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Skeletal muscle mitochondrial
dysfunction is associated with
increased Gdf15 expression and
circulating GDF15 levels in aged
mice

J. Chen'*, J. Kastroll**, F. M. Bello!, M. M. Pangburn?, A. Muralil, P. M. Smith?, K. Rychcik?,
K. E. Loughridge?, A. M. Vandevender?, N. Dedousis?, I. J. Sipula?, J. K. Alder? &
M. J. Jurczak%3**

Growth differentiation factor-15 (GDF15) is a biomarker of multiple disease states and circulating
GDF15 levels are increased during aging in both pre-clinical animal models and human studies.
Accordingly, multiple stressors have been identified, including mitochondrial dysfunction, that lead

to induction of Gdf15 expression downstream of the integrated stress response (ISR). For some
disease states, the source of increased circulating GDF15 is evident based on the specific pathology.
Aging, however, presents a less tractable system for understanding the source of increased plasma
GDF15 levels in that cellular dysfunction with aging can be pleiotropic and heterogeneous. To better
understand which organ or organs contribute to increased circulating GDF15 levels with age, and
whether changes in metabolic and mitochondrial dysfunction were associated with these potential
changes, we compared young 12-week-old and middle-aged 52-week-old C57BL/6 J mice using a series
of metabolic phenotyping studies and by comparing circulating levels of GDF15 and tissue-specific
patterns of Gdf15 expression. Overall, we found that Gdf15 expression was increased in skeletal muscle
but not liver, white or brown adipose tissue, kidney or heart of middle-aged mice, and that insulin
sensitivity and mitochondrial respiratory capacity were impaired in middle-aged mice. These data
suggest that early changes in skeletal muscle mitochondrial function and metabolism contribute to
increased circulating GDF15 levels observed during aging.
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Growth differentiation factor 15 (GDF15) is a TGF-f superfamily member whose expression in tissues is
increased by the integrated stress response (ISR) in response to various stressors'. Patients and preclinical models
with primary defects in mitochondrial function display increased plasma GDF15 levels*?. Plasma GDF15 levels
increase with aging, alongside changes in mitochondrial respiratory capacity, and are associated with loss of lean
mass and strength in both patients and animal models*°. At the same time, increased GDF15 is reported to be
protective against aging-induced inflammation and metabolic dysfunction in liver>’. Thus, whether elevated
plasma GDF15 in the context of aging contributes to or protects against disease remains controversial. A major
outstanding question in this area is what cell type or types contribute to increased plasma GDF15 with aging,
and whether the site of production affects aging phenotypes.

Similar to observations made in aging, obesity is characterized by an increase in circulating GDF15 levels.
Until recently, the tissue-specific origins of increased circulating GDF15 were unclear due to the systemic stress
placed on multiple organ systems in obese subjects, including but not limited to liver, skeletal muscle, kidney,
adipose tissue and immune cells. We recently published results describing a unique transgenic mouse model
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where we restored endogenous expression of Gdf15 specifically in hepatocytes of whole-body Gdf15 knockout
mice, demonstrating that hepatocytes are the primary source of circulating GDF15 during obesity®. This
conclusion was corroborated independently by a second group using a different genetic approach in mice, as well
as samples from human subjects’, and they further demonstrated that immune cells contribute to these changes
but to a lesser degree. The upregulation of Gdf15 in hepatic and immune cells during obesity is believed to occur
downstream of the ISR °-!1. Importantly, activation of the ISR and upregulation of Gdf15 in the context of liver
metabolic disease is reported to occur downstream of ER stress and require ATF4 and CHOP!*~1°, In addition
to ER stress, mitochondrial stress, specifically reductive stress in the form of excess NADH, is implicated in
activation of the ISR and upregulation of Gdf15>”. Given the observation that mitochondrial dysfunction
declines with aging and that mitochondrial dysfunction is associated with a loss of metabolic homeostasis
and increased Gdf15 expression, we performed a series of studies in middle-aged mice to determine tissue-
specific, aging-dependent changes in insulin sensitivity, mitochondrial function and Gdf15 expression with the
goal of identifying what organs give rise to increased circulating GDF15 during normal aging. We elected to
study middle-aged mice (52 weeks or 12 months) as opposed to old mice (18 months or older) based on our
experience that metabolic dysfunction occurs early during the aging process prior to other diseases, allowing
us to avoid confounding stressors, such as cancer and their effects on GDF15 levels independent of changes in
mitochondrial function and metabolism.

Materials and methods

Animal care and use

Male C57BL/6 ] mice were purchased from Jackson Labs and housed for eight weeks at the University of
Pittsburgh prior to study. Mice were studied at 12 and 52 weeks old. All studies were reviewed and approved
by the Institutional Animal Care and Use Committee at the University of Pittsburgh prior to initiation and are
consistent with ARRIVE guidelines. All experiments were performed in accordance with the relevant guidelines
and regulations. Mice were group housed in a temperature-controlled environment between 20 and 22 °C with
12 h light/12 h dark cycle from 7am to 7 pm with ad libitum access to water and regular chow food (ProLab
IsoPro 5P76, catalog #0006972). Mice were individually housed for metabolic cage studies that consisted of 24 h
of acclimation followed by 48 h of active data collection using the Promethion Multi-Plexed Metabolic Cage
System (Sable Systems). Feeding and running wheel activity are expressed as totals for the light/dark cycles
and total time housed in the cages, whereas energy expenditure, calculated by indirect calorimetry using VCO,
and VO, is expressed as the light/dark and 24 h averages. Max sustained speed for running wheel studies was
defined as the fastest pace maintained for 10 min during the first two hours of the dark cycle when mice were
most engaged with the running wheel and total distances traveled were the greatest. Body composition (fat/lean
mass) was measured by EchoMRI. Mice were euthanized after isoflurane anesthesia by cervical dislocation and
exsanguination. Mice that underwent hyperinsulinemic euglycemic clamp procedures were euthanized with an
intravenous, lethal dose of pentobarbital (150 mg/kg).

Hyperinsulinemic euglycemic clamps

Clamp studies were performed as previously described*! with minor modifications. Jugular vein catheters were
surgically placed five days prior to study. Mice were fasted six hours in the morning prior to a primed/continuous
infusion of 3-*H-glucose (Perkin Elmer; prime: 0.7 pCi/kg over 3 min; 0.05 pCi/min basal, 0.1 pCi/min clamp)
to measure basal and clamped rates of glucose turnover (whole-body glucose uptake and endogenous or hepatic
glucose production). Insulin was given as a primed/continuous infusion (Novolin-R, Novo Nordisk; prime dose:
16 mU/kg over 3 min; continuous dose: 3.0 mU kg™! min). Blood was collected by tail vein massage for plasma
glucose, tracer and insulin measurements, and a variable infusion of 20% dextrose was administered to maintain
euglycemia. Glucose turnover was calculated as the ratio of the 3-[*H]glucose infusion rate to the specific activity
of plasma glucose. Endogenous glucose production was calculated as the difference between the glucose infusion
rate and the rate of glucose uptake. To determine tissue-specific glucose uptake, a 10-uCi bolus injection of
[*C]2-deoxyglucose was given at 90 min. Tissue-specific rates were calculated from the area under the curve of
[1C]2-deoxyglucose detected in plasma and the tissue content of [*C]2-deoxyglucose-6-phosphate.

High-resolution respirometry

Liver mitochondrial respiratory capacity was assessed using a mitochondrially enriched liver lysate that was
prepared by homogenizing fresh liver in ice-cold mitochondrial isolation buffer, SMET (70 mM sucrose,
220 mM mannitol, 1 mM EDTA and 10 mM Tris-HCI pH 7.4, and 0.25% BSA), using a glass vessel and Teflon
pestle. The homogenate was centrifuged at 800 x g for 10 min at 4 °C followed by collection of the supernatant
or mitochondrially enriched lysate, which was used for respirometry assays, total protein determination by BCA
and citrate synthase activity measure®*. Skeletal muscle respiratory capacity was measured using permeabilized
muscle fiber bundles taken from the soleus. Fibers bundles weighing between 2-3 mg were placed in ice-cold
BIOPS buffer (10 mM Ca-EGTA, 0.1 M free calcium, 20 mM imidazole, 20 mM taurine, 50 mM potassium
2-[N-morpholino]-ethanesulfonic acid, 0.5 mM dithiothreitol, 6.56 mM MgClz, 5.77 mM ATP, and 15 mM
phosphocreatinine, pH 7.1) and gently teased apart under a dissecting light microscope, followed by chemical
permeabilization with saponin (50 pg/ml in BIOPS) on ice with gentle rocking (25 rpm) for 30 min. Fiber
bundles were washed for 10 min twice with ice-cold respiration buffer, MiR05 (0.5 mM EDTA, 3 mM MgCIZ-
6H,0, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH,PO,, 20 mM HEPES, 110 mM sucrose and 0.1% BSA,
pH 7.1). Fiber bundle weight was measured after permeabilization using gently dried bundles and an analytical
balance. Mitochondrial respiration for liver and skeletal muscle samples was then measured using the Oroboros
O,K platform and MiR05 buffer at 37 °C in a sealed chamber under constant mixing. State 3 and 4 respiration,
as well as maximum electron transport chain capacity and non-mitochondrial respiration, were measured using

Scientific Reports |

(2025) 15:8101 | https://doi.org/10.1038/s41598-025-92572-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

the following substrate and inhibitor concentrations: pyruvate (5 mM), malate (2 mM) and glutamate (10 mM);
adenosine diphosphate (4 mM for liver, titrations of 0.025, 0.2 and 4 mM for soleus); FCCP (0.5 puM titrations to
achieve max respiration); Antimycin A (2.5 pM). Respiration that persisted after the addition of antimycin A was
subtracted from each of the respiratory states to correct for non-mitochondrial sources of oxygen consumption.
The respiratory control ratio (RCR) was calculated as the ratio of state 3 (ADP-stimulated respiration) to state 4
(leak respiration prior to addition of ADP).

Gene expression and biochemical analyses

RNA was extracted from tissue using Trizol and the concentration and purity of the RNA was determined
spectrophotometrically. A total of 1 ug RNA was used for cDNA synthesis using Qiagen’s QuantiTect Reverse
Transcription Kit according to the manufacturer’s instructions, including use of a DNAse step prior to synthesis.
Gene expression was measured by quantitative PCR using SYBR Green and QuantiTect Primer Assays
purchased from Qiagen for Gdf15, Gadd34, Ddit3, and Gapdh. Gene expression was measured using the Applied
Biosystems 7500 Fast Real-Time PCR System. Relative expression was calculated using the measured efficiency
of each primer using a four-point standard curve and the Ct-value for the gene of interest and Gapdh as the
house keeping gene, and then expressed as fold-change relative to the 12-week-old group for the specific gene
and tissue. Plasma glucose levels were measured using an Analox GM9 Glucose Analyzer. Plasma insulin and
GDF15 levels were measured using ELISA (Crystal Chem, 90,080; R&D Systems, MGD150).

Statistical analyses

Data are reported as the mean+s.e.m. Comparisons were made using Student’s t-test, 2-way ANOVA and
ANCOVA where appropriate and noted within the figure legends and p<0.05 was considered significant.
ANCOVA was performed to determine the relationship between body weight and energy expenditure using the
NIH-funded Mouse Metabolic Phenotyping Center online analysis portal®.

Results

Energy expenditure, feeding and running wheel activity are reduced in middle-aged
C57BL/6 J mice

To establish the relationship between aging, circulating GDF15 levels and associated changes in metabolic
homeostasis, we elected to study young, 12-week-old male mice and middle-aged, 52-week-old male mice
purchased from Jackson Labs. The 52-week-old mice weighed significantly more than the 12-week-old mice,
which was due primarily to increased adiposity (Fig. 1A). The 52-week-old mice weighed approximately 12 g
more than the 12-week-old mice, which corresponded to a 3.8 g difference in lean mass and 8.2 g difference in
fat mass. Thus, relative lean mass was significantly reduced while fat mass significantly increased in middle-
aged compared with young mice (Fig. 1B). Consistent with past reports in old mice>?, middle-aged mice
demonstrated significantly increased circulating GDF15 levels (Fig. 1C). To understand how aging affected
whole-body energy balance and the observed changes in body weight and composition, mice were studied in
metabolic cages to measure differences in energy expenditure, feeding and running wheel activity. Due to the
differences in adiposity and body weight between groups, we normalized energy expenditure to lean mass and
also applied ANCOVA using body weight as a co-variate, which has been recommended as the optimal treatment
for such data by multiple groups®’~?°. Energy expenditure normalized to lean mass was significantly reduced in
52-week-old compared with 12-week-old mice during the light cycle, when activity levels are relatively low, as
well as the dark cycle and 24 h period average (Fig. 1D, E). ANCOVA analysis using energy expenditure as the
response variable and body weight as the co-variate demonstrated a significant reduction in energy expenditure
in the older mice (Fig. 1F; p <0.01), which corresponded to a 0.07 kcal/h difference indicated by the change in
elevation or y-intercept in Fig. 1E. The ANCOVA-adjusted mean energy expenditure was significantly reduced in
52-week-old compared with 12-week-old mice (0.47 £0.02 kcal/h vs. 0.54+0.02 kcal/h; p <0.05). Details of the
ANCOVA analysis are included in the data supplement. In addition to reduced energy expenditure, feeding was
significantly reduced in 52-week-old mice during the light and dark cycles whether expressed per kg lean mass
or on a per mouse (non-normalized) basis (Fig. 1G-I). Lastly, 52-week-old mice demonstrated reduced total
distance traveled during volunteer wheel running, as well as max sustained speed (Fig. 1J-L).

Insulin resistance occurs in multiple tissues in middle-aged C57BL/6 J mice
Next, we performed hyperinsulinemic euglycemic clamps with isotope tracers to assess whole-body and tissue-
specific insulin sensitivity. There was no difference in basal plasma glucose levels, however, basal insulin levels
were significantly increased in 52-week-old mice, suggesting insulin resistance (Fig. 2A and D). Plasma glucose
levels were matched at approximately 110 mg/dL during the hyperinsulinemic clamp and the glucose infusion
rate required to maintain euglycemia under these conditions was more than two-fold less in 52-week-old mice,
indicative of severe whole-body insulin resistance (Fig. 2A, B). Basal rates of endogenous or hepatic glucose
production were significantly reduced in the 52-week-old mice, which may explain the lack of basal hyperglycemia
(Fig. 2C). Insulin-stimulated rates of hepatic glucose production were significantly increased in 52-week-old
compared with 12-week-old mice, indicative of hepatic insulin resistance (Fig. 2C). Indeed, hyperinsulinemia
fully suppressed hepatic glucose production in 12-week-old mice (see discussion for interpretation of negative
hepatic glucose output) but failed to change the rate of hepatic glucose production in 52-week-old mice. Lastly,
clamped plasma insulin levels were significantly increased in 52-week-old mice, even though both groups
received the same insulin infusion rate, suggesting impaired insulin clearance by liver (Fig. 2D).

In addition to impaired hepatic insulin sensitivity, 52-week-old mice demonstrated reduced whole-body
insulin-stimulated glucose transport (Fig. 3A). To determine which tissues contributed to this whole-body
effect, we measured tissue-specific rates of glucose transport using *C-2-deoxyglucose administered as an
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Fig. 1. Energy expenditure, feeding and running wheel activity are reduced and circulating GDF15 levels
are increased in middle-aged mice. (A) Body weight and composition in grams (B) Body composition as a
percentage of body weight (C) Circulating GDF15 levels. (D) Energy expenditure normalized to lean mass

over 48 h. E. Light/dark cycle and 24 h average energy expenditure calculated using data in (D). (F) ANVOCA
using energy expenditure as the response variable and body weight as the co-variate. (G) Feeding normalized
to lean mass over 48 h. (H) Light/dark cycle and 48 h total food consumption calculated using data in (G). (I)
Light/dark cycle feeding totals expressed per mouse (non-normalized). (J) Running wheel activity in meters
traveled over 48 h. (K) Light/dark cycle and total distance traveled in running wheel calculated from data in
(J). (L) Max sustained running wheel speed for 10 min interval during first two hours of dark cycle running
wheel activity. Data are the mean +s.e.m. for n=14-16 mice per group and were analyzed by Student’s t-test
where *p<0.05, *p<0.01, **p <0.001 and ****p <0.0001.
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Fig. 2. Whole-body and hepatic insulin sensitivity are impaired in middle-aged mice. (A) Plasma glucose
levels (upper panel) and the glucose infusion rate (upper panel; GIR) during hyperinsulinemic euglycemic
clamp. (B) Average GIR during steady-state or the last 40 min of the clamp. (C) Rates of endogenous or hepatic
glucose production (EGP) in basal (fasted) and clamped (insulin-stimulated) states. (D) Basal and clamped
plasma insulin levels. Data are the mean +s.e.m. for n=6 12-week-old and n=10 52-week-old mice per group
and were analyzed by Student’s t-test where *p <0.05, **p <0.01, ***p <0.001.

intravenous bolus during the last 50 min of the hyperinsulinemic clamp. Tissue-specific glucose uptake was
significantly reduced in skeletal muscle (quadricep), white adipose tissue (gonadal) and brown adipose tissue,
while no differences were detected in heart or brain (Fig. 3B-F), although heart trended towards a reduction
(p=0.07). Thus, insulin resistance is widespread in middle-aged mice and occurs in liver and peripheral tissues.

Liver and muscle as potential sites of mitochondrial dysfunction and GDF15 production
during aging

Hepatic and skeletal muscle mitochondrial dysfunction are associated with insulin resistance and
mitochondrial stress leads to induction of Gdf15 expression®**3*, To understand whether the systemic insulin
resistance observed in middle-aged mice was associated with mitochondrial dysfunction, as well as to determine
which tissues may contribute to increased circulating GDF15 levels in middle-age, we measured Gdf15 expression
in multiple tissues and assessed mitochondrial respiratory capacity in liver and skeletal muscle (soleus). There
was a significant 2.5-fold increase in Gdf15 expression in skeletal muscle (soleus) from 52-week-old mice and
no change in liver, kidney, white adipose tissue, brown adipose tissue or kidney (Fig. 4A). GdfI5 expression is
regulated downstream of the integrated stress response (ISR) by the transcription factor DNA damage inducible
transcript 3 (Ddit3)'>**, whose expression increases with cellular stress. Consistent with the lack of change in
Gdf15 in liver, Ddit3 expression was unchanged (Fig. 4B). Growth arrest and DNA damage-inducible protein 34
(Gadd34), which is also downstream of the ISR and often co-regulated with Gdf15 in response to stress'?, was also
unchanged in liver of middle-aged mice (Fig. 4B). Despite the presence of hepatic insulin resistance (Fig. 2C),
there were no differences in mitochondrial respiratory capacity in 52-week-old compared with 12-week-old
mice (Fig. 4C, D). Specifically, state 4 or leak respiration in the presence of pyruvate, malate and glutamate were
similar between groups, as were state 3 or oxidative phosphorylation and maximal electron transport chain
activity following uncoupling by FCCP (Fig. 4C). Also, the respiratory control ratio or RCR, which serves as a
robust integrated readout of mitochondrial function®, was unchanged in liver (Fig. 4D). Interestingly, citrate
synthase activity, which serves as surrogate of mitochondrial content in liver’”’, was significantly increased in
52-week-old mice (Fig. 4E), suggesting an increase in mitochondrial mass.

Next, we assessed mitochondrial respiratory capacity using permeabilized muscle fiber bundles from soleus.
State 4 or leak respiration was significantly increased in 52-week-old mice (Fig. 5A). State 3 or respiration
committed to oxidative phosphorylation was unchanged at both submaximal (0.025-0.2 mM) and maximal
(4.0 mM) ADP concentrations (Fig. 5B). Maximum electron transport chain activity in the presence of FCCP
was also unchanged in skeletal muscle from 52-week-old mice (Fig. 5C). Accordingly, the RCR at submaximal
ADP concentrations was significantly reduced in 52-week-old mice (Fig. 5D), and there was a trend towards
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Fig. 3. Whole-body and tissue-specific insulin-stimulated glucose uptake are reduced in middle-aged mice.
(A) Whole-body glucose uptake during hyperinsulinemic clamp. B-E. Tissue-specific rates of glucose transport
measured in skeletal muscle (quadricep) (B), heart (C), white adipose tissue (D), brown adipose tissue (E) and
brain (F). Data are the mean +s.e.m. for n=6 for 12-week-old and n= 10 for 52-week-old mice per group and
were analyzed by Student’s t-test where *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001.

reduced RCR at maximal ADP concentration (p=0.08). Consistent with the increase in skeletal muscle Gdf15
expression, Ddit3 and Gadd34 expression were significantly increased 1.9-fold in 52-week-old compared with
12-week-old mice (Fig. 5E), suggesting activation of the ISR in association with mitochondrial dysfunction in
middle-aged skeletal muscle.

Discussion

Past studies relating age to changes in circulating GDF15 levels focused primarily on human subjects aged 65 years
or older or mouse models aged 18 months or older®>26:26:38 Here, we elected to study middle-aged 52-week-old
mice, corresponding to 38 to 47 year-old humans®, to understand whether metabolic changes that occur early
in the aging process in C57BL/6 ] mice were associated with increased circulating GDF15, as well. We found that
middle-aged mice were characterized by reduced relative amounts of lean mass and increased fat mass, as well
as reduced energy expenditure, running wheel capacity and impaired skeletal muscle mitochondrial function
and insulin sensitivity. The insulin resistance and impaired mitochondrial respiratory capacity in skeletal muscle
were associated with a 2.5-fold increase in Gdf15 expression and significantly increased plasma GDF15 levels,
suggesting that skeletal muscle is the primary site for increased circulating GDF15 levels observed in middle-
aged mice.

Previously, Kim and colleagues examined the relationship between age, skeletal muscle Gdf15 expression and
circulating GDF15 levels in C57BL/6 mice, focusing on 6-, 10-, 14- and 18-month-old mice?. They reported a
significant effect of age on both Gdf15 expression and plasma levels but only the 18-month group demonstrated
significantly increased expression and circulating levels compared to the 6-month group. In contrast to our
work, they did not measure Gdf15 expression in other tissues, limiting conclusions regarding the source of
circulating GDF15. Their results also differed from ours with regards to the observation of increased skeletal
muscle Gdf15 expression and plasma levels in 52-week (12-month) old mice here. This may be due to the fact
that we used a younger control group (3 months here vs. 6 months?¢) and may also be due to differences in group
sizes (n=11 here versus n=42°). Regardless of these small differences, they also observed a negative association
between GDF15 levels and lean mass, as well skeletal muscle function and endurance capacity, as implied by our
running wheel studies. In a second study, Moon and colleagues reported increased hepatic expression of Gdf15
in association with increased circulating GDF15 when comparing 2- and 20-month-old mice®. Using data from
the Tabula Muris Senis®’, a single-cell transcriptome atlas of tissue from aging mice, they also noted that Gdf15
was most highly expressed in liver compared with other tissues in 21-month-old mice’. Interestingly, within
this same analysis, comparison of Gdf15 expression between 3-month and 12-month-old mice demonstrated
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Fig. 4. Gdfl5 expression is increased in skeletal muscle but not other metabolically relevant tissues. (A)
Quantitative PCR for Gdf15 mRNA using Gapdh as a reference gene and expressed as fold-change relative

to 12-week samples for each tissue. (B) Liver Ddit3 and Gadd34 expression measured by quantitative PCR
using Gapdh as a reference gene and expressed as fold change relative to 12-week-old mice. (C) Mitochondrial
respiratory capacity measured from liver samples in the presence of pyruvate, malate and glutamate (PMG;
state 4), 4 mM ADP (state 3) and during uncoupling (FCCP). (D) Respiratory control ratio (RCR) calculated
from data in C. (E) Citrate synthase activity measured from mitochondrially enriched liver lysates used in C.
Data are the mean *s.e.m. for n=11 per group and were analyzed by Student’s t-test where *p <0.05.

no difference in liver Gdf15 expression, similar to observations here. Thus, our data alongside reports in the
literature suggest that skeletal muscle is the primary contributor to increased circulating GDF15 levels seen with
middle-age and that liver takes on a more important role as aging progresses. These observations also suggest
that the underlying stress signals for Gdf15 induction, whether due to mitochondrial dysfunction or insulin
resistance, occur earlier in skeletal muscle than liver.

Studies addressing the relationship between aging and insulin resistance in humans are often difficult to
interpret due to differences in body weight and fat and lean mass in elderly compared with young subjects,
resulting in some studies reporting increased insulin resistance with aging while others do not***2. In a study
where body weight was matched between young and older subjects and insulin resistance was assessed using
the ‘gold standard’ hyperinsulinemic euglycemic clamp, insulin sensitivity was impaired specifically in skeletal
muscle in the aged group in association with reduced mitochondrial ATP synthetic capacity, assessed in vivo
by 3P-NMR3!. Similar results have been reported in mouse models where insulin resistance in aged mice
(16-months) is present in skeletal muscle and liver®’, similar to our findings here in middle-aged mice. Our data
demonstrate that insulin resistance is an early feature of aging that occurs as early as middle age (12 months) in
mice. Furthermore, insulin resistance in skeletal muscle was associated with mitochondrial dysfunction, similar
to what is observed in humans®!, whereas insulin resistance in liver was associated with intact mitochondrial
respiratory capacity but an increase in mitochondrial mass, potentially masking mitochondrial dysfunction.

A relationship between skeletal muscle mitochondrial dysfunction and insulin resistance has been described
for both patients with type 2 diabetes and in elderly subjects*'**-%". In patients with type 2 diabetes, mitochondrial
dysfunction was attributed to both reduced mitochondrial content in muscle®S, as well as impaired electron
transport chain capacity during state 3 respiration and uncoupled respiration, independent of changes in
mitochondrial content**%. In elderly subjects with insulin resistance, skeletal muscle mitochondrial oxidative
capacity was reduced compared with young controls when assessed in vivo, suggesting the potential for either
reduced content or function or both®!. More recently, a multi-center study where 879 older adults were recruited
for assessment of skeletal muscle mitochondrial function and metrics of dysmotility reported that older adults
with diabetes had reduced maximal electron transport chain capacity compared to older adults without diabetes?”.
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Fig. 5. Mitochondrial respiratory capacity is impaired in middle-aged mice in association with increased
expression of markers of the integrated stress response. (A) State 4 or leak respiration measured from
permeabilized muscle fiber bundles from soleus in the presence of pyruvate, malate and glutamate. (B)

State 3 respiration measured in the presence of submaximal (0.025-0.20 mM) and maximal (4.0 mM) ADP.
(C) Maximum electron transport chain capacity measured following uncoupling by FCCP titration. (B).
Respiratory control ratio (RCR) calculated from data in B. (E) Skeletal muscle Ddit3 and Gadd34 expression
measured by quantitative PCR using Gapdh as a reference gene and expressed as fold change relative to
12-week-old mice. Data are the mean +s.e.m. for n=11 per group and were analyzed by Student’s t-test where
*p<0.05.

Another more recent study exploring the relationship between aging and skeletal muscle mitochondrial function
reported impaired mitochondrial ADP sensitivity in aged subjects, despite no change in respiratory capacity,
and an increase in the fraction of electron leak to reactive oxygen species (ROS) production across a range
of ADP concentrations*®. Although not directly comparable to our results due to differences in methodology,
our observation of increased leak respiration and impaired RCR at submaximal ADP concentrations, despite
no change in respiratory capacity, suggests similar effects on ADP sensitivity and ROS production in skeletal
muscle of middle-aged mice. The authors of this study speculated that redox-induced inhibition of the adenine
nucleotide translocase (ANT) may cause the impaired ADP sensitivity in aged skeletal muscle, which may
contribute to our observed changes, as well. Future studies measuring H,O, production alongside respiration
during ADP titrations or in combination with the creatine kinase clamp approach?® are warranted, as are ANT
protein abundances and redox-dependent modifications at susceptible amino acid residues.

In summary, our study expands upon past work linking aging and mitochondrial dysfunction to increased
levels of circulating GDF15 by demonstrating that metabolic dysfunction occurs early in middle-aged mice and
is associated with impaired mitochondrial function and upregulation of GdfI5 expression specifically in skeletal
muscle and not liver, heart, kidney, or white and brown adipose tissue. Our studies are limited by several factors.
First, for technical reasons, skeletal muscles with different fiber type compositions were used for assessing in
vivo insulin-stimulated glucose transport (quadricep) and ex vivo mitochondrial function and Gdf15 expression
(soleus), such that associations drawn between these endpoints should be interpreted with caution. Also, the
observations made throughout these studies are associative in nature and future work using genetic approaches
to modulate mitochondrial function and Gdf15 expression in a tissue-specific fashion to firmly establish the
relationships identified here will be necessary.

Data availability

Data and resources presented here will be made readily available upon request to the corresponding author.
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