
 

 

 University of Groningen

Manipulating age-related metabolic flexibility
Dommerholt, Marleen

DOI:
10.33612/diss.172053834

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Dommerholt, M. (2021). Manipulating age-related metabolic flexibility: using pharmacological and dietary
interventions. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.172053834

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.172053834
https://research.rug.nl/en/publications/7804fdd0-3143-4409-96c2-a001fe7c4c92
https://doi.org/10.33612/diss.172053834


Chapter

Preprinted on bioRxiv 2021.02.04.429529

1 Laboratory of Pediatrics, University of Groningen, University Medical Center 
Groningen, The Netherlands
2 Department of Analytical Biochemistry, Groningen Research Institute of Pharmacy, 
University of Groningen, The Netherlands
3 Department of Laboratory Medicine, University of Groningen, University Medical 
Center Groningen, Groningen, The Netherlands
4 Central Animal Facility, Mouse Clinic for Cancer and Aging, University of Groningen, 
University Medical Center Groningen, The Netherlands

Marcel A. Vieira-Lara 1

Marleen B. Dommerholt ¹
Wenxuan Zhang 1,2

Maaike Blankestijn 1

Justina C. Wolters 1,2

Fentaw Abegaz 1

Albert Gerding 1,3

Ydwine van der Veen 1,2

Theo H. van Dijk 3

Ronald van Os 4

Dirk-Jan Reijngoud 1

Johan W. Jonker 1

Janine K. Kruit 1

Barbara M. Bakker 1

Age-related susceptibility to insulin resistance is due 
to a combination of CPT1B decline and lipid overload 

Metabolic flexibility in the ageing muscle

4

149201_Dommerholt_BNW.indd   101149201_Dommerholt_BNW.indd   101 28-04-2021   19:0528-04-2021   19:05



102

Chapter 4

Abstract
Advanced age increases the susceptibility to diet-induced insulin resistance (IR). A key 
driver of this phenomenon is lipid accumulation in the skeletal muscle. It is debated, 
however, whether this is due to dietary lipid overload or decline of mitochondrial function. 
To address the interplay of diet and age in the flexibility of muscle lipid and glucose 
handling, we put young and aged mice on a low- or high-fat diet (HFD). As expected, 
aged mice were more susceptible to IR when given a HFD than young mice. The HFD 
induced intramuscular lipid accumulation specifically in aged mice, including C18:0-
containing ceramides and diacylglycerols. This was reflected by the mitochondrial 
β-oxidation capacity, which was upregulated by the HFD in young, but not in old mice. 
Conspicuously, most β-oxidation proteins were upregulated by the HFD in both groups, 
but carnitine palmitoyltransferase 1B (CPT1B) declined in aged animals. Computational 
modelling traced the flux control mostly to CPT1B, suggesting a CPT1Bdriven loss of 
flexibility to the HFD with age. Finally, in old animals glycolytic protein levels were 
reduced and less flexible to the diet. We conclude that intramuscular lipid accumulation 
and decreased insulin sensitivity are not due to age-related mitochondrial dysfunction 
or nutritional overload alone, but rather to their interaction. Moreover, we identify CPT1B 
as a potential target to counteract age-dependent intramuscular lipid accumulation and 
thereby IR.

Keywords
Insulin resistance, skeletal muscle, mitochondrial β-oxidation, ageing
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Background
The skeletal muscle is one of the principal tissues to increase postprandial 

glucose uptake in response to insulin. If the normal metabolic response to insulin is 
compromised, a condition known as insulin resistance (IR) arises (1). Given its major 
role in maintaining whole-body glucose homeostasis, skeletal muscle IR precedes the 
onset of type 2 diabetes (2). Lipid-induced IR is the most important form of IR in the 
skeletal muscle (1, 3, 4), for which ageing is a risk factor (5).

Different mechanisms have been proposed to explain how lipids could interfere with 
normal glucose uptake and utilization in the skeletal muscle. The first mechanism, 
initially described by Randle, is a fattyacidglucose cycle in which fatty acids and glucose 
reciprocally inhibit each other’s oxidation by allosteric enzyme inhibition (6). Since 
then, the focus has shifted to the insulin signalling cascade, which triggers recruitment 
of the glucose transporter GLUT4 to the plasma membrane (1). Diacylglycerols (DG’s) 
and ceramides (Cer’s) are the two major acknowledged lipid classes to cause IR by 
inhibiting the insulin signalling cascade (1, 4, 7).

The accumulation of such lipid species and lipid-induced IR can be ascribed to an 
imbalance between fatty-acid uptake and mitochondrial oxidation (7-9). The current 
debate concerns the question of whether lipids accumulate due to mitochondrial 
dysfunction (9) or as a result of an overload by excess nutrients (10, 11). On the one 
hand, the idea of an underlying mitochondrial defect is supported by reports that 
increasing the fatty-acid β-oxidation capacity protects against IR (12, 13). Moreover, 
increased age has been associated with a decrease in mitochondrial function across 
different species (14-16). On the other hand, different studies have shown that inhibiting 
the first steps of β-oxidation can prevent the development of lipid-induced IR (10, 17, 
18), which led to the idea that overloading the pathway causes a metabolic ‘gridlock’ 
(11). In line with this, computer simulations suggested that the β-oxidation is intrinsically 
susceptible to such a gridlock by an accumulation of intermediate metabolites, leading 
to inhibition of downstream metabolism (19). 

In this study we address the interaction between mitochondrial dysfunction and 
nutritional overload in mice. A potential interaction between both mechanisms is 
supported by the finding that advanced age leads to a higher susceptibility to high-fat-
diet (HFD)-induced IR due to changes in fatty-acid handling (20, 21). We investigated 
by lipidomics profiling how advanced age exacerbates HFD-induced lipid accumulation 
in mouse quadriceps and its relation to peripheral insulin sensitivity. Subsequently, we 
used a systems-biology approach to characterize mitochondrial lipid handling by high-
resolution respirometry, targeted proteomics, and computational modelling. We found 
that aged mice lose their mitochondrial flexibility in the quadriceps to respond to a HFD 
and identified a specific role for CPT1B.
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Research Design & Methods
More detailed description can be found online in the Supplemental Material.

Animals & Diet
Male C57BL/6J mice were obtained from the Mouse Clinic for Cancer and Aging 

of the University of Groningen, and kept under standard housing conditions with ad 
libitum access to food (rodent chow diet (RM1) SDS Diets, Woerden, The Netherlands) 
and water, a 12h light/dark cycle and a temperature-controlled environment. Before 
being fed experimental diets, 3 and 18-month old mice (referred to as young and old, 
respectively) were fed a semi-synthetic LFD and were assigned to either a 20% low- 
(LFD) or 60% high-fat diet (HFD). (based on the AIN-93G breeding diet (D10012G), 
Open Source Diets, New Brunswick, NJ, USA, Supp. Table 1) for 12 weeks. Prior to 
the experiment, mice were put on a 2-week run-in period, containing a control diet 
(10% fat) to normalize microbial health. One week before experimental diets were 
introduced, mice were housed individually. Supp. Fig. 1A: detailed timeline. Energy 
expenditure (EE), respiratory exchange ratio (RER) and measurements from blood 
samples were performed as described elsewhere (22).

Assessment of glucose and insulin tolerance
To determine changes in glucose homeostasis and insulin sensitivity, an oral 

glucose tolerance test (OGTT) was performed following oral administration of 1.5g/kg 
body weight D-glucose after overnight (10h) fasting. A 25% glucose solution (w/v) was 
given by oral gavage. Glucose was measured using a OneTouch Select Plus glucose 
meter (Lifescan, Zug, Switzerland). Insulin concentrations were determined using the 
rat insulin ELISA kit from Crystal Chem (Cat. 90010, Zaandam, The Netherlands) 
and a mouse insulin standard (Cat. 90020, Zaandam, The Netherlands). Homeostatic 
Model Assessment of Insulin Resistance (HOMA-IR) indexes were calculated as 
previously described using both the fasting insulin and fasting glucose levels and 
corrected for mice (23). The Muscle Insulin Sensitivity Index (MISI) calculation was 
adapted from (24).

Lipid extraction, LC-MS analysis and data processing
Frozen quadriceps tissue was homogenized in 0.9% NaCl (15% w/v) using a 

BeadBeater system (Precellys® Evolution, Bertin Technologies). Lipid extraction 
was performed following the protocol of Matyash et al. (25) with slight modifications 
as described in the supplemental materials and methods. LC-MS lipid analysis 
was performed on an Ultimate 3000 High-Performance UPLC coupled with a Q 
Exactive MS (Thermo Fischer Scientific, Darmstadt, Germany). Data acquisition 
was performed with Thermo Xcalibur® software [(version 3.2.63), Thermo Scientific, 
Waltham, MA], Progenesis QI® software (Waters Corporation, Milford, MA) and 
Lipidhunter2 software (26).
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Mitochondrial isolation and respiration
Mitochondria were isolated from fresh quadriceps as previously described with 

adaptations (16). Mitochondrial suspensions were incubated at 37 °C in a two-channel 
high-resolution Oroboros oxygraph-2k (Oroboros, Innsbruck, Austria) according to 
supplement materials. Malate (2 mM) was present in all assays. 2 mM pyruvate (with 
or without 5 mM glutamate) or 25 µM palmitoyl-CoA, the latter supplemented with 2 
mM carnitine, were used as substrates. 

Proteomics
15% (w/v) quadriceps homogenates were prepared in DPBS (Gibco 14190) with 

a BeadBeater system (Precellys® Evolution, Bertin Technologies). Samples were 
centrifuged at 15,000 g for 5 minutes, supernatants were collected and cOmplete™ 
proteinase inhibitor cocktail was added (1:25, Merck 11836145001). Protein 
concentrations were measured with the Pierce BCA Protein Assay Kit (ThermoFisher 
23225). Isotopically-labelled standard peptides for mitochondrial targets had been 
previously selected (27) and additional peptides were selected for enzymes in glucose 
metabolism (table with sequences: Supp. Table 7). In-gel digestion with trypsin, LC-MS 
analysis and data analysis have been performed according to Wolters et al. (27).

Enzyme activities
Hexokinase and pyruvate kinase activities were carried out using NAD(P)H-linked 

assays. Citrate synthase activity was measured by dithionitrobenzoate (DTNB) 
oxidation. Both were performed at 37 °C in a Synergy H4 plate reader (BioTek™) at 
340 nm and 412 nm, respectively. Carnitine palmitoyltransferase (CPT) activity was 
measured by following the production of palmitoylcarnitine with LC/MS-MS.

Western Blots
For Western Blot analysis, quadriceps homogenates (7.5% w/v) in NP-40 buffer were 

used . Electrophoresis, transfer, antibody incubations and detection were performed 
as previously reported (28).

Computational modelling
The computational model of mouse mitochondrial β-oxidation previously described 

(29) was converted to .nb format (Wolfram Mathematica, Wolfram Research, Inc., 
Champaign, IL, USA). A full description of the modelling strategy and the script can be 
found in Supplemental text 1 and Appendix 1, respectively. 

Statistical analysis
Data were visualized using GraphPad Prism software (GraphPad Software Inc., 

version 8.0, 2018) and analysed with either the same software or IBM SPSS Statistics 
(IBM Corp., Version 25.0, 2017). Data are expressed as mean ± SEM unless otherwise 
stated. Analyses were conducted using Student’s t-test, 2- and 3-way ANOVA. 
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Results
Ageing increases susceptibility to develop diet-induced insulin resistance

Young (3 months) and old (18 months) C57BL/6J mice were given either a low- 
(LFD) or high-fat (HFD) for 12 weeks. The diets consisted of 20% and 60% of kcal from 
fat, respectively (Supp. Table 1). Despite old mice being already heavier than young 
mice, both age groups fed with a HFD gained more weight than their LFD counterparts 
(Fig. 1A-B). Young and old mice gained the same absolute quantity of body fat (Fig. 
1C) and body weight (Supp. Fig. 1B) on the HFD. Aged mice had, on average, a 17% 
higher food intake than young mice, in agreement with higher body weight (Supp. Fig 
1B). Respiratory exchange ratios (RER) showed a substrate switch from carbohydrate 
(high RER) to fat (low RER) in response to the HFD (pdiet<0.0001) (Fig. 1D; Supp. Fig. 
1D). After adjustment for body weight, higher energy expenditure was observed in mice 
fed a HFD versus LFD independently of age (pdiet<0.0001, Fig. 1E). Mouse physical 
activity did not differ between age groups, but was decreased by the HFD (pdiet<0.0001; 
Supp. Fig. 1E). In the oral glucose tolerance test (OGTT), HFD-treated groups were 
more glucose intolerant than LFD groups (Fig. 1F-G), while plasma insulin levels were 
much higher in old animals than in young animals, reaching around 5 ng/mL in HFD-
old mice (Fig. 1H-I). From fasting insulin and glucose levels we calculated the HOMA-
IR index as a parameter for total body IR. The HOMA-IR was strongly increased by 
both age and diet (page=0.0002, pdiet<0.0001). Interestingly, the HOMA-IR of old mice 
increased more strongly with the HFD than that of young mice (Fig. 1J). The Muscle 
Insulin Sensitivity Index (MISI) estimates the rate of glucose removed per minute 
over average insulin concentration during the OGTT (24). Based on this parameter, 
the HFD acted on both age groups to lower the insulin sensitivity, which was further 
decreased in old animals (page and pdiet<0.0001) (Fig. 1K). Surprisingly, old mice had 
decreased levels of non-esterified fatty acids (NEFAs, page=0.007) when compared 
to young animals (Fig. 1L). Plasma TGs were also decreased by advanced age to a 
higher extent and an increase of about 30% was observed in both age groups when 
fed a HFD (pdiet=0.009) (Fig. 1M). No differences were observed in the plasma levels 
of branched-chain amino acids, previously associated with the development of IR (30) 
(Supp. Fig 1F). Altogether, these data show that HFD-induced insulin resistance was 
exacerbated in the aged animals.

Extensive lipidome remodelling in the quadriceps of old, but not young mice 
on a HFD

To test whether the susceptibility of aged mice to develop IR is associated with 
changes in the skeletal muscle lipidome, we used an untargeted lipidomics approach. 
In total we detected 443 lipid species in the quadriceps samples (Fig. 2A and Supp. 
Table 2). In young mice the HFD caused only minor changes in the lipidome, with 7 
lipid species mildly increased and 2 lipid species decreased (Fig. 2B and Supp. Table 
3). In contrast, in old mice, a substantial number of 58 lipid species were higher in 
the HFD group than in the LFD group, and 3 lipid species were decreased (Fig. 2C 
and Supp. Table 3). A lipid class that was specifically upregulated in old mice on HFD 
comprised long-chain acylcarnitines (Fig. 2D). This was confirmed by targeted LC-MS 
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Figure 1: Aged mice are more susceptible to develop diet-induced insulin resistance. A/B) Weight 
increase during 8 weeks in young and old mice, respectively, when submitted to either a LFD or HFD. 
C) Increase in fat mass after 8 weeks on a HFD. D) Average respiratory exchange ratios (RER) in both 
light/dark phases following 11 weeks on each diet. E) Energy expenditure in both light/dark phases after 
11 weeks on each diet. Data were corrected with ANCOVA with BW as covariate for both light phases in 
old and aged mice (adjusted body weight = 45 g). Plasma glucose concentrations for young (F) and old 
(G) mice and plasma insulin levels for young (H) and old (I) mice are plotted for 120 min following an oral 
glucose tolerance test (OGTT) (1.5g/kg BW glucose), performed after 9 weeks on either a LFD or a HFD. 
Points represent experimental data and fitted curves are summarized in the shaded area. J) HOMA-IR 
indexes adjusted to mice were calculated from the OGTT data as [fasting glucose]×[insulin]/14.1. K) 
Muscle Insulin Sensitivity Index (MISI) calculated from fitted glucose and insulin curves, adapted from 
O’Donovan et. al, 2019 (24). L/M) plasma nonesterified fatty acids (NEFAs) and triglycerides (TG). Data 
are shown as mean ± SEM. Statistical analysis was conducted for each group according to the Materials 
& Methods section, n=13-22 per group, ###p<0.001 (old vs young), ##p<0.01 (old vs young), #p <0.05 (old 
vs young), ***p<0.001 (LFD vs HFD), **p<0.01 (LFD vs HFD), *p<0.05 (LFD vs HFD). Each pairwise 
comparison analyses means that differ by only one factor, meaning that age comparisons have matched 
diet and diet comparisons have matched age. 
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Figure 2: HFD causes extensive lipid remodelling in the quadriceps of aged mice. A) Number of 
detected lipid species per category. TG: triglycerides, (L)PC: (lyso)phosphatidylcholine, PL: plasmalo-
gen, (L)PE: (lyso)phosphatidylethanolamine, SM: sphingomyelin, DG: diacylglycerol, CER: ceramides, 
FA: fatty acids, PR: prenol lipids, CL: cardiolipin, MG: monoacylglycerols, LPI: lysophosphatidylinositol. 
Volcano plots comparing the effect of a HFD (vs LFD) on young (B) and old (C) mice, corrected for mul-
tiple comparisons with the False Discovery Rate (FDR) method, with Q = 5%. A fold change threshold 
was defined as higher than 1.5 or smaller than 0.66. D) Scatter plot of normalized levels of long-chain 
acylcarnitines detected via untargeted lipidomics (C14:0, C16:0, C18:0, C20:0, C16:0-OH, C18:0-OH, 
C18:1-OH). Each dot represents the mean value of a specific metabolite on the HFD (y-axis) versus the 
LFD (x-axis). Prior to plotting, the levels of each acylcarnitine were normalized to the average value of the 
same acylcarnitine in all animals. Metabolites along the dashed line are not regulated by the diet (mean 
LFD = mean HFD) while metabolites above or below the line are up- or downregulated, respectively, by 
the HFD. E) Concentrations of C18:0 acylcarnitines detected by LC-MS. F/G/H) Comparison between 
diets and age for Cer(d18:1/18:0), DG(16:0_18:0) and TG(18:0_18:0_18:1), respectively. I) Pearson cor-
relation coefficients (r) between detected lipid species and MISI (x-axis) plotted against -log(p-value) 
(y-axis). Top 10 lipids with highest correlation coefficients are specified next to the figure. J) Heatmap for 
Pearson correlation coefficientsbfor detected DG’s and Cer’s (from all groups) versus MISI (&low signal 
lipid, only summed structure information). Statistically significant correlations (p<0.05) are highlighted. 
Data are shown as mean ± SEM, n=6-10. Statistical analysis was conducted for each group according 
to the Materials & Methods section, ###p<0.001 (old vs young), ##p<0.01 (old vs young), #p<0.05 (old vs 
young), ***p<0.001 (LFD vs HFD), **p<0.01 (LFD vs HFD), *p<0.05 (LFD vs HFD). 
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for C18:0-carnitine (Fig. 2E, complete profiling: Supp. Table 4). Such accumulation of 
long-chain acylcarnitines could represent an imbalance in old mice between uptake 
and consumption of fatty acids. This could then drive the conversion into complex 
lipid species that cause IR. Cer(d18:1/18:0) was previously demonstrated to induce 
IR, specifically in muscle (31). This lipid was increased by the HFD in our study in an 
age-dependent manner (Fig. 2F). Overall, C18:0 side chains were overrepresented in 
the HFD-induced lipids (Supp. Table 3). For instance the diacylglycerol DG(16:0_18:0) 
was induced by the HFD in old mice (Fig. 2G). Finally, out of the 11 TGs increased 
by the HFD, all were increased only in old mice and TG(18:0_18:0_18:1) showed the 
highest fold change (7.7; Fig. 2H).

Among the detected lipids, 39 species correlated negatively with the MISI index 
with p<0.05 (Fig. 1K, 2I). PC(18:1/18:1) had the strongest correlation (r = -0.56, 
p=0.002, Supp. Fig. 2). A direct role of this phosphatidylcholine, however, has not been 
previously addressed. Given the previously established roles of ceramides (Cer’s) 
and diacylglycerols (DG’s) on the insulin signalling pathway (1, 4), we focused on the 
association between the detected Cer’s and DGs and the MISI index. We found three 
DG’s and no Cer significantly negatively associated with MISI (Fig. 2J, Supp. Table 5).
In conclusion, we found that old mice were more prone than young mice to accumulate 
lipids in the quadriceps in response to a HFD, particularly C18:0-containing species, 
and that this correlated with the MISI index.

Mouse quadriceps display decreased mitochondrial flexibility during ageing
The observed lipid accumulation in old mice on a HFD suggests that oxidation 

cannot meet the increased lipid supply in these animals. To assess the muscle oxidative 
capacity, we analysed mitochondrial content and function. The protein levels of the 
peroxisome proliferator-activated receptor γ coactivator 1-alpha (PGC-1α), a regulator 
of mitochondrial biogenesis, were unchanged among the groups (Fig. 3A). Citrate 
synthase activity in cell homogenates (CS), a marker of mitochondrial mass, was not 
changed by age and hardly affected by the diet (Fig. 3B). Also in isolated mitochondria 
the CS activity remained unaltered (Fig. 3B). O2 consumption was measured in isolated 
mitochondria (Table 1) and then expressed per total tissue protein (Fig. 3C-E). Young 
mice had an 83% higher oxidative capacity towards palmitoyl-CoA on a HFD than on a 
LFD (p<0.01). In contrast, the HFD did not significantly affect oxidative capacity in old 
mice (Fig. 3C). Diet and age did not affect O2 consumption when pyruvate or pyruvate 
with glutamate were used as substrates (Fig. 3D-E). Together, these results suggest 
specific alterations in the β-oxidation pathway, rather than in the TCA cycle or electron 
transport chain (ETC), since the latter are shared by all three substrates. Apparently, 
ageing does not cause mitochondrial deficiency per se, but instead blunts the flexibility 
of the β-oxidation pathway to respond to the different diets.

Ageing downregulates CPT1B despite HFD-induced β-oxidation remodelling 
To explain the loss of flexibility of mitochondrial β-oxidation, we took a targeted and 

quantitative proteomics approach, based on isotopically-labelled peptide standards. 
16 mitochondrial β-oxidation proteins were quantified, 14 of which were increased by 
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the HFD relative to the LFD in both age groups (page<0.05) (Fig. 4A and Supp. Table 6). 
Proteins clustered together per age group, with the highest protein concentrations in old 
mice (Fig. 4A). The exception was carnitine palmitoyltransferase 1B (CPT1B, muscle 
isoform); both protein levels and activity were increased by the HFD, but decreased 
with advanced age (page and pdiet < 0.05) (Fig. 4B-C). Closer inspection of both CPT1B 
protein concentration and enzyme activity showed a similar loss of flexibility that was 
earlier observed in the lipidome: in young mice on HFD protein and activity reached 
levels around 90% and 50% higher than in old mice, respectively (Fig. 4B and C). 
This loss of flexibility in old mice was also observed for very-long-chain acyl-CoA 
dehydrogenase (VLCAD) and medium-chain ketoacyl-CoA thiolase (MCKAT), two 
other key β-oxidation enzymes (19, 32) that were increased by the HFD mostly in 
younger animals (Fig. 4D-E). 

Further analysis of the downstream pathways revealed minor changes in the TCA 
cycle and ETC (Fig. 4F-G) by age. Pyruvate dehydrogenase kinase 4 was increased by 
HFD (PDK4, FC: 2.6), as reported previously (33). Increased PDK4 expression leads to 
inhibition of pyruvate dehydrogenase (PDH) by phosphorylation of the PDH-E1α subunit 
(33) and contributes to the shift from carbohydrate to fatty-acid utilization. Here the effect 
was, however, counteracted by an upregulation of the PDH-E1α (PDHA1, FC: 1.5) and 

Figure 3: HFD increases mitochondrial capacity to oxidize fatty-acids only in young mice. A) Total 
PGC1α protein content in quadriceps homogenates normalized by glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) levels. B) Citrate synthase activities measured in quadriceps homogenates and mito-
chondria enriched suspensions. C) Scheme with respiratory substrates used for experiments. Mitochon-
drial O2 consumption fluxes were corrected for mitochondria enrichment of suspensions using the ratio 
between citrate synthase activity (CS) in the mitochondria versus in total homogenate (R=CSmito/CShomog). 
Maximal ADP-stimulated O2 consumption per tissue protein is shown for palmitoyl-CoA and carnitine (D), 
pyruvate (E) and pyruvate and glutamate (F) as substrates, all in the presence of malate. Data are shown 
as mean ± SEM and were analysed using Two-Way ANOVA. Multiple comparisons were performed using 
Tukey’s correction. N=6-10 per group, **p<0.01 (HFD vs LFD), *p<0.05 (HFD vs LFD), matched ages.
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the net effect of both changes is unclear. Uncoupling protein 3 (UCP3) was upregulated 
by the diet (FC: 1.9), also a known effect of increased fatty-acid availability (34). Apart 
from these changes, these results corroborate the notion that β-oxidation is the main 
pathway in energy metabolism that is affected by the HFD (35). In conclusion, the 
decrease in flexibility of the mitochondrial β-oxidation pathway could be traced down to 
a loss of flexibility and content of CPT1B with age in mice fed a HFD, with possibly a 
contribution by VLCAD and MCKAT. 

HFD-proteome remodelling is overruled by low and less flexible CPT1B in aged 
animals

While there was a substantial upregulation of most fatty-acid oxidation enzymes in both 
HFD-treated groups, CPT1B content and activity were significantly lower in old than in 
young animals. This raised the question of what is the net in vivo effect of these opposing 
responses in the proteome. We tested this computationally, using a dynamic β-oxidation 
model previously developed by our group (29). To parameterize it to skeletal-muscle 
mitochondria, the proteomics data were used (see Supp. Text 1 for details). A version of 
the β-oxidation model was created for each individual mouse in the dataset. The steady-
state palmitoyl-CoA consumption flux, representing the conversion of palmitoyl-CoA to 
acetyl-CoA, was plotted as a measure of the β-oxidation. Palmitoyl-CoA concentrations 
were chosen within the likely physiological range of skeletal-muscle tissue (36) (Fig. 
5B). The results indicated a significant diet and age effect (page<0.05, pdiet<0.05), and a 
stronger upregulation of the β-oxidation fluxes by the HFD in young mice, reaching values 
75% higher than in aged mice in the given substrate range. In vivo, however, CPT1B 
is inhibited by endogenous malonyl-CoA (32). Acetyl-CoA carboxylase (ACC) levels, as 
well as its active phosphorylated form (pACC) which synthesizes malonyl-CoA, remained 
unchanged in all four groups (Supp. Fig. 3A-C). Malonyl-CoA decarboxylase (MCD) 
levels did not differ either (Supp. Fig. 3D). Therefore, we applied the same malonyl-
CoA concentration to all groups. As expected, the addition of malonyl-CoA reduced the 
β-oxidation fluxes in the simulations (Fig. 5C), but resulted in a similar pattern among 
groups as observed without malonyl-CoA (Fig. 5B). Flux control coefficients (FCC) 
quantify how the pathway flux is modulated when the maximal capacity of a particular 

Table 1: O2 consumption rates (States 3 and 4) for isolated mitochondria from quadriceps, all in the 
presence of malate. Values are shown as mean ± SEM (nmol · mg mitochondrial protein-1 · min-1). State 
3: ADP-stimulated maximal respiration. State 4: carboxyatractyloside-induced inhibition of ATP synthesis 
(via ATP-ADP translocase inhibition). *pdiet=0.025.

pyruvate pyruvate/glutamate palmitoyl-CoA/ carnitine
Quadriceps Young Old Young Old Young Old

State 3
LFD 428± 56 424± 58 476 ± 68 458 ± 57 131± 29 153 ± 20
HFD 524 ± 56 415± 48 627 ± 77 419 ± 43 204 ± 14* 184 ± 20*

State 4
LFD 20.9 ± 5.9 20.2 ± 4.5 21.9 ± 6.8 30.2 ± 9.7 36.1 ± 10.2 26.5 ± 3.6
HFD 20.2 ± 2.6 18.9 ± 3.7 27.6 ± 8.1 14.9 ± 2.2 35.6 ± 4.4 26.1 ± 5.1

RCR
LFD 26.0 ± 4.7 26.3 ± 3.7 38.6 ± 13.1 25.3 ± 3.9 4.2 ± 0.8 6.1 ± 0.5
HFD 28.2 ± 5.1 27.0 ± 4.0 30.3 ± 10.9 31.8 ± 3.9 5.9 ± 0.5 7.6 ± 0.8
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enzyme is changed (37), i.e. to which extent the enzyme controls the flux. In the absence 
of malonyl-CoA, the FCCCPT1B remained approximately constant (~1) for old animals, 
implying that this was nearly the sole rate-limiting step within the analysed concentration 
range of palmitoyl-CoA. In contrast, FCCCPT1B tended to decrease with a palmitoyl-
CoA overload in young animals (Fig. 5D). This drop was compensated by increased 
control in MCKAT (Fig. 5E). The control of CPT1B is, however, expected to remain close 
to 1 within a wider range of palmitoyl-CoA in vivo due to the action of malonyl-CoA (32), 
which was confirmed in our simulations (Fig. 5F). These results suggest that, despite 
the remodelling of most β-oxidation proteins by the HFD in both age groups, the lack 
of flexibility at the level of CPT1B overruled this regulation and constrained the fluxes 
through the pathway specifically in aged animals.

Figure 4: Upregulation of β-oxidation proteins by the HFD, despite accompanying loss of CPT1B 
with ageing. A) Scatter plot of normalized levels of β-oxidation proteins detected in mouse quadriceps 
via targeted proteomics Each dot represents the mean value of a specific protein on the HFD (y-axis) 
versus the LFD (x-axis). Prior to plotting, the levels of each protein were normalized to the average value 
of the same protein in all animals. Proteins along the dashed line are not regulated by the diet (mean 
LFD = mean HFD), while proteins above or below the line are up- or downregulated, respectively, by the 
HFD. CPT1B: carnitine palmitoyltransferase B) Relative CPT1B content in all groups. C) Total CPT activity 
measured in mitochondrial samples and corrected for the enrichment of the preparation (CSmito/CShomog) 
as mentioned for figure 3D. D/E) Quantification of very-long-chain acylCoA dehydrogenase (VLCAD) and 
medium-chain ketoacyl-CoA thiolase (MCKAT). F/G) Schematic representation of the effects of age and 
diet on the TCA cycle and ETC, respectively. Each box represents a protein that has been measured by 
our method and the specific isoforms or subunits that have been measured are annotated. Red arrows 
represent the effect of diet (HFD vs LFD) while the grey arrows indicate the age effect (old vs young) based 
on significant 2-way ANOVA results. PDH: pyruvate dehydrogenase complex, CS: citrate synthase, ACO2: 
aconitase, IDH: isocitrate dehydrogenase, OGCD: α-ketoglutarate dehydrogenase complex, SCL: succinyl-
CoA ligase, SDH: succinate dehydrogenase (complex II), FH: fumarate dehydrogenase, MDH2: malate 
dehydrogenase, ANT: adenine nucleotide translocator, MPC: mitochondrial phosphate carrier protein, 
UCP: uncoupling protein. Data are shown as mean ± SEM and were analysed using Two-Way ANOVA and 
multiple comparisons were performed using Tukey’s correction. N=6-10 per group, **p<0.01 (HFD vs LFD), 
*p<0.05 (HFD vs LFD), matched ages and #p <0.05 (old vs young), matched diets.
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The glycolytic proteome shows less flexibility in aged mice 
Finally, we investigated the flexibility of glucose metabolism at the proteome level. 

Again using isotopically-labelled standards peptides, we quantified 40 peptides, 
spanning 31 proteins involved in glycolysis and glycogen metabolism (Supp. Tables 
6 and 7). In old mice, the proteins in glucose metabolism did not respond to the diet 
(Fig. 6A). In contrast, in young mice 11 proteins responded to the diet, as reflected by 
a deviation from the identity line in Fig. 6A, 4 of which were confirmed to be statistically 
significant and involved in lower glycolysis (Fig. 6B). These enzymes, namely enolase 
3 (ENO3, muscle isoform), phosphoglycerate kinase 1 (PGK1), phosphoglycerate 
mutase 2 (PGAM2), phosphoglucomutase 1/2 (PGM1/2) and pyruvate kinase (PKM1, 
muscle isoform) followed a similar pattern among the tested groups: decreased by the 
HFD in young mice (therefore flexible to the diet) and decreased levels at old vs young 
age (page<0.05) (Fig. 6B). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Fig. 
6B) was modulated by neither age nor diet. Besides control at the level of ATP demand, 
skeletal muscle glycolysis is also controlled by hexokinase (main muscle isoform in 
mice: HK2) (38). Age decreased HK2 content in quadriceps by about 25% (page=0.026) 
(Fig. 6B). The proteomics results were also reflected at the level of enzyme activities. 

Figure 5: In silico β-oxidation simulations confirm flux dependence on CPT1B. A) Schematic rep-
resentation of the strategy used to parameterize the computational model of mitochondrial β-oxidation 
to skeletal muscle. Proteomics data from liver previously published were used to estimate kcat’s for the 
proteins involved in the pathway and applied to proteomics data obtained from quadriceps samples to 
calculate Vmax’s for each animal. B) Estimated steady-state β-oxidation fluxes (defined as the fluxes 
through CPT1B) based on in vivo-like conditions for different concentrations of substrate (palmitoyl-CoA) 
ranging from 0.1 to 10 µM and normalized for total homogenate protein. C) Estimated steady-state β-ox-
idationfluxes in the presence of 0.2 µM malonyl-CoA. Flux control coefficients (FCC) were calculated for 
the same substrate range. FCC is defined as ∂Jss/∂Ei, which represents to what extent an enzyme ‘i’ (Ei) 
can alter the steady-state flux of a pathway (Jss). FCC’s for CPT1B (D) and MCKAT (E) are depicted. F) 
FCC’s for CPT1B and MCKAT in the presence of 0.2 µM malonyl-CoA. All simulations were performed 
for the Vmax’s estimated for each mouse in the dataset. Y stands for young (LFD: grey full circles, HFD: 
orange full squares) and O for old (LFD: grey open circles, HFD: orange open squares). Data are shown 
as mean ± SEM and were analysed using Two-Way ANOVA. A complete description of the model and the 
assumptions made can be found in Supp. Text 1.
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Hexokinase activity was reduced by 18.5% by advanced age (page=0.03) (Fig. 6C). 
Pyruvate kinase activity was modulated by diet (pdiet=0.02) and tended to be reduced 
by the HFD relative to the LFD, specifically in young animals (Fig. 6D). In the glycogen 
metabolism pathway, glycogen debranching enzyme (AGL), glycogen phosphorylase 
(PYGM) and phosphoglucomutase-1 (PGM) were reduced by advanced age, suggesting 
that glycogen breakdown could be adversely impacted by age (Supp. Table 6). Together, 
these results demonstrate that glucose metabolism in young mice was more flexible to 
changes in diet and that aged mice had a lower content of glycolytic proteins. Altogether, 
this is in line with reduced glucose utilization by the skeletal muscle in older animals 
and could further contribute to the IR phenotype.
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Figure 6: Glycolytic proteins are downregulated in aged mice, which also shows less flexibility 
to the diet. A) Scatter plot for proteomic targets involved in glucose metabolism (glycolysis, pentose 
phosphate pathway and glycogen metabolism) measured in quadriceps samples. Each dot represents 
the mean value of a specific protein on the HFD (y-axis) versus the LFD (x-axis). Prior to plotting, the 
levels of each protein were normalized to the average value of the same protein in all animals. Proteins 
along the dashed line are not regulated by the diet (mean LFD = mean HFD), while proteins above 
or below the line are up- or downregulated, respectively, by the HFD. PFKM: phosphofructokinase, 
muscle type, UGP2: UDP-Glucose Pyrophosphorylase 2, PGAM2; phosphoglycerate mutase 2, 
ENO3: enolase 3 (muscle isoform), ENO1: enolase 1, PGK1: phosphoglycerate kinase 1, PGM1/2: 
Phosphoglucomutase isoforms 1 and 2, PKM1: pyruvate kinase, muscle isoform. B) Simplified 
glycolysis scheme. The depicted values represent the % deviation from the average of the 4 groups 
(young/old and LFD/HFD) for each protein. The values are shown for old animals (panel on the left) and 
young animals (right panel). C/D) Hexokinase and pyruvate kinase activities measured in quadriceps 
homogenates. Data are shown as mean ± SEM and were analysed using Two-Way ANOVA and multiple 
comparisons were performed using Tukey’s correction. N=6-10 per group, ###p<0.001 (old vs young), 
##p<0.01 (old vs young), #p<0.05 (old vs young), matched diets, ***p<0.001 (LFD vs HFD), **p<0.01 
(LFD vs HFD), *p<0.05 (LFD vs HFD), matched ages.
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Discussion
This study addressed the combined effects of age and diet on skeletal muscle lipid 

handling, and its implications for IR. We found that neither the HFD nor ageing alone 
led to profound lipid accumulation in the skeletal muscle, but only the combination of 
both. We did not observe a general decline of mitochondrial function in the quadriceps 
of old animals, but rather a specific failure to upregulate the β-oxidation capacity in 
response to the HFD, which was traced back to CPT1B. Finally, old animals had lower 
levels of key glycolytic proteins, which were also less responsive to the diet and could 
further contribute to a less flexible glucose handling. 

Whereas we obtained unambiguous results concerning mitochondrial lipid handling, 
its relation to IR is more complex. Age strongly decreased the peripheral insulin 
sensitivity as quantified by the MISI index and this was further exacerbated by the HFD. 
The loss of peripheral insulin sensitivity in the LFD aged group, without concomitant 
lipid accumulation, may be explained by the progressive loss of muscle mass that 
accompanies ageing (16, 39). Insulin-resistant skeletal muscle displays a C18:0-
ceramide signature across different species (31, 40, 41), a lipid species that directly 
causes IR in mice (31). Consistent with this finding, we have found a higher increase of 
long-chain ceramides such as C18:0 and C22:0 in old animals than in young animals 
in response to a HFD. Nonetheless, we failed to find a direct association between 
C18:0-ceramide and the MISI index. This may be related to quadriceps not being the 
exclusive contributor to peripheral insulin sensitivity. It may also be due, however, to 
modifying effects of other lipids. We found, for instance, significant negative correlations 
between C18:0-containing DG’s and MISI (Fig. 2M), which could indicate that C18:0-
ceramide acts in synergy with DG’s to cause IR. Two of the 5 most abundant DG’s in 
the tissue correlated with MISI, namely DG (36:2) and DG(18:0_20:4). Interestingly, 
in the total membrane fraction from vastus lateralis (which belongs to the quadriceps 
group), DG(C18:0_20:4) also correlated negatively with insulin sensitivity in obese and 
diabetic individuals (42). However, a few mechanistic studies have pointed to a causal 
relationship between specific DG species and IR (43). 

Diet and age did not have a major influence on mitochondrial biogenesis and content, 
as indicated by PGC-1α and citrate synthase activity, respectively. However, the 
proteome remodelling of young mice increased the β-oxidation capacity of quadriceps 
mitochondria in response to a HFD. This phenomenon appears to be a physiological 
response to increased lipid availability (16, 44) and may compensate for the fatty-acid 
overload, thereby preventing lipid accumulation (9, 13). Proteome remodelling was 
specific for the β-oxidation pathway and was not observed for the TCA cycle and ETC, 
in agreement with previous studies (35). This HFD-induced upregulation of oxidative 
capacity was blunted in aged animals (FC 1.8 in young vs 1.2 in old mice), despite a 
general upregulation of proteins involved in the β-oxidation. 

The most prominent exception in the β-oxidation proteome was CPT1B, which 
showed decreased content and activity in old compared to young mice, and was hardly 
upregulated by the HFD in old mice. This observation is consistent with mRNA data 
from the quadriceps of aged C57BL mice (45, 46), suggesting that at least part of 
the defect could be at the transcriptional level. CPT1B has, in addition, been shown 
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to be reduced by ageing in fast IIa fibres from human vastus lateralis (47) and to be 
decreased in obese versus lean individuals (48). In agreement with previous findings 
(32), we observed a shift of flux control from CPT1B at low levels of palmitoyl-CoA 
towards MCKAT at high levels of palmitoyl-CoA, particularly in the absence of malonyl-
CoA. This may indicate that the pathway operates close to a shift of flux control, yet 
the integrated results indicate CPT1B as the key enzyme in the mitochondrial flexibility 
under the studied conditions. Therefore, an age-dependent CPT1B decline (reducing 
the demand for fatty acids) could be the culprit to lead to lipid accumulation when 
combined with increased fatty-acid supply. The latter can be caused by the HFD itself, 
but might be aggravated by the upregulation of CD36 (fatty-acid transport facilitator) 
that accompanies the HFD (20). Based on these results we propose that a reduction 
in skeletal muscle CPT1B with age plays a key role to predispose individuals to diet-
induced insulin resistance. 

Although most studies focus on the relationship between lipids and insulin signalling 
(1), glucose utilization in response to insulin can be partly regulated via the content 
of glycolytic enzymes. Upon insulin stimulation or exercise, for instance, the control 
of glucose utilization can shift from glucose uptake towards hexokinase (38). In the 
present study, we observed decreased content and flexibility of several glycolytic 
proteins and activities in aged animals, including enzymes that may share the control 
of flux, such as hexokinase and pyruvate kinase (38, 49). These results are in line 
with the previously reported trend of decreased levels of enzymes of lower glycolysis 
in old C57BL/6 mice (47, 50). Quadriceps is a fast-twitch muscle in which type II 
fibres predominate. We found earlier that the contribution of type IIb fast glycolytic 
fibres decreased with age and by a high-fat/sucrose diet, while that of type IIa fast-
twitch oxidative-glycolytic fibres increased (16). The changes that we found in the 
proteome, at the level of both lipid and glucose metabolism, are in agreement with 
such modulation of fibre type.

Conclusion
We focused on the alterations in metabolic pathways that explain the decline of 

flexibility in lipid and glucose handling with age. We propose CPT1B to be the main driver 
of the loss of flexibility to the HFD in aged mice. Future studies should elucidate the 
underlying transcriptional or translational mechanisms behind its regulation with age, 
as well as its causative role on the flexibility to the diet. Strategies that enhance muscle 
CPT1B activity could, nonetheless, offer the potential to attenuate lipid accumulation 
and consequently lipid-induced insulin resistance in the elderly. 
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Supplemental Material
Mouse experiments

The mouse experiments here reported have been part of a larger study performed 
at the University Medical Center Groningen, the Netherlands. Therefore, both old and 
young control mice on a low-fat diet (LFD) correspond to mice on a medium-protein 
diet (MP), as reported by Dommerholt et. al, 2020 (1).

Physiological parameters
In order to assign animals to either a low- or high-fat diet, old animals were normalized 

for body weight and 4 h fasting glucose, insulin and cholesterol levels before division into 
experimental groups. Young animals were randomly placed on one of the experimental 
diets. Animals were weighed weekly and body composition was determined, both 
during the run-in period and after 8 weeks of the experimental diet, using a Bruker’s 
Minispec Whole Body Composition Analyzer. Food intake was measured several times 
over a 72h period. Energy expenditure (EE) and respiratory exchange ratio (RER) were 
measured using LabMaster metabolic cages (TSE systems, Bad Homburg, Germany). 
Mice were acclimatized to the cages overnight before measurements were recorded 
for 48 hours. The system measured O2 consumption and CO2 production to calculate 
the EE. The RER was determined as the ratio of the volumes of produced CO2 versus 
consumed O2. Infrared beams recorded locomotor activity according to the number of 
beam break events in the horizontal (x) and vertical (z) plane. 

In terminal blood samples, plasma triglycerides, total cholesterol, and free fatty acids 
were determined with commercially available kits (Roche Diagnostics, Mannheim, 
Germany and DiaSys DiagnosticSystems, Holzheim, Germany). Amino-acid levels were 
quantified using cation-exchange high-performance liquid chromatography followed by 
post-column ninhydrin derivatization, on a Biochrom30 analyzer (Pharmacia Biotech, 
Cambridge, UK) (2). Norleucine was used as an internal standard.

Assessment of glucose and insulin tolerance
To determine changes in glucose homeostasis and insulin sensitivity, an oral glucose 

tolerance test (OGTT) was performed following oral administration of 1.5g/kg body 
weight D-glucose after overnight (10h) fasting. A 25% glucose solution (w/v) was given 
by oral gavage. Blood glucose levels were measured at 0, 5, 15, 30, 45, 60, 90, and 
120 minutes after administration of the glucose bolus, using a OneTouch Select Plus 
glucose meter (Lifescan, Zug, Switzerland). 

To measure insulin response by glucose administration, additional blood spots were 
taken at time points 0, 5, 15, 30, 60 and 120 minutes after glucose administration. 
Insulin was extracted from the blood spots and concentrations were determined using 
the rat insulin ELISA kit from Crystal Chem (Cat. 90010, Zaandam, The Netherlands) 
and a mouse insulin standard (Cat. 90020, Zaandam, The Netherlands) according 
to the manufacturer’s protocol. Homeostatic Model Assessment of Insulin Resistance 
(HOMA-IR) indexes were calculated as previously described using both the fasting 
insulin and fasting glucose levels and corrected for mice (3). 

To avoid reinfusing blood cells as performed in frequently sampling protocols, the 
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relatively small datasets of blood glucose and plasma insulin over time were fitted to 
equation 1 below with the use of SAAM II v2.1 (The Epsilon Group, Charlottesville, 
VA, USA), where Ct is the concentration of glucose over time. This was performed 
to generate enough data points for the calculation of the Muscle Insulin Sensitivity 
Index (MISI). This index has the units of a glucose clearance rate (dCt/dt) divided by 
the average insulin concentration during the OGTT (I), as previously defined (4). To 
overcome the need to fit a linear equation to the glucose clearance part of the glucose 
tolerance curve (4,5), we obtained the maximal dCt/dt after the glucose concentration 
peak using GraphPad Software Inc., version 8.0, 2018.

Lipid extraction
LC-MS grade acetonitrile (ACN), methanol (MeOH), isopropanol (IPA) and 

chloroform were purchased from Biosolve BV (Valkenswaard, The Netherlands). 
Ammonium formate, formic acid and methyl tert-butyl ether (MTBE) were purchased 
from Sigma Aldrich (St. Louis, MO). Various lipid standards were purchased from 
Avanti Polar Lipids, Inc. (Alabaster, AL). 20 µL of muscle homogenates (~3 mg 
muscle) were mixed with 300 µL MeOH. A defined amount of lipid standards 
was added to each tube followed by 10 min sonication [Composition: 2 nmol of 
phosphatidylcholine PC(15:0_18:0-d7), 2 nmol lysophosphatidylcholine LPC(18:1-d7), 
3 nmol plasmenyl-PC(p18:0_18:1), 6 nmol phosphatidylinositol PI(15:0_18:1-d7), 4 
nmol phosphatidylethanolamine PE(15:0_18:1-d9), 6 nmol lyso PE(18:1-d9), 3 nmol 
plasmenyl-PE(p18:0_18:1-d9), 4 nmol cardiolipin CL(14:0), 2 nmol sphingomyelin 
SM(18:1-d9), 3 nmol ceramide Cer(d18:1-d7/15:0), 10 nmol monoglyceride 
MG(18:1-d7), 2 nmol diglyceride DG(15:0_18:1-d7), 2 nmol DG(17:0_17:0-d5), 0.6 
nmol triglyceride TG(15:0_18:1-d7_15:0), 0.6 nmol TG(17:0_17:1_17:0-d5) and 
10 nmol cholesterol-d7. Subsequently, 1 mL MTBE was added to the mixture and 
kept under 25 °C on a shaker (900 rpm) for 30 min. Phase separation was induced 
by adding 190 µL H2O. The mixture was then centrifuged at 3000 g for 10 min and 
850 µL of the upper phase were transferred to a new tube. The re-extraction was 
performed by adding 600 µL MTBE/MeOH/H2O (10:3:2.5, v/v/v) into the lower phase 
and 500 µL was collected after centrifugation to combine with the previous organic 
phase. The combined lipid extract solutions were dried in a vacuum centrifuge at 45 
°C. Subsequently, dried lipid extracts were resuspended in 50 µL Chloroform/MeOH/ 
H2O (60:30:4.5, v/v/v) and further diluted with 150 µL IPA:ACN:H2O (2:1:1 v/v/v). 24 
µL were injected in both positive and negative modes for LC-MS analysis. In addition, 
20 µL of lipid solution taken from each sample were combined to generate a quality 
control pool sample and measured repeatedly throughout the measurements to monitor 
the technical reproducibility. 

Lipidomic LC-MS analysis
LC-MS lipid analysis was performed on an Ultimate 3000 High-Performance UPLC 

coupled with a Q Exactive MS (Thermo Fischer Scientific, Darmstadt, Germany). 
Chromatography separation was achieved with an Acquity UPLC CSH column [1.7 μm, 
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100 × 2.1 mm, (Waters Corporation, Milford, MA)] under 55 °C with a flow rate of 0.4 
mL/min. Mobile phase A was composed of H2O/ACN 40:60 (v/v), 10 mM ammonium 
formate and 0.1% formic acid. Mobile phase B contained ACN/IPA 10:90 (v/v) with 10 
mM ammonium formate and 0.1% formic acid. The LC gradient ((6), modified) started 
with 40% B and raised up to 43% B at 2 min. The percentage of B raised up to 50% 
in the next 0.1 min and increased to 54% in the next 9.9 min. B raised to 70% in 0.1 
min and increased to 99% in 5.9 min and maintained in 99% for 1 min. Subsequently, 
the percentage of B went back to 40% in 0.1 min and the system was equilibrated for 
3.9 min before the next run started. The MS was configured under both positive and 
negative modes for data-dependent acquisition. A full MS scan ranging from 200-1750 
m/z was acquired at resolution 70,000 FWHM (AGC target 1E6, maximum injection 
time 50 ms) followed by up to 8 MS/MS events with a collision energy at the resolution 
of 17,500 FWHM. Precursor isolation window was set to 1.5 Da with the dynamic 
exclusion time of 6 s. The ionization settings were as follows: capillary voltage: +3.2 kV; 
capillary temperature: 320 °C; sheath gas/auxiliary gas: 60/20.

Lipidomic data processing
Thermo Xcalibur® software [(version 3.2.63), Thermo Scientific, Waltham, MA] 

was used for data acquisition. Progenesis QI® software (Waters Corporation, Milford, 
MA) was used for data preprocessing including retention time alignment, peak picking 
and annotation of the LC-MS data. Peak picking was performed with an absolute 
ion intensity filter of 200,000 counts. Lipid annotation was performed by searching 
published lipid databases (Human Metabolome Database and Lipidmaps) based on 
mass accuracy (<5ppm), isotopic similarities, adduct type, MS/MS spectra and elution 
behaviour. Analysis of the fatty-acyl composition of selected lipids was performed 
with Lipidhunter2 software (7). Lipids intensities were normalized to the intensities 
of corresponding lipid standards from the same class. In case of the absence of lipid 
standards, the intensity was normalized to the average of all standards.

Acylcarnitine profiling
Acylcarnitines were measured in 15% quadriceps homogenate prepared in DPBS 

(Gibco 14190) using a BeadBeater system. 10 µL was collected per sample and 100 
µL of acetonitrile was added, followed by the addition of 100 µL of internal standard 
([8,8,8-2H3]-octanoyl-L-carnitine and [10,10,10-2H3]-decanoyl-L-carnitine). Samples 
were then centrifuged at 20,000 g for 10 minutes, collected into glass vials and analysed 
as previously described (8). 

Mitochondrial isolation and respiration
The quadriceps was dissected on ice to remove the excess of fat, finely minced 

in isolation buffer (220 mM mannitol, 70 mM sucrose, 5 mM 2-[Tris(hydroxymethyl)-
methylamino]-ethanesulfonic acid (TES), 0.1 mM EGTA, pH 7.3) supplemented with 
0.2 mg/mL proteinase (Sigma P8038) and incubated for 5 minutes. Subsequently, BSA 
was added to a final concentration of 0.5 mg/mL and homogenized using a Potter 
system (VWR, VOS power basic). Samples were centrifuged at 800 g for 10 minutes, 
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the pellet was discarded and the remaining supernatant was centrifuged at 7,200 g for 
10 minutes. The pellet was then resuspended in 5 mL of isolation buffer and centrifuged 
one more time at 7,200 g for 10 minutes. The remaining pellet was resuspended in 
mitochondrial buffer (200 mM sucrose, 10 mM Tris, pH 7.4) and protein content was 
determined via the Pierce BCA Protein Assay Kit (ThermoFisher 23225).

Oxygen consumption rates were measured in MiR05 buffer (respiration buffer) 
containing 110 mM sucrose, 60 mM potassium lactobionate, 20 mM taurine, 20 mM 
HEPES, 0.5 mM EGTA, 10 mM KH2PO4, 3 mM MgCl2, 1 mg/mL bovine serum albumin 
(BSA), pH 7.1 (9) at 37 °C using a two-channel high-resolution Oroboros oxygraph-2k 
(Oroboros, Innsbruck, Austria). Different substrate combinations were used, namely 2 
mM pyruvate and 2 mM malate (with or without 5 mM glutamate) or 25 µM palmitoyl-
CoA and 2 mM L-carnitine, all in the presence of 2 mM malate. Maximal ADP-
stimulated respiration (state 3) was measured in the presence of 1.5 U/mL hexokinase, 
10 mM glucose and 1 mM ATP. State 4 rates were measured after addition of 1.25 µM 
carboxyatractyloside (CAT). 

Proteomics sample preparation
15% (w/v) quadriceps homogenates were prepared in DPBS (Gibco 14190) with 

a BeadBeater system (Precellys® Evolution, Bertin Technologies). Samples were 
centrifuged at 15,000 g for 5 minutes, supernatants were collected and cOmplete 
proteinase inhibitor cocktail was added (1:25, Merck 11836145001). Protein 
concentrations were measured with the Pierce BCA Protein Assay Kit (ThermoFisher 
23225) Protein levels of the proteins related to the mitochondrial and glycose pathways 
were quantified from the skeletal muscle homogenates using targeted proteomics (10). 
Briefly, in-gel digestion was performed on 50 µg total protein for the skeletal muscle 
homogenates using trypsin (1:100 g/g sequencing grade modified trypsin V5111; 
Promega) after reduction with 10 mmol/L dithiothreitol and alkylation with 55 mmol/L 
iodoacetamide proteins, followed by solid-phase extraction (SPE C18-Aq 50 mg/1 mL, 
Gracepure, Thermo Fisher Scientific) for sample clean-up. 

Proteomics LC-MS analysis
Liquid chromatography (LC) on a nano-ultra high-performance liquid chromatography 

(UHPLC) system (Ultimate UHPLC focused; Dionex, Thermo Fisher Scientific) was 
performed to separate the peptides using a nanocolumn (Acclaim PepMap100 C18, 75 
µm × 500 mm 2 µm, 100 Å) with a linear gradient from 3% to 60% v/v acetonitrile plus 0.1% 
v/v formic acid in 110 min at a flow rate of 200 nL/min. The target peptides were analyzed 
by a triple quadrupole mass spectrometer (MS) equipped with a nano-electrospray ion 
source (TSQ Vantage; Thermo Scientific). For the LC-MS measurements, an amount of 
the digested peptides equivalent to a total protein amount of 1 µg total protein starting 
material was injected together with 0.2 (low abundant subset targets) or 1 (high abundant 
subset targets) ng isotopically-labelled concatemer-derived standard peptides (QconCAT 
technology, PolyQuant GmbH Germany, containing 13C-labeled arginines and lysines), 
plus 5 pmol GAPDH and 1 fmol SLC25a20 isotopically-labelled standard peptides 
(PEPotec grade 2, Thermo Scientific, containing 13C15N-labeled arginines and lysines). 
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Proteomics data processing
The MS traces were manually curated using the Skyline software (11) prior to 

integration of the peak areas for quantification. The sum of all transition peak areas 
for the endogenous peptide and isotopically labelled-peptide standard was used to 
calculate the ratio between the endogenous and standard peptides. The concentrations 
of the endogenous peptides were calculated from the known concentration of the 
standard and expressed in femtomoles per microgram of total protein. For proteins with 
more than one detected peptide, values were averaged in order to obtain an estimation 
for the total protein concentration. For the newly developed peptides spanning proteins 
in glucose metabolism (Supp Table 7), the glucose transporters (GLUT family) could 
not be detected endogenously, probably due to a limited extraction efficiency of plasma-
membrane proteins.

Enzyme activities
Citrate synthase (CS), hexokinase and pyruvate kinase activities were measured 

in homogenates prepared in the same way as described above for proteomics assay. 
Citrate synthase activity was measured as previously described (12) in homogenates 
and mitochondrial preparations. Briefly, samples were incubated in experimental buffer 
containing 100 mM Tris-HCl, 5 mM triethanolamine-HCl, 0.5 mM oxaloacetate, 0.1 
mM dithionitrobenzoate and 0.1% Triton-X, pH 8.1. The final protein concentration of 
samples was between 25 to 40 µg/mL. Reactions were initiated by addition of 0.5 mM 
acetyl-CoA (final concentration) and thionitrobenzoate (oxidized product) production 
was followed by absorbance measurements at 412 nm and 37 °C for 5 minutes. The 
ratio between CS activity in the homogenate and the mitochondria gives the ratio 
between mitochondria protein per total tissue protein, thus it reflects the enrichment of 
mitochondrial preparations. Consequently, this ratio can be used to express results per 
total tissue capacity (13).

Hexokinase and pyruvate kinase activities were carried out using NAD(P)H-linked 
assays at 37 °C in a Synergy H4 plate reader (BioTek™) at 340 nm for 6 min as 
previously described (14). Briefly, for both enzyme measurements, the assay buffer 
contained 100 mM Tris-HCl, 15 mM NaCl, 0.5 mM CaCl2, 140 mM KCl and 5 mM 
potassium phosphate buffer (pH 7.0). For hexokinase activity measurements, 1.2 
mM NADP+ (Sigma N0505), 10 mM Glucose (Merck 1.083420), 1.8 U/mL glucose-6-
phosphate dehydrogenase (Sigma G7877), 10.5 mM MgSO4 and 10 mM ATP (Sigma 
A2383) as start reagent were used. The buffer for pyruvate kinase measurements 
contained 0.15 mM NADH (Sigma N8129), 1 mM ADP (Sigma A5285), 1 mM fructose 
1,6-bisphosphate (Sigma F0752), 60 U/mL L-lactate dehydrogenase (Sigma L2500) 
and 2 mM phosphoenolpyruvate (Sigma P7252) was used as start reagent. Four 
dilutions were performed per sample (0.4-4.5 mg protein/mL) to check for linearity over 
time and samples were further diluted 50× for pyruvate kinase and 10× for hexokinase 
in the experimental buffer for measurements. 

Carnitine palmitoyltransferase (CPT) activity was measured using mitochondrial 
enriched suspensions. The experimental buffer contained 25 mM Tris-HCl, 2 mM EDTA, 
150 mM KCl, 5 mM KCN, 1 mg/mL BSA, 4.5 mM reduced glutathione and 0.02 mM 
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potassium phosphate buffer (pH 7.0). 50 µM palmitoyl-CoA (Sigma P9716) and 2 mM 
L-carnitine (Sigma C0158) were used as substrates and the mixture was incubated for 
10 min at 37 °C. Two sample dilutions were used per animal (8 or 16 ng protein/mL) 
and samples were collected and quenched in acetonitrile at 0, 5 or 10 minutes (adapted 
from (15)). The concentration of palmitoyl-carnitine produced was measured according 
to the acylcarnitine profiling described above after the addition of internal standard.

Western Blots
For Western Blot analyses, frozen quadriceps samples were used to prepare 7.5% 

homogenates (w/v) in 0.1% NP-40 buffer (0.4 M NaCl) in the presence of 1 tablet of 
complete protease inhibitor cocktail (Merck, 11836145001), 0.5 mL phosphatase inhibitor 
cocktail 2 (Sigma-Aldrich P5726), 0.5 mL phosphatase inhibitor cocktail 3 (Sigma-Aldrich 
P0044) and 1 mM dithiothreitol (DTT). Samples were homogenized in a BeadBeater, 
mixed with SDS loading buffer and heated at 95 °C for 5 minutes. SDS-PAGE was used to 
separate proteins in 8% acrylamide gels. 90 to 150V were used to separate proteins using 
a MiniPROTEAN Tetra Vertical Electrophoresis Cell system (Cat. No. 1658029FC; Bio-
Rad) in the presence of running buffer (0.2 M glycine, 25 mM Tris and 0.1% SDS). Transfer 
was performed using polyvinylidene difluoride (PVDF) in blotting buffer (0.1 M glycine, 50 
mM Tris, 0.01% SDS and 10% methanol, pH 8.3) at 45 V for 1 h 45 min. Membranes were 
blocked in 5% BSA in TBST for 1h and primary antibodies were incubated overnight at 4 
°C. Subsequently, membranes were washed three times with TBST and incubated with 
HRP-coupled secondary antibody (goat anti-mouse or goat anti-rabbit) for 2h followed by 
wash before detection. Pierce ECL substrate (Thermo Fisher Scientific, 32209) was used 
for detection using Image Quant LAS4000 Mini (GE Healthcare) (16). Antibodies used: 
actin (Millipore MAB1501, 1:10,0000), ACC (Cell Signalling, 3676, 1:1,000), pACC(S79) 
(Cell Signalling, 3661, 1:2,000), MCD (Abcam, ab95945, 1:1,000), GAPDH (Abcam, 
ab37187, 1:20,000) and PGC1α (Abcam, ab54481, 1:1,000). 

Computational modelling
The computational model of mouse mitochondrial β-oxidation previously described 

(17) was parameterized on an individual mouse basis. This was based on the quantitative 
proteomics data obtained for this study, thereby yielding a set of results for each 
experimental group. The rate through the CPT1 reaction with palmitoyl-CoA as substrate 
(vcpt1c16 in the computational model of the mitochondrial β-oxidation) was used as the 
β-oxidation flux in each simulation. Flux control coefficients (FCC) were calculated as 
previously described (18). The definition of the parameter and the estimation used for 
calculations can be found in equations 1 and 2, respectively. It corresponds to which 
extent a certain enzyme controls the flux (J) through a pathway (∆Vmax =  Vmax∙10-6 µmol/
min-1∙mg protein-1). Summation theorem was checked (19). 

Statistical analysis
Data were visualized using GraphPad Prism software (GraphPad Software Inc., 

version 8.0, 2018) and analysed with either the same software or IBM SPSS Statistics 
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(IBM Corp., Version 25.0, 2017). Body weight and glucose and insulin time courses 
were analysed with 3-way ANOVA (age, diet and time). Delta fat mass, HOMA-IR, 
insulin action, plasma TG’s and NEFA’s were analysed by 2-way ANOVA (HOMA-
IR and TG’s after log2 transformation) followed by Tukey’s multiple comparisons. 
Energy expenditure was adjusted for total body weight with ANCOVA according to the 
guidelines of the National Mouse Metabolic Phenotyping Centers. RER and adjusted 
energy expenditure were analysed with 3-way ANOVA (diet, age and light/dark cycle), 
followed by Holm-Sidak’s multiple comparisons test. Lipidomics data were transformed 
by mean centring and multiple Student’s t-tests were performed on data (comparing 
the effect of the diets on matched age groups) after log2 transformation. Correction for 
multiple comparisons used the False Discovery Rate (FDR) approach (Q-value = 5%). 
A significant change was defined as having a q value <0.05 and a fold change ≤ 0.66 
or ≥ 1.5. Individual lipid species and PC/PE ratio were analysed with 2-way ANOVA 
followed by Tukey’s multiple comparison analysis. Association between MISI and lipid 
species was assessed by Pearson correlation coefficients. Remaining comparisons 
(Western Blots, enzyme activity, O2 consumption and protein data) were performed 
by 2-way ANOVA followed by Tukey’s multiple comparisons. The effect of each factor 
based on the 2-way ANOVA (page and pdiet), as well as the interaction between them 
(page×pdiet), was calculated for each comparison.
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Supplemental Text 1
Modelling strategy and assumptions
The computational model of mouse liver mitochondrial β-oxidation was used as starting 
point [1]. Previously estimated values for Km’s, Keq’s as well as concentrations of 
intracellular metabolites were kept according to the liver model given that most isozymes 
are identical in both tissues. A step-by-step guide to the parameterization of Vmax’s to 
skeletal muscle are as follows:
1. Proteomics data measured in total quadriceps homogenate were converted using 

the citrate synthase ratio to be expressed per mitochondria protein.
2. Data were compared to a previous dataset of mitochondrial targets measured in 

mitochondria-enriched samples (quadriceps of 6-month old C57Bl/6J mice) [2]. 
This showed that the mild harvest conditions used for homogenates (necessary 
for enzyme kinetics measurements) had underestimated the absolute quantities of 
membrane-associated proteins for all four experimental groups. Therefore, based 
on the protein averages of the previous dataset and the here obtained data on the 
interplay between age and diet, we calculated ratios to correct for membrane loss 
and they were applied equally for all 32 mice in the dataset. Proteins that were 
underestimated in our data set with a fold change of at least 2 were corrected 
(Acaa2, Acadvl, Cpt1b, Cpt2, Hadha/Hadhb) according to Table 1A.

BM, Bischoff R, Permentier HP: Translational Targeted Proteomics Profiling of Mitochondrial 
Energy Metabolic Pathways in Mouse and Human Samples. J Proteome Res 2016;15:3204-3213

11. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B, Kern R, Tabb DL, 
Liebler DC, MacCoss MJ: Skyline: an open source document editor for creating and analyzing 
targeted proteomics experiments. Bioinformatics 2010;26:966-968

12. Srere PA: Citrate Synthase. Methods in Enzymology 1969;13:3-11
13. Stolle S, Ciapaite J, Reijne AC, Talarovicova A, Wolters JC, Aguirre-Gamboa R, van der Vlies P, 

de Lange K, Neerincx PB, van der Vries G, Deelen P, Swertz MA, Li Y, Bischoff R, Permentier 
HP, Horvatovitch PL, Groen AK, van Dijk G, Reijngoud DJ, Bakker BM: Running-wheel activity 
delays mitochondrial respiratory flux decline in aging mouse muscle via a post-transcriptional 
mechanism. Aging Cell 2018;17:1-11

14. Smith-Cortinez N, van Eunen K, Heegsma J, Serna-Salas SA, Sydor S, Bechmann LP, Moshage 
H, Bakker BM, Faber KN: Simultaneous Induction of Glycolysis and Oxidative Phosphorylation 
during Activation of Hepatic Stellate Cells Reveals Novel Mitochondrial Targets to Treat Liver 
Fibrosis. Cells 2020;9

15. van Vlies N, Ruiter JP, Doolaard M, Wanders RJ, Vaz FM: An improved enzyme assay for 
carnitine palmitoyl transferase I in fibroblasts using tandem mass spectrometry. Mol Genet 
Metab 2007;90:24-29

16. Heberle AM, Razquin Navas P, Langelaar-Makkinje M, Kasack K, Sadik A, Faessler E, Hahn U, 
Marx-Stoelting P, Opitz CA, Sers C, Heiland I, Schauble S, Thedieck K: The PI3K and MAPK/
p38 pathways control stress granule assembly in a hierarchical manner. Life Sci Alliance 2019;2

17. van Eunen K, Volker-Touw CML, Gerding A, Bleeker A, Wolters JC, van Rijt WJ, Martines A-CMF, 
Niezen-Koning KE, Heiner RM, Permentier H, Groen AK, Reijngoud D-J, Derks TGJ, Bakker BM: 
Living on the edge: substrate competition explains loss of robustness in mitochondrial fatty-acid 
oxidation disorders. BMC Biology 2016;14:107

18. Martines AMF, van Eunen K, Reijngoud DJ, Bakker BM: The promiscuous enzyme medium-
chain 3-keto-acyl-CoA thiolase triggers a vicious cycle in fatty-acid beta-oxidation. PLoS 
Comput Biol 2017;13:e1005461

19. Fell DA: Metabolic control analysis: a survey of its theoretical and experimental development. 
Biochem J 1992;286 ( Pt 2):313-330

149201_Dommerholt_BNW.indd   127149201_Dommerholt_BNW.indd   127 28-04-2021   19:0528-04-2021   19:05



128

Chapter 4

5. Different isoforms: kcat’s estimated for CPT1 in liver 
regard the activity of mostly CPT1A, the most abundant 
CPT1 isoform in that tissue. Therefore, we estimated 
the kcat for CPT1B based on our own proteomics and 
activity measurements. Figure 1A shows a plot of the 
calculated kcat in skeletal muscle.

6. Besides the difference in Vmax, CPT1B is known to 
possess lower affinity to L-carnitine than CPT1A. 
The Km¬ used in the simulations was equal to 500 
µM, obtained from measurements in human and rat 
skeletal muscle [3]

Figure 1A: Estimated kcat for 
CPT1B (2300 ± 300 min-1)
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• The study by van Eunen et al. did not include measurements of the CACT protein 
(Slc25a20), therefore kcat’s for this enzyme could not be estimated. Moreover, 
the peptide used for the detection of this protein is synthetic and consequently 
cannot be used for absolute but only for relative quantification. Therefore the 
original values of the Vmax for this enzyme were kept identical to those used in 
the liver model. They were, however, multiplied by a factor proportional to the 
abundance of the Slc25a20 detected in the current study.

• The protein LCAD was not detected in our samples given its early elution 
during the liquid chromatography. Therefore, we estimated the values for its 
Vmax based on the assumptions that follow. First, in both liver [1] and skeletal 
muscle [2] datasets, protein levels of LCAD were approximately 2 times higher 
than the levels of VLCAD. Second, the kcat estimation on table 1B shows a value 
approximately 3.5 times higher for LCAD than that for VLCAD. Considering 
these two observations, we estimated LCAD Vmax’s for each mouse as 7 times 
the Vmax calculated for VLCAD (after correction for membrane proteins).

7. CPT1B can bind malonyl-CoA with a higher affinity than CPT1A [4]. Therefore the 
Ki used for this endogenous inhibitor was equal to 0.2 µM [5].

8. Malonyl-CoA was set as 0.2 µM (same as Ki) for simulations were indicated. The 
value here used is below the expected concentrations found in vivo [3], which exceed 
the Ki and would lead to inhibition of β-oxidation to a very high extent. Therefore, it 
is hypothesized that either part of the malonyl-CoA is not directly available to CPT1 
[4] or that other metabolites can compete for the binding pocket, such as acetyl-
CoA [5].

9. The table containing the estimated Vmax’s can be found on supplemental table 8.
10. The rate through CPT1 when using palmitoyl-CoA as substrate(vcpt1c16) was 

adopted as the β-oxidation flux in each simulation.
11. The Mathematica scripts for the performed simulation can be found in Appendix 1. 

3. The previous publication from our group was used for the calculation of kcat’s 
(turnover ratios) for the proteins involved in β-oxidation based on the equation  
Vmax = kcat ∙ [E]. Vmax represents the maximal capacity of a determined enzyme expressed 
in µmol∙min-1∙mg protein-1 and [E] is the absolute protein concentration expressed in 
pmol∙mg protein-1. A table containing the calculated values is shown below (Table 1B).

4. Missing enzymes on proteomics datasets:
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Table 1A: Absolute quantification of skeletal muscle proteins corrected for mitochondrial protein. Ratios 
in bold represent proteins with underestimated levels in the current dataset and were used equally 
across all mouse groups to correct for membrane protein underestimation.
Enzyme 
(gene name)

Previous 
dataset [2]

Current data 
(this article) Ratio Protein name

Acaa2 33.1 14.42 2.30 3-ketoacyl-CoA thiolase, mitochondrial (MCKAT)

Acadl* 86.9 - - Long-chain specific acyl-CoA dehydrogenase, 
mitochondrial (LCAD)

Acadm 48.1 44.34 1.09 Medium-chain specific acyl-CoA 
dehydrogenase, mitochondrial (MCAD)

Acads 17.7 19.39 0.91 Short-chain specific acyl-CoA dehydrogenase, 
mitochondrial (SCAD)

Acadvl 42.3 4.12 10.27 Very long-chain specific acyl-CoA 
dehydrogenase, mitochondrial (VLCAD)

Cpt1b 38.4 17.51 2.19 Carnitine O-palmitoyltransferase 1, muscle 
isoform (CPT1B)

Cpt2 16.9 0.60 27.91 Carnitine O-palmitoyltransferase 2 (CPT2)
Echs1 25.5 21.60 1.18 Enoyl-CoA hydratase, mitochondrial (CROT)

Hadh 43.5 49.72 0.88 Hydroxyacyl-coenzyme A dehydrogenase, 
mitochondrial (MSCHAD)

Hadha$ 40.3 6.29 6.42 Trifunctional enzyme subunit alpha, 
mitochondrial (MTPα)

Hadhb$ 40.8 11.34 3.60 Trifunctional enzyme subunit beta, 
mitochondrial (MTPβ)

Slc25a20 4.4 1.89 2.33 Mitochondrial carnitine/acylcarnitine carrier 
protein (CACT)

Average in (pmol∙mg protein-1)
*Interference in current dataset, no peptides detected 
$Average ratio used for MTP (Hadha/Hadhb) was 5.01

Table 1B: kcat estimation based on the study by van Eunen et al. [1]
Enzyme (gene 
name)

Model 
parameter Vmax Protein ([E]) Estimated kcat 

(min-1)
Acaa2 Vmckat 0.25 141.26 1,770
Acadl Vlcad 0.047 25.45 1,850
Acadm Vmcad 0.027 23.37 1,160
Acads Vscad 0.036 24.72 1,460
Acadvl Vvlcad 0.007 13.50 520
Cpt2 Vcpt2 0.391 11.11 35,200
Echs1 Vcrot 3.6 24.82 145,000
Hadh Vmcschad 0.34 41.29 8,200
Hadha/Hadhb Vmtp 2.84 33.49 85,000

Vmax values in µmol∙min-1 mg protein-1

[E] values in (pmol∙mg protein-1)
Values of kcat expressed in s-1: (Vmax ∙ 106)/[E]. 
The 106 term used to convert from µmol to pmol.
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Supplemental Figure 1: A) Schematic design of animal experiments. B) Change in body weight for both age 
groups after 8 weeks on either a LFD or HFD. C) Average food intake per day from several measurements 
over the course of 8 weeks. D) 48h time course for respiratory exchange ratios (RER) in both light/dark 
phases following 10 weeks for each age/diet group. E) Activity of animals (cm · min-1) measured in metabolic 
cages with the use of lasers in parallel with indirect calorimetry. F) Plasma branched-chain amino acids 
measured at termination blood spots for all age/diet groups. Data are shown as mean ± SEM. n=13-22 per 
group, ***p<0.001 (LFD vs HFD, matched age), Two-Way-ANOVA followed by Tukey’s post hoc test.
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Supplemental figure 3: Total ACC (A), pACC (S79) (B), pACC/ACC (C) and MCD (D) levels in quadriceps 
homogenates normalized by actin levels.

Supplemental figure 2: Linear regression between phosphatidylcholine PC(18:1/18:1) and MISI 
(Pearson r = -0.56, p = 0.002) .
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Supplemental tables

Supplemental table 1: Diet composition (D17041407, -09)
Product # D17041407 D17041409

Low Fat (20 kcal %) High Fat (60 kcal %)
Ingredient (g) (g)
Casein 220 220
Cystine 3 3
Corn Starch 368 67
Maltodextrin 10 122.2 22.3
Sucrose 107.078 107.078
Cellulose 50 50
Soybean Oil 90 90
Lard 0 178.4
t-butylhydroquinone 0.014 0.014
Mineral Mix S10022C 3.5 3.5
Calcium Carbonate 12.495 12.495
Potassium Citrate, 1 H20 1.773 1.773
Potassium Phosphate, monobasic 7.763 7.763
Sodium Chloride 2.59 2.59
Vitamin Mix V10037 10 10
Choline Bitartrate 2.5 2.5
FD&C Yellow Dye #5 0.05 0
FD&C Red Dye #40 0 0.025
FD&C Blue Dye #1 0 0.025
Total 1000.96 778.463
kcal/gm 4 5.2

gram gram% gram gram%
Protein 197 20 197 25
Carbohydrate 607 61 206 27
Fat 90 9 268 34
Fiber 50 5 50 6

kcal kcal% kcal kcal%
Protein 786 20 786 20
Carbohydrate 2429 60 826 20
Fat 810 20 2416 60
Total 4026 100 4028 100

gram gram% gram gram%
Calcium 5 0.5 5 0.64
Phosphorus 3.53 0.35 3.53 0.45
Potassium 3.6 0.36 3.6 0.46

149201_Dommerholt_BNW.indd   132149201_Dommerholt_BNW.indd   132 28-04-2021   19:0528-04-2021   19:05



133

Metabolic flexibility in the ageing muscle

4

Supplementary table 1 extended
Product # D17041407 D17041409

Low Fat (20 kcal %) High Fat (60 kcal %)
Essential Amino Acids per kg diet per 1000 kcal per kg diet per 1000 kcal
Histidine 4.95 1.23 6.36 1.23
Isoleucine 8.24 2.05 10.6 2.05
Leucine 17.25 4.29 22.18 4.29
Lysine 14.29 3.55 18.37 3.55
Methionine 5.49 1.37 7.07 1.37
Phenylalanine 9.12 2.27 11.73 2.27
Threonine 7.8 1.94 10.03 1.94
Tryptophan 2.31 0.57 2.97 0.57
Valine 10.11 2.51 13 2.51
Non-Essential Amino Acids
Alanine 5.49 1.37 7.07 1.37
Arginine 6.48 1.61 8.34 1.61
Asparagine 7.69 1.91 9.89 1.91
Aspartate 5.49 1.37 7.07 1.37
Cystine 4.32 1.07 4.7 1.07
Glutamine 18.68 4.65 24.02 4.64
Glutamate 22.75 5.66 29.25 5.65
Glycine 3.3 0.82 4.24 0.82
Proline 19.34 4.81 24.87 4.81
Serine 10.88 2.71 13.99 2.7
Tyrosine 9.89 2.46 12.72 2.46

Supplemental Table 2: Excel file
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Supplemental table 3: Lipids that are changed by a HFD in either old or young mice.

Lipid name Detailed composition
Significant 

result 
LFD vs HFD

Fold change q-value

TG(54:1) TG(18:0_18:0_18:1) old 7.7 0.0017
TG(41:1) old 6.0 0.0258
23OH-C20:0-carnitine old 5.7 0.0035
TG(52:0) TG(16:0_18:0_18:0) old 5.5 0.0017
C18:0-carnitine old 4.9 0.0005
DG(36:1) DG(18:0_18:1) old 4.3 0.0025
TG(50:0) TG(16:0_16:0_18:0) old 4.1 0.0022
TG(53:1) TG(17:0_18:0_18:1) old 3.9 0.0137
C16:0-carnitine old 3.8 0.0055
CL(72:8) CL(18:2/18:2/18:2/18:2) old 3.5 0.0129
TG(54:2) TG(18:0_18:1_18:1) old 3.4 0.0147
3OH-C18:1-carnitine old 3.2 0.0297
TG(51:1) TG(16:0_17:0_18:1) old 2.9 0.0317
PC(40:4) PC(18:0_22:4) old 2.8 0.0033
TG(51:0) TG(16:0_17:0_18:0) old 2.7 0.0156
TG(59:2) old 2.7 0.0499
DG(38:4) DG(16:0_22:4) old 2.7 0.0054
C14-carnitine old 2.6 0.0352
PC(38:4) PE(16:0_22:4) old 2.6 0.0352
TG(42:0) TG(12:0_14:0_16:0) old 2.3 0.0240
PC(37:4) PC(17:0_20:4) old 2.2 0.0005
PC(37:3) old 2.2 0.0189
PEp(40:5)/PEa(40:6) young/old 2.2/1.9 0.0438/0.0129
PEa(40:5)/PEp(40:4) young/old 2.1/2.2 0.0307/0.0021
SM(d36:2) young/old 2.1/2.2 0.0264/0.0005
TG(49:0) TG(16:0_16:0_17:0) old 2.1 0.0475
SM(d34:2) old 2.1 0.0119
PC(38:2) old 2.1 0.0033
PC(38:3) PC(18:0_20:3) old 2.1 0.0116
DG(32:0) DG(16:0/16:0) old 2.0 0.0035
PC(39:5) young/old 1.9/2.0 0.0198/0.0033
Cer(d36:1) Cer(d18:1/18:0) old 1.9 0.0033
DG(34:0) DG(16:0_18:0) old 1.9 0.0005
DG(35:2) old 1.9 0.0309
PC(38:4) PC(16:0_22:4) young/old 1.8/2.6 0.0198/0.0001
PC(36:2) PC(18:0_18:2) old 1.8 0.0071
PC(35:2) PC(17:0_18:2) old 1.8 0.0021
PCa(38:4)/PCp(38:3) old 1.8 0.0129
PC(38:4) PC(18:0_20:4) old 1.8 0.0035
PC(36:3) PC(16:0_20:3) old 1.8 0.0055
LPE(18:0) old 1.8 0.0054
LPC(20:4) old 1.8 0.0147
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SM(d40:2) old 1.8 0.0317
LPC(22:5) old 1.7 0.0335
Cer(d40:1) Cer(d18:1/22:0) old 1.7 0.0156
LPC(18:0) old 1.7 0.0182
PC(33:0) old 1.7 0.0116
PC(36:4) PC(16:0_20:4) old 1.7 0.0054
PC(35:1) young/old 1.6/1.8 0.0198/0.0035
PC(38:5) PC(16:0_22:5) major old 1.6 0.0220
PEp(38:4)/PEa(38:5) old 1.6 0.0054
PEp(38:4)/PEa(38:5) old 1.6 0.0303
PC(36:1) PC(18:0_18:1) old 1.6 0.0198
DG(38:6) DG(16:0_22:6) old 1.6 0.0208
PEp(38:5(OH)) young/old 1.5/1.7 0.0307/0.0035
SM(d35:1) old 1.5 0.0116
DG(38:4) DG(18:0_20:4) old 1.5 0.0261
PC(34:2) PC(16:0_18:2) major old 1.5 0.0129
DG(33:2) old 0.6 0.0137
PC(32:2) PC(14:0_18:2) young 0.5 0.0209
PC(34:4) young/old 0.4/0.6 0.0198/0.0147
TG(59: 3) old 0.4 0.0178
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Supplemental table 4: Acylcarnitine composition in quadriceps (nmol * g tissue -1)
Young Old

LFD HFD LFD HFD
Species Mean SEM Mean SEM Mean SEM Mean SEM
total 129.8 9.4 145.7 3.6 165.7 20.1 162.6 6.6
C0 56.5 4.2 67.6 2.3 71.4 8.5 73.0 3.4
C2* 57.0 5.2 63.8 4.4 81.1 10.7 72.4 4.7
C3 0.47 0.05 0.49 0.04 0.59 0.08 0.57 0.04
C4 0.85 0.11 0.86 0.05 0.89 0.11 1.02 0.06
C5 0.12 0.01 0.16 0.01 0.16 0.02 0.23 0.05
C6 0.24 0.03 0.29 0.01 0.25 0.03 0.31 0.01
C8 0.14 0.01 0.16 0.02 0.13 0.01 0.15 0.01
C10:1 0.03 0.01 0.02 0.00 0.02 0.01 0.02 0.00
C10 0.05 0.01 0.04 0.01 0.03 0.00 0.04 0.01
C12:1 0.03 0.01 0.02 0.00 0.02 0.01 0.02 0.00
C12 0.09 0.02 0.05 0.02 0.05 0.01 0.06 0.01
C14:1 0.28 0.07 0.17 0.04 0.21 0.04 0.22 0.05
C14 0.83 0.14 0.69 0.16 0.52 0.09 0.69 0.12
C16:1 0.84 0.16 0.47 0.11 0.66 0.14 0.59 0.14
C16 3.92 0.70 3.51 0.97 2.35 0.46 4.00 0.73
C18:2 1.05 0.23 0.54 0.13 0.83 0.18 0.81 0.21
C18:1 1.92 0.36 1.46 0.38 1.83 0.35 2.33 0.66
C18 1.03 0.18 1.22 0.30 0.78 0.15 1.49# 0.23
C12OH 0.07 0.01 0.10 0.01 0.10 0.04 0.14 0.02
C14OH 0.08 0.01 0.10 0.01 0.06 0.01 0.10 0.01
C16OH$ 0.26 0.03 0.35 0.05 0.19 0.03 0.36& 0.03
C18:1OH$ 0.25 0.04 0.34 0.05 0.26 0.04 0.43# 0.05
C18OH$ 0.09 0.01 0.14 0.03 0.08 0.01 0.17+ 0.01

*p<0.05 for age and $p<0.01 for diet, 2-way ANOVA. 
#p<0.05 for Old LFD vs HFD, &p<0.01 for Old LFD vs HFD and +p<0.001 for Old LFD vs HFD.

Supplemental Table 5: Correlations (Pearson r) between peripheral insulin sensitivity and ceramides/
diacylglycerol levels
Species Lipid Pearson r p value
Cer01 Cer(d36:1) -0.20 0.308
Cer02 Cer(d38:3) -0.26 0.173
Cer03 Cer(d40:1) -0.30 0.117
Cer04 Cer(d42:2) -0.30 0.125
Cer05 Cer(d42:1) -0.26 0.176
Cer06 Cer(d34:1) -0.27 0.172
Cer07 Cer(d30:1) 0.00 0.989
Cer08 Cer(d35:0) -0.28 0.149
Cer09 1-O-eicosanoyl-Cer(d34:1) -0.27 0.168
Cer10 PE-Cer(36:3) 0.14 0.486
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Cer11 HexCer(d32:1) 0.16 0.406
Cer12 HexCer(d38:1) 0.25 0.207
Cer13* HexCer(d41:1) -0.33 0.089
Cer14 HexCer(d40:1(2OH)) -0.24 0.215
Cer15 HexCer(d42:1(2OH)) -0.24 0.220
Cer16 HexCer(d42:1) -0.27 0.158
Cer17 HexCer(d34:1) 0.21 0.278
Cer18 NeuAcα2-3Galβ1-4Glcβ-Cer(d36:1) 0.23 0.247
Cer19 GlcNAcβ1-3(GalNAcβ1-4)Galβ1-4Glcβ-Cer(d36:1) -0.03 0.860
DG01 DG(32:0) -0.02 0.914
DG02 DG(32:1) -0.10 0.624
DG03 DG(32:1) -0.02 0.937
DG04 DG(32:2) 0.04 0.831
DG05 DG(32:2) 0.00 0.981
DG06 DG(33:2) 0.04 0.848
DG07 DG(34:0) -0.24 0.228
DG08* DG(34:1) -0.37 0.053
DG09 DG(34:2) -0.26 0.187
DG10 DG(34:2) -0.20 0.318
DG11 DG(34:3) -0.03 0.893
DG12 DG(34:3) -0.05 0.803
DG13 DG(35:2) -0.29 0.138
DG14 DG(36:1) -0.34 0.078
DG15* DG(36:2) -0.46 0.015
DG16 DG(36:3) -0.34 0.074
DG17 DG(36:4) -0.06 0.753
DG18* DG(37:2) -0.48 0.011
DG19 DG(38:2) -0.31 0.114
DG20 DG(38:4) -0.27 0.159
DG21* DG(38:4) -0.45 0.016
DG22 DG(38:6) -0.07 0.738
DG23 DG(40:6) -0.02 0.902
DG24 DG(42:5) 0.07 0.717

*p<0.05

Supplemental Table 6/7: Excel files
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