D
when this is stimulated with substrates of the NS (or

ENS) pathways; while the majority of the available
literature has shown that T2D is associated with a
reduction in mitochondrial OXPHOS capacity,”*’*” a
lack of change has also been reported,®”” as also indi-
cated by our current findings. However, the present
study provides evidence of a decrease in KB-linked
mitochondrial OXPHOS capacity in human T2D skel-
etal muscle. This could be an indicator of impaired
metabolic flexibility of skeletal muscle mitochondria to
adapt their substrate preference. In addition, our study
shows that skeletal muscle of humans with T2D ex-
hibits also a marked decrease in the relative contribu-
tion of KB metabolism to energy production that
associated with lower insulin sensitivity. Although the
contribution of KB-linked mitochondrial respiration is
minimal compared to classic NS pathway substrates in
human skeletal muscle, as previously reported,” the
whole-body contribution remains physiologically rele-
vant, due to the large contribution of skeletal muscle to
total body mass.**

Divergent results-both increases and decreases—
have been reported for skeletal muscle KB meta-
bolism in insulin resistant states.***** In the present
study, we observed a reduction in KB-dependent
OXPHOS capacity in vastus lateralis muscle of in-
dividuals with T2D, despite no differences in BDH1
and SCOT protein expression (Fig. 3). Discrepancies
among these findings are difficult to reconcile, as they
likely arise from differences in species, muscle type,
metabolic state, and the methodologies used to assess
KB metabolism. However, the combined KB SUIT
protocol employed in the present study provides a direct
measure of the capacity of KBs to generate ATP, thereby
offering insights into whether surrogate markers of
ketolysis accurately reflect KB-dependent mitochondrial
ATP production. This makes it a valuable comple-
mentary assay to the existing methods in the field,
further highlighting the significance of our KB SUIT
protocol. Finally, our findings question whether a
therapeutic approach aimed solely at increasing skeletal
muscle KB levels is able to mitigate the impaired
mitochondrial fuel supply in the diabetic skeletal
muscle, given its diminished ability to use KB for
OXPHOS. Instead, targeting skeletal muscle mito-
chondrial KB metabolism directly with pharmacological
or lifestyle interventions may represent a more prom-
ising approach.

KB metabolism plays a central role in the kidney,
due to its almost unique ability to both produce and
utilise KBs, and to the role of KBs as preferred sub-
strates in normal physiological conditions or as readily
available substrates during challenging or under fasted
conditions."! Obesity induces a host of renal mito-
chondrial alterations hampering the kidney’s ability to
carry out its physiological functions.'**** Using desig-
nated HRR protocols, we demonstrate that diet-induced
obesity resulted in a decrease in KB-linked OXPHOS
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capacity in the kidney cortex of male mice, even if the
capacity to generate ATP via substrates of the NS
pathway remained unchanged. The decrease in HBA-
linked mitochondrial respiration, as well as in BDH1
and SCOT protein content in our DIO mice is consis-
tent with previous findings in the kidney cortex of
diabetic rats demonstrating that severe hyperglycaemia
is associated with significantly lower BDH1 protein
content than normoglycemia, and that BDH1 protein
content presents with a strong and positive correlation
with plasma cystatin C,” a marker of renal function.”
The present findings support the concept of impaired
mitochondrial metabolic flexibility in the diabetic kid-
ney cortex,'” which in our study presented as early as in
the obese prediabetic state. This suggests that obesity-
induced derangement of renal KB metabolism may
represent an early adaptation that is associated with the
proven dysregulation of fatty acid metabolism, which is
part of broader alterations in the metabolic landscape in
the obese kidney.*

While the liver is primarily ketogenic and the main
source of circulating KBs in humans and mice,*

evidence exists about the ability of specific liver cells
(macrophages) to utilise KBs as fuel substrates.' In the
present study, we demonstrated that in obese humans
with steatosis, HBA-supported mitochondrial respira-
tion is significantly reduced compared with obese in-
dividuals without steatosis, both in absolute and relative
terms. Even if the clinical relevance of HBA oxidation
in the liver ex vivo remains mostly unknown, the
decrease in [HBA]p in the presence of maintained NS-
linked OXPHOS capacity could indicate either (i) a
state of impaired ketogenesis, suggesting that [HBA]p
can be utilised as a marker of hepatic functional alter-
ations and inadequate mitochondrial adaptations in
MASLD, and/or (ii) a reduced ability of liver mitochon-
dria to generate energy from HBA (limited to the first
step of ketolysis catalysed by BDH1), as previously sug-
gested,” and potentially indicative of impaired mito-
chondrial metabolic flexibility.”" Both, mitochondrial
alterations and mitochondrial metabolic inflexibility are
increasingly recognised as hallmarks of MASLD."*
Future research should therefore investigate if the liver
indeed oxidises HBA also in vivo and if this is altered
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during progression of MASLD. Such studies will have
the potential to identify novel pathways to target the not
yet fully met need to reverse liver fibrosis.

By integrating findings from our combined KB SUIT
protocol and the classic NS (or FNS) pathway protocol, our
approach enabled the characterisation of the relative
contribution of KB metabolism to maximal coupled
OXPHOS capacity driven by OXPHOS substrates of the
F, N and S pathways in several pathophysiological insulin
resistant states in different species and organs (Fig. 0).
Correspondingly, the present study specifically in-
vestigates the contribution of ketolysis to mitochondrial
OXPHOS capacity in the human type 2 diabetic cardiac
and skeletal muscle, the mouse diet-induced obese kid-
ney, and the human steatotic liver. As shown in Fig. 6,
metabolic conditions characterised by insulin resistance
were associated with a reduction in the contribution of
KBs to the overall capacity to generate ATP via OXPHOS
in all tissues analysed, which may reflect the metabolic
landscape associated with systemic insulin resistance. Our
findings highlight the involvement of KB metabolism as a
potential cause or consequence underlying insulin resis-
tance and suggests that modulation of KB metabolism
may represent a promising therapeutic avenue for this
condition.

One of the main advantages of utilising HRR to
determine KB-linked mitochondrial respiration is that
the readouts reflect the integrated functionality of the
various processes involved in mitochondrial KB meta-
bolism, including KB uptake into mitochondria, mito-
chondrial ketolysis, transport of reducing equivalents to
the OXPHOS system, and the final generation of ATP
via OXPHOS. This technique offers a sensitive readout
of KB-related mitochondrial functional impairments
and a more complete picture of KB metabolism than
other currently used spot readouts, such as determi-
nation of a single enzyme content or activity, the
amount of circulating KBs, or individual KBs uptake by
specific organs, as HRR is performed in whole-tissue in
a fully functional mitochondrial system.?*%*>%

Limitations

Ethical and practical constraints on obtaining the
different human tissues limited access to broader
populations and other organs. Consequently, our clin-
ically relevant cohorts including heart-transplant re-
cipients and persons with obesity undergoing bariatric
surgery limit the generalisability of the findings, calling
for their validation in larger different cohorts, across
additional organs and disease states. Particularly, we
were not able to source human kidney, which limited
our examination of renal KB metabolism to a rodent
model of obesity. It is also important to underline that
despite the abovementioned advantages of using HRR
to determine KB metabolism, the results presented
herein need to be interpreted as the maximal stimulable
OXPHOS capacity in a laboratory apparatus where ADP

and oxygen are present at saturating concentrations,
and in the absence of other substrates stimulating
OXPHOS capacity via different pathways. Although this
is the case for most laboratory analyses, as well as for
HRR protocols with classic F, N, and S pathway sub-
strates, it is important to underline that these results
may not completely mirror an in vivo situation. Finally,
although confounding was controlled for in the human
cohorts with respect to age, BMI, and sex, residual
confounding factors cannot be excluded.

Conclusion

In conclusion, we demonstrated that distinct patho-
physiological states of insulin resistance, such as T2D,
obesity, and MASLD are associated with a reduction in
KB-driven mitochondrial OXPHOS capacity across
different organs. Our results begin to fill the evident
gap of previous literature that was limited to the
assessment of single aspects of KB metabolism or
simple KB uptake. In addition, our findings may sug-
gest that in insulin resistant states—such as diabetic
cardiac or skeletal muscle, the steatotic liver, or the
obese kidney—targeting tissue-specific KB OXPHOS
capacity and mitochondrial metabolic flexibility may be
a more promising and valuable therapeutic approach
than increasing circulating KB levels. The findings
provided herein pave the way for new research inves-
tigating the potential of therapeutic strategies targeting
the modulation of KB utilisation in these pathologies.
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