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Physical function decreases with age, and though bioenergetic alterations contribute to this decline, the mechanisms by
which mitochondrial function changes with age remain unclear. This is partially because human mitochondrial studies
require invasive procedures, such as muscle biopsies, to obtain live tissue with functional mitochondria. However, recent
studies demonstrate that blood cells are potentially informative in identifying systemic bioenergetic changes. Here, we
hypothesize that human platelet bioenergetics reflect bioenergetics measured in muscle biopsies.

Bioenergetics were measured in platelets isolated from younger (18–35 years) and older (86–93 years) adults by
extracellular flux analysis. Muscle biopsy respirometry and noninvasive 31P-MRS were also performed in older adults.

Maximal and ATP-linked respiratory rate measured in platelets from older adults correlated significantly with muscle
maximal respiration (r = 0.595; P = 0.003) and maximal ATP production (r = 0.643; P = 0.004; by 31P-MRS) in the same
individuals. Comparison of platelet bioenergetics in older and younger adults showed lower basal and ATP-linked
respiration in older adults. Platelets from older adults also showed enhanced proton leak, which was due to increased
protein levels of uncoupling protein 2, and correlated with gate speed (r = 0.58; […]
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Introduction
Maintaining physical function is vital to sustaining independence of  older adults, and declining strength 
and increased fatigability are often characteristics of  aging that precede cognitive dysfunction and other 
physical disabilities (1–3). Consistent with this, assessments of  physical function, such as gait speed, are 
strongly predictive of  morbidity and mortality (3).

Changes in mitochondrial function have long been associated with age-related functional decline. Data 
from a number of  human populations and animal models demonstrate various alterations in mitochondrial 
morphology and content across different organs that are thought to underlie molecular mechanisms of  
aging, including cell senescence, oxidative stress, and chronic inflammation (4–8). However, the effect of  

BACKGROUND. Physical function decreases with age, and though bioenergetic alterations 
contribute to this decline, the mechanisms by which mitochondrial function changes with age 
remain unclear. This is partially because human mitochondrial studies require invasive procedures, 
such as muscle biopsies, to obtain live tissue with functional mitochondria. However, recent studies 
demonstrate that blood cells are potentially informative in identifying systemic bioenergetic 
changes. Here, we hypothesize that human platelet bioenergetics reflect bioenergetics measured in 
muscle biopsies.

METHODS. Bioenergetics were measured in platelets isolated from younger (18–35 years) and older 
(86–93 years) adults by extracellular flux analysis. Muscle biopsy respirometry and noninvasive 
31P-MRS were also performed in older adults.

RESULTS. Maximal and ATP-linked respiratory rate measured in platelets from older adults 
correlated significantly with muscle maximal respiration (r = 0.595; P = 0.003) and maximal ATP 
production (r = 0.643; P = 0.004; by 31P-MRS) in the same individuals. Comparison of platelet 
bioenergetics in older and younger adults showed lower basal and ATP-linked respiration in older 
adults. Platelets from older adults also showed enhanced proton leak, which was due to increased 
protein levels of uncoupling protein 2, and correlated with gate speed (r = 0.58; P = 0.0019). While 
no significant difference in glycolysis was observed in older compared to younger adults, platelet 
glycolytic rate correlated with fatigability (r = 0.44; P = 0.016).

CONCLUSION. These data advance the mechanistic understanding of age-related changes in 
mitochondrial function. Further, they suggest that measuring platelet bioenergetics provides a 
potential supplement or surrogate for muscle biopsy measurement and may be a valuable tool to 
study mitochondria in age-related decline of physical function.
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age on mitochondrial function has most prominently been studied in skeletal muscle, in which sarcopenia 
leads to loss of  physical function in older adults. A number of  studies have shown a decrease in mitochon-
drial electron transport chain content, and 31P-magnetic resonance spectroscopy (31P-MRS) studies have 
demonstrated decreased ATP production and recovery of  phosphocreatine after exercise in older adults 
(9–11). However, other researchers have not observed these changes (6, 12). Thus, the exact manifestations 
and mechanisms of  mitochondrial alteration with age, and whether these mitochondrial changes directly 
underlie declining physical function, remain unclear.

One barrier to routine measurement of  mitochondrial function in large human cohorts is the necessity 
to obtain sufficient quantities of  live tissue. Muscle biopsy studies remain the gold standard to study human 
mitochondria but are highly expensive and invasive. Alternatively, 31P-MRS or near infrared spectroscopy 
(NIRS) can be used to noninvasively measure the kinetics of  ATP generation or tissue oxygen consumption 
and perfusion, respectively. However, 31P-MRS methodology requires expensive specialized equipment, 
access to a magnetic resonance magnet, and expertise in analysis and interpretation. Although NIRS is rel-
atively less costly than 31P-MRS, measurements can be affected by variable amounts of  adiposity in human 
subjects as well as differences in skin pigmentation and blood flow (13, 14).

Recent studies have demonstrated that mitochondrial function in circulating blood cells can reflect 
tissue mitochondrial energetics (15–17). Further, mitochondrial function in circulating platelets and periph-
eral blood mononuclear cells (PBMCs) correlates with some clinical parameters and physical function, 
respectively (15, 18–22). However, it is unclear whether platelets directly reflect mitochondrial function 
measured in the muscle of  older human adults and whether there are measurable changes in platelet bioen-
ergetics in young versus older adults.

Here, we hypothesized that platelet bioenergetics are altered with age, reflect skeletal muscle mitochon-
drial function measured by respirometry and 31P-MRS, and are associated with clinical parameters of  phys-
ical function in a population of  older adults. We show that platelet bioenergetics in older adults correlate 
significantly with muscle mitochondrial function in the same cohort. Further, platelets from older adults 
demonstrate altered bioenergetics. The implications of  these data are important for uncovering mitochon-
drial mechanisms of  aging and for the use of  platelet bioenergetics to serve as a supplement or potential 
surrogate to human muscle mitochondrial measurement.

Results
Platelet bioenergetic parameters reflect muscle mitochondrial function measured by muscle respirometry and 31P-MRS. 
We first determined whether human platelet bioenergetics reflect mitochondrial function measured in muscle 
samples from the same individuals. We isolated platelets from individuals in the Health, Aging and Body 
Composition (Health ABC) cohort, which consists of  older adults (88 ± 2 years; n = 32; Table 1). In these 
intact platelets, we assessed cellular oxygen consumption rate (OCR) by Seahorse extracellular flux (XF) anal-
ysis and calculated mitochondrial OCR by correcting for the measured nonmitochondrial OCR as previously 
described (18). A subset of  these subjects also underwent 31P-MRS to noninvasively measure skeletal muscle 
ATP kinetics and provided skeletal muscle biopsies for respirometry (Figure 1). Table 2 shows the muscle 
bioenergetic data for all subjects with measurements by 31P-MRS and respiration in skeletal muscle fibers 
from biopsy. In the subset of  subjects with platelet measurements and concomitant muscle measurements, we 
assessed the association between platelet and muscle bioenergetics to determine whether platelet bioenergetics 
reflect muscle mitochondrial function. Platelet basal OCR showed an association with muscle ATP synthesis 
measured by 31P-MRS (r = 0.420; P = 0.032; n = 26; Table 3 and Figure 2A). This correlation was statistically 
significant when platelet ATP-linked OCR (calculated as basal OCR minus proton leak) was used instead of  
basal OCR (r = 0.643; P = 0.004; Figure 2B). Platelet proton leak, maximal respiratory capacity, and basal 
glycolysis did not show a significant association with ATP synthesis measured by 31P-MRS (Table 3).

Muscle biopsies were also performed on a subgroup of  the Health ABC cohort and muscle fiber respirom-
etry was assessed. Comparison of  platelet OCR to muscle fiber respiration in the same individuals (n = 23) 
showed that platelet maximal OCR correlated significantly with muscle maximal respiration (r = 0.595; P = 
0.003; Table 4 and Figure 2C). In addition, platelet proton leak was significantly associated with muscle state 
4 respiration (respiration in the presence of  substrates for complex I but no ADP), a parameter of  respiration 
driven by proton leak (r = 0.620; P = 0.002; Figure 2D). Platelet ATP-linked respiration showed a trend to 
correlation with muscle state 3 respiration (respiration in the presence of  substrates and ADP), but this did not 
reach statistical significance after correction for multiple comparisons (r = 0.568; P = 0.005; Table 4).

https://doi.org/10.1172/jci.insight.128248
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Platelets from older adults show greater proton leak and less ATP-
linked respiration than platelets from young individuals. Given that 
platelet respiration reflected muscle respiration, we next com-
pared basal glycolytic rate and mitochondrial OCR in intact 
platelets isolated from the cohort of  older adults (88 ± 2 years; 
n = 32) with platelets isolated from a younger cohort (26 ± 5 
years; n = 32). Demographics for young and older adult sub-
jects are shown in Table 1. Basal OCR was lower in platelets 
from older adults compared with younger adults (107.4 ± 5.29 
vs. 123.6 ± 6.083 pmolO2/min/5 × 107 platelets; P = 0.047; 
Figure 3A). We next inhibited ATP synthesis with oligomycin 
to measure OCR not linked to ATP production, which is tradi-

tionally attributed to proton leak across the inner mitochondrial membrane. Proton leak was significantly 
higher in older adults compared with the young adults (39.78 ± 2.70 vs. 30.34 ± 2.32 pmolO2/min/5 × 
107 platelets; P = 0.010; Figure 3B). ATP-linked OCR (or efficient respiration), calculated as the difference 
between basal OCR and proton leak, was significantly lower in older adults compared with young adults 
(74.9 ± 4.61 vs. 112 ± 7.58 pmol O2/min/5 × 107 platelets; P = 0.001; Figure 3C). However, there was no 
significant difference in the maximal capacity of  respiration between the 2 groups (177.4 ± 15.01 vs. 214.5 
± 15.57 pmolO2/min/5 × 107 platelets; P = 0.091; Figure 3D).

To determine whether glycolysis was increased in the older adults, we next calculated the basal gly-
colytic rate by measuring the extracellular acidification rate (ECAR) of  intact platelets, which could be 
inhibited by the glycolytic inhibitor 2-deoxyglucose (2-DG). There was no significant difference in basal 
glycolytic rate between the older and young adults (5.85 ± 0.77 vs. 6.19 ± 0.39 measured pH/min/5 × 
107 platelets; P = 0.69; Figure 3E).

Platelets from older adults show lower enzymatic activity of  the electron transport chain complexes and higher 
uncoupling protein 2 expression. To determine whether changes in mitochondrial proteins potentially 
underlie increased proton leak and lower ATP-linked respiration in older adults, we measured the 
protein levels and enzymatic activity of  the platelet mitochondrial electron transport chain complexes. 
Within the electron transport chain, lower levels of  complex III protein were observed in the older 
adults compared with the young adults, while there was no significant change in the protein levels 
of  complexes I, II, IV, and V (Figure 4, A–B). Measurement of  the individual enzymatic activity of  
each electron transport complex showed that the enzymatic activities of  complexes II, III, and V were 
significantly lower in the older adults compared with the young adults (Figure 4C). When associations 
were tested between complex activities and platelet bioenergetic parameters, no significant correlation 
was found (Table 5).

Uncoupling proteins (UCPs) are present in the inner mitochondrial membrane and allow the entry of  
protons into the mitochondrial matrix, resulting in both the generation of  heat and attenuation of  oxidant 
production (23, 24). To determine whether the increased proton leak observed in older adults was due to 
upregulation of  UCPs, we measured the protein abundance of  UCP2. Protein levels of  UCP2 were sig-
nificantly greater in the platelets from the older adults than young adults (Figure 4, D and E). Further, the 
protein level of  UCP2 showed a significant positive correlation with proton leak in the older adults (r = 
0.632; P = 0.001; Figure 4F).

Table 1. Demographics of the young and older adults

Characteristic Young adults (n = 32) Older adults (n = 32)
Age, years 26 ± 5 88 ± 2
Age range, years 18–35 86–93
Female 20 (62.5) 20 (62.5)
White race 20 (62.5) 20 (62.5)
Black race 12 (37.5) 12 (37.5)
BMI, kg/m2 27 ± 4.8 27 ± 3.9
Values in the table denote mean ± SD or n (%).

Table 2. Muscle bioenergetic data

Range Mean SD n
ATPmax by 31P-MRS 0.25–0.66 0.47 0.10 26
State 4 (pmol/s × mg DW) 11.0–57.7 26.8 9.5 23
State 3 (pmol/s × mg DW) 113–396 234 71.6 23
Maximal (pmol/s × mg DW) 122–423 271 88.9 23
DW, dry weight.

https://doi.org/10.1172/jci.insight.128248
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Platelet bioenergetic parameters correlate with parameters of  physical function and fatigability. Because platelet 
respiration correlated with parameters of  muscle respiration, we next assessed whether platelet bioenerget-
ics in the older adults correlated with parameters of  physical function and fatigability. These associations 
were tested in 28 subjects because 5 individuals did not complete the physical function tests or fill out the 
fatigability questionnaire. There was a positive correlation between platelet basal glycolytic rate and phys-
ical fatigability score (r = 0.451; P = 0.016; Figure 5A). This correlation was stronger after controlling for 
sex or race (Table 6). Additionally, increased proton leak was significantly associated with faster gait speed 
(r = 0.58; P = 0.0019; Figure 5B), and this relationship became more significant when controlled for BMI, 
sex, age, or race (Table 7). In contrast, no significant associations were found between platelet basal or 
maximal respiration and parameters of  physical function (Tables 8 and 9).

Discussion
This study demonstrates that (a) platelet bioenergetic parameters correlate significantly with muscle mito-
chondrial function in the same cohort; (b) compared with young adults, platelets from older adults show an 
alteration in mitochondrial function characterized by higher proton leak, which is likely due to upregula-
tion of  UCP2; and (c) in the older cohort, greater platelet glycolysis and higher proton leak were associated 
with higher perceived physical fatigability and faster gait speed, respectively.

Although this is the first report to our knowledge of  bioenergetic measurements in platelets from healthy 
older versus young adults, the alterations in bioenergetics observed in platelets are consistent with changes 
observed in other tissues. For example, several studies in human skeletal muscle show decreased activity 

Table 3. Pearson’s correlations between platelet bioenergetics and ATPmax measured by 31P-MRS

r P
Basal 0.420 0.032
ATP linked 0.643 0.004A

Proton leak –0.037 0.854
Maximal 0.169 0.397
Basal glycolysis –0.058 0.781
AP < 0.01 (nominal α value for 5 comparisons); n = 26. Bold font denotes P < 0.05.

Figure 2. Platelet bioenergetic parameters correlate 
with muscle mitochondrial measurements in older 
adults. Bioenergetic parameters measured in platelets 
isolated from older adults were tested for associations 
with muscle mitochondrial measurements in the same 
individuals. (A) Correlation between platelet basal 
OCR (pmol/min/5 × 107 plts) and muscle ATP synthesis 
(ATPmax) measured by 31P-MRS. n = 26. (B) Correlation 
between platelet ATP-linked respiration (pmol/min/5 
× 107 plts) and muscle ATP synthesis (ATPmax) measured 
by 31P-MRS. n = 26. (C) Correlation between maximal 
OCR in platelets versus muscle. n = 23. (D) Correlation 
between non–ATP-linked respiration rate (proton leak) 
in platelets and state 4 respiration rate in muscle. n = 
23. All correlations are Pearson’s r. For A and B, P < 0.01 
is significant after multiple-comparisons correction. 
For C and D, P < 0.004 is significant after correction for 
multiple comparisons.

https://doi.org/10.1172/jci.insight.128248
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and content of  citrate synthase and electron transport in older adults (10–12, 25). Additionally, studies in 
permeabilized human platelets showed a weak correlation between decreased complex II activity and age in 
individuals between the ages of  12 and 60 (26, 27). Notably, despite lowered levels of  electron transport com-
plex enzymatic activity, our data showed no difference in maximal respiratory capacity between the platelets 
from older and younger cohorts. Additionally, no correlation was observed between electron transport chain 
activity and platelet OCR, consistent with prior publications (28). This is likely due to the fact that with the 
exception of  complex V, mitochondrial electron transport complexes in the platelet are expressed in excess 
of  what is required to maintain respiration (28). Thus, when uncoupled maximal respiration is measured (in 
which complex V activity is uncoupled from the rest of  the electron transport chain), the decrease in respira-
tion observed basally is no longer present. However, one may speculate that although mitochondrial enzymes 
are in excess of  what is necessary for respiration, under conditions of  stress that damage these enzymes, older 
adults may be more susceptible to respiratory dysfunction compared with young adults given that enzymatic 
activities are already lower in older adults. Further studies that expose young and older platelets to oxidants or 
cell stressors are required to test this hypothesis. In addition to complex activity levels, the source of  substrate 
and availability govern maximal respiration. For example, we have previously shown that in subjects with 
pulmonary arterial hypertension, maximal respiratory capacity is increased despite no change in the majority 
of  the electron transport complexes, and this was due to a substrate switch from glucose to fatty acid oxidation 
(20). A limitation of  the current study is that we did not measure substrate utility or availability in the plate-
lets. More in-depth metabolomics studies are required to test this concept.

We did not directly measure platelet ATP production in this study; however, it would be expected that the 
older adults would generate less ATP than the young adults by oxidative phosphorylation because ATP-linked 
respiration is decreased in platelets from older adults. This decrease in ATP-linked respiration is predomi-
nantly due to an increase in proton leak, which correlates with increased protein levels of  UCP2. Although 
it is well established that UCPs decrease the efficiency of  ATP production, several studies also suggest that 
low levels of  mitochondrial uncoupling are beneficial to the cell (29, 30). UCP1 is crucial to thermogenesis 
in brown adipose tissue (23). However, much less is known about UCP2, though all UCPs have been shown 
to be upregulated by reactive oxygen species and once expressed dissipate the high membrane potential of  
the mitochondrial inner membrane, which can decrease oxidant production by the electron transport chain 
(31–34). In this regard, the upregulation of  UCP2 may serve as an adaptive response to mitigate oxidant pro-
duction, which is known to increase with age. This beneficial effect of  UCP2 expression may also be involved 
in the mechanisms that associate increased proton leak in our study with increased gait speed.

We observed no significant increase of glycolysis in the older adults compared to the young adults despite 
a decrease in ATP-linked OCR. Although absolute glycolytic rate may not be different between the older and 
young adults, it is still possible that basal glycolysis may increase with age in the same individual. Longitudinal 
studies examining glycolytic rate are required to investigate this further. Notably, we did observe a significant 
correlation between glycolytic rate and fatigability score. It is interesting to speculate that this association is 
indicative of a shift from oxidative phosphorylation to the less efficient process of glycolysis, which may lead to 
an ATP deficit and contribute to fatigue. However, direct measurement of ATP production is required to defin-
itively determine whether glycolysis is mechanistically linked to or causative of perceived physical fatigability.

Molina and colleagues previously reported that maximal respiration of  PBMCs (consisting of  lympho-
cytes and monocytes) correlate with gait speed as well as an expanded short physical performance battery 
in older adults (21, 22). We did not observe any significant correlation between platelet ATP production 
and physical function. This could be due to differences in functionality of  the participants as shown by 
Santanasto et al. (35). Alternatively, this could be due to a difference in demographics of  the participants 

Table 4. Pearson’s correlations between platelet bioenergetics and muscle energetics

Basal ATP linked Proton leak Maximal
r P r P r P r P

State 4 0.290 0.170 0.156 0.171 0.620 0.002A 0.361 0.073
State 3 0.516 0.012 0.568 0.005 0.103 0.639 0.453 0.030
Maximal 0.344 0.108 0.297 0.168 0.262 0.228 0.595 0.003A

AP < 0.004 (nominal α value for 12 comparisons); n = 23. Bold font denotes P < 0.05.

https://doi.org/10.1172/jci.insight.128248
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in the 2 studies. For example, the mean age of  our study participants was greater (88 ± 2 years) compared 
to theirs (68 ± 4 years; refs. 21, 22). However, it is more likely due to biological differences in the cell types 
used (PBMCs versus platelets). Indeed, Chacko and colleagues have defined differences in the bioenergetic 
profiles of  intact platelets versus other leukocytes (36), and it is further plausible that the aging process 
differentially affects each circulating cell type. This suggests that perhaps an index composed of  bioener-
getic measurements in both PBMCs and platelets may offer increased opportunity to more precisely assess 
bioenergetic health and its relation to physical function in aging.

Here we demonstrate that parameters of  platelet oxidative phosphorylation correlate with similar 
measures in skeletal muscle by respirometry and 31P-MRS. Notably, Molina and colleagues have shown 
in nonhuman primates that platelet and leukocyte respiratory capacity correlates with glucose metabo-
lism measured noninvasively by 18F-fluorodeoxyglucose PET imaging (16). Our study corroborates the 
utility of  circulating cells as a potential proxy for noninvasive imaging methods and extends this concept 
to the use of  31P-MRS in humans. Molina and colleagues also demonstrated in nonhuman primates 
that platelet maximal respiratory capacity correlates significantly with both maximal and state 3 res-

Figure 3. Platelet basal respiration is decreased and proton leak is increased in older adults. Bioenergetic parameters 
were measured by XF analysis in platelets isolated from young (n = 32) and older adults (n = 32). (A) Basal OCR was 
measured in intact platelets in the absence of any treatment. (B) Proton leak was measured in the presence of the 
ATP synthase inhibitor oligomycin. (C) ATP-linked OCR was calculated for each subject by subtracting proton leak from 
basal OCR. (D) Maximal OCR was measured in the presence of the protonophore carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP) and represents the maximal capacity of respiration. (E) Basal glycolytic rate is the rate of 
extracellular acidification of platelets that is sensitive to treatment with the glycolytic inhibitor 2-DG. Each dot rep-
resents an individual subject, and the lines denote the mean ± SD. Significance was calculated by unpaired Student’s t 
test. P < 0.05 was considered significant.

https://doi.org/10.1172/jci.insight.128248
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piration of  permeabilized skeletal muscle fibers (15). The results presented here again are consistent 
with previous results and extend this observation to humans. Although measurement of  muscle biopsies 
and assessment by 31P-MRS remain the gold standard in terms of  methodology for the investigation of  
mitochondrial function, these techniques are complicated by their invasiveness (biopsy) and expense 
(31P-MRS). Our data, consistent with prior findings by Molina and colleagues (15, 16), are compelling 
from a methodological standpoint in that they suggest bioenergetic measurement from a simple, less 
invasive, and less expensive blood draw may serve as a powerful supplement or even surrogate for the 
measurement of  mitochondrial function from muscle biopsies or by 31P-MRS. This would allow for 
the measurement of  bioenergetics repeatedly over a longitudinal study, particularly in aged populations 
undergoing muscle loss in which repeated muscle biopsies are not an option.

In conclusion, we provide evidence that platelet mitochondrial function is altered with age and plate-

Figure 4. Platelet electron transport chain activity 
is decreased and UCP2 expression is increased in 
older adults. To determine whether changes in mito-
chondrial proteins (electron transport complexes 
and UCP2) are present in older adults versus young 
adults, the protein levels and activity of these pro-
teins were measured. Western blots were performed 
in platelets from young and older adults to measure 
protein levels of electron transport complexes I, II, III, 
IV, and V. (A) Representative Western blots (repre-
sentative of 20 total samples) are shown along with 
(B) quantitation of all 20 Western blots normalized 
to βII/αIII integrin protein levels. (C) Enzymatic 
activity of individual complexes I, II, III, IV, and V 
expressed as a fold change of the younger adults. 
(D) Representative Western blot (representative of 
24 similar blots) showing UCP2 level in young versus 
older adults relative to integrin αII/βIII. (E) Fold 
change in the expression level of UCP2 (normalized 
to integrin) in young versus older adult platelets. 
Data shown in panels B, C, and E are box-and-
whiskers plots in which the whiskers represent the 
range of the data, the length of the box represents 
the interquartile range, and the line represents the 
median of the data set. **P < 0.01, and ****P < 
0.0001 as determined by unpaired Student’s t test. 
(F) Pearson’s correlation of UCP2 level with platelet 
proton leak in older adults. n = 24. Pearson’s r = 
0.632, and P = 0.001.

Table 5. Pearson’s correlations between complex activities and platelet bioenergetic parameters

Basal Proton leak Maximal
r P r P r P

Complex I 0.06 0.72 0.01 0.99 0.04 0.83
Complex II 0.19 0.36 0.36 0.06 0.23 0.21
Complex III 0.12 0.55 0.05 0.79 0.42 0.06
Complex IV 0.36 0.05 0.03 0.80 0.31 0.10
Complex V 0.06 0.76 –0.05 0.80 0.01 0.61
All correlations are for n = 20 subjects.
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let bioenergetic parameters correlate with markers of  physical function, perceived fatigability, as well as 
muscle mitochondrial function. These data suggest that measurement of  platelet bioenergetics may serve 
as a powerful translational tool to study the mechanistic links between mitochondrial function and phys-
ical decline with age. Moreover, the use of  platelet bioenergetics as a surrogate for muscle biopsies or 
31P-MRS may serve as a powerful clinical tool, enabling the design of  large longitudinal studies in which 
mitochondrial measurements can be made more frequently to understand the role of  the mitochondrion 
in aging and to monitor therapies to improve mitochondrial bioenergetics.

Methods
Materials. All chemicals were obtained from MilliporeSigma unless otherwise noted.

Study population. The study population consisted of  2 groups — young and older adults. The young 
adults consisted of  32 individuals (ages 18 to 35) recruited at the University of  Pittsburgh via protocol 
08110422 approved by the University of  Pittsburgh Institutional Review Board (IRB). Young adults were 
recruited by advertisement, and inclusion criteria included being 18 years of  age or older with no history 
of  anemia, vascular disease, or any other diagnosed disease. Pregnant or lactating women were excluded. 
Older adults were a subset of  the national Health ABC prospective cohort (37, 38). Health ABC enrolled 
3075 Black (41.7%) and White men and women (51.5%) aged 70 to 79 years between March 1997 and 
April 1998, who resided in the Memphis, Tennessee, and Pittsburgh, Pennsylvania, areas. Eligibility criteria 
included no self-reported difficulty walking a quarter mile, climbing 10 steps, or performing activities of  
daily living; no reported use of  a walking aid; and no active cancer treatment. Exclusion criteria included 

Figure 5. Parameters of platelet bioenergetics correlate with param-
eters of physical function and fatigability. Parameters of physical 
function and fatigability were measured as described in the Methods 
in the cohort of older adults. Bioenergetic parameters were measured 
in intact platelets isolated from the same cohort. Platelet bioenergetic 
parameters were tested for an association with parameters of physical 
function and fatigability measured. (A) Pearson’s correlation between 
platelet basal glycolytic rate and perceived physical fatigability score in 
27 subjects. Pearson’s r = 0.451; P = 0.016 (P < 0.016 considered statisti-
cally significant after Bonferroni’s correction for multiple comparisons; 
Table 6). (B) Pearson’s correlation between platelet proton leak and gait 
speed measured in 27 subjects. Pearson’s r = 0.5801; P = 0.0019 (P < 
0.016 considered statistically significant after Bonferroni’s correction for 
multiple comparisons; Table 7).

Table 6. Pearson’s and partial correlations between platelet glycolytic rate and physical function parameters

Gait speed Physical fatigue score 400-meter walk
r P r P r P

Pearson’s –0.154 0.49 0.441 0.016 0.171 0.431
Partial
BMI –0.204 0.32 0.43 0.0312 0.274 0.13
Sex –0.215 0.29 0.51 0.0103A 0.22 0.23
Race –0.243 0.22 0.45 0.0065A 0.236 0.21
Age –0.255 0.31 0.48 0.0212 0.22 0.23
AP < 0.016 (nominal α value for 3 comparisons); n = 27. Bold font denotes P < 0.05.
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cognitive impairment and inability to communicate. A complete description of  the eligibility criteria of  
the Health ABC study can be found in Goodpaster et al. (37). The older cohort in the current study was a 
subset of  the Health ABC cohort that included 32 participants who were aged 86 to 93 at the time of  the 
study, who were from Pittsburgh, Pennsylvania, and who completed a muscle biopsy as part of  Health 
ABC study. In addition, the Health ABC participants for this ancillary study had to safely complete a 
31P-MRS measurement. The study was approved by the University of  Pittsburgh IRB (IRB960212), and 
written informed consent was obtained from all participants in accordance with the Declaration of  Helsin-
ki. See Table 1 for demographics of  young and older subjects and Figure 1 for more information on subject 
enrollment and completion of  endpoints.

Determination of  ATP kinetics by 31P-MRS. Following an acute bout of  knee extensor exercise, in vivo maxi-
mal mitochondrial ATP production (ATPmax) was determined using 31P-MRS. To quantify rates of  mitochon-
drial ATP production, PCr recovery after exercise was used. Here, participants were free of  unsafe metal or 
other implants, were free of  bilateral joint replacements, and were able to lie in a supine position for 1 hour. 
The exercise protocol was performed in a magnetic resonance imaging magnet (3T TIM Trio, Siemens Med-
ical Solutions) where participants laid supine with the right knee elevated at approximately 30°. Straps were 
placed over the legs, and a 2.5-inch surface RF coil tuned to 31P was placed over the quadriceps. Signal was 
collected by a hemisphere defined by the coil radius (1.25 inches). Participants kicked repeatedly as hard and 
as fast as they could for 2 bouts (30 and 36 seconds), each followed by a 6-minute rest. Phosphorus spectra 
were collected using a standard one pulse experiment to determine levels of  PCr, ATP, Pi, and pH by integra-
tion using Varian VNMR 6.1C software (Varian Medical Systems) throughout exercise and recovery.

Platelet isolation. Platelets were isolated from peripheral blood samples obtained by standard venipuncture 
without a tourniquet, to avoid platelet activation as previously described (18, 20). Briefly, prostaglandin I2 (1 
μg/mL) was added to whole blood (to further prevent artifactual activation) before it was centrifuged (150 g, 
10 minutes) to isolate platelet-rich plasma. A subsequent centrifugation step (1500 g, 10 minutes) yielded iso-
lated platelets, which were washed with erythrocyte lysis buffer and resuspended in modified Tyrode’s buffer 

Table 7. Pearson’s and partial correlations between platelet proton leak and physical function parameters

Gait speed Physical fatigue score 400-meter walk
r P r P r P

Pearson’s 0.5803 0.0019A 0.1419 0.5507 0.1511 0.4491
Partial
BMI 0.63 0.0002A 0.24 0.43 0.23 0.23
Sex 0.57 0.0007A 0.26 0.37 0.28 0.38
Race 0.58 0.0006A 0.23 0.29 0.21 0.41
Age 0.58 0.0006A 0.29 0.31 0.17 0.37
AP < 0.016 (nominal α value for 3 comparisons); n = 27. Bold font denotes P < 0.05.

Table 8. Pearson’s and partial correlations between platelet basal OCR and physical function parameters

Gait speed Physical fatigue score 400-meter walk
r P r P r P

Pearson’s –0.091 0.67 –0.271 0.15 –0.06 0.07
Partial
BMI –0.112 0.51 0.035 0.85 –0.125 0.08
Sex –0.0977 0.43 0.032 0.86 –0.121 0.09
Race –0.0961 0.11 0.093 0.62 –0.133 0.11
Age–0.121 0.13 0.037 0.74 –0.141 0.07
No correlations were significant as determined by P < 0.016 (nominal α value for 3 comparisons); n = 27.
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(20 mmol/L HEPES, 128 mmol/L NaCl, 12 mmol/L bicarbonate, 0.4 mmol/L NaH2PO2, 5 mmol/L glu-
cose, 1 mmol/L MgCl2, 2.8 mmol/L KCl, pH 7.4). The purity of  the isolated platelet sample was determined 
by measurement of  CD41a expression using flow cytometry as previously described (18, 20).

Platelet bioenergetics measurements. OCR and ECAR were measured in freshly isolated platelets (5 × 107 
platelets/well) within 2 hours of  blood draw by XF analysis (XF24, Agilent Seahorse Technologies) as 
previously described (18). After measurement of  basal OCR, 2.5 μmol/L oligomycin A, 0.7 μmol/L FCCP 
(to measure maximal OCR), and 15 μmol/L rotenone were consecutively added. Mitochondrial OCR was 
calculated by subtracting the rotenone-insensitive rate from the basal, proton leak, and maximal OCR. 
ATP-linked OCR was calculated by subtracting the proton leak from basal OCR. Basal glycolytic rate was 
calculated by determining the basal ECAR that was sensitive to 2-DG (100 mmol/L). The assay was per-
formed in unbuffered Dulbecco’s modified Eagle medium supplemented with 25 mmol/L glucose, 1 mM 
pyruvate, and 2 mmol/L glutamine. All rates were normalized to platelet number.

Western blots. Mitochondrial protein expression was measured by Western blot as previously described 
(18, 20). Antibodies for complex II (MS204) and complex V (MS502) were purchased from Mitoscience; 
complex I (ab14711), complex III (ab14745), and complex IV (ab14744) from Abcam; and citrate synthase 
(sc30538) and UCP2 (sc-6525) from Santa Cruz Biotechnology. Blots were imaged with a LI-COR Odyssey 
imaging system and analyzed using LI-COR Odyssey infrared imaging software version 3.0. Blots were 
reprobed with integrin αIIβ antibody (sc-166599, Santa Cruz Biotechnology) for normalization.

Electron transport chain complex activity. Enzymatic activity of  complexes I, II, III, IV, and V and citrate 
synthase were performed by spectrophotometric kinetic assays as previously described (18, 20).

Muscle biopsy and permeabilized fiber bundle preparation. Skeletal muscle biopsy procedures occurred with-
in 6 months of  the blood draw for platelet measurements and fatigability questionnaire administration. 
Participants fasted overnight and did not engage in physical exercise for 48 hours before the biopsy. Percu-
taneous muscle biopsy samples were obtained under local anesthesia (2% buffered lidocaine) at the Uni-
versity of  Pittsburgh’s Clinical Translational Research Center and immediately prepped for mitochondrial 
respiration measurements as previously described (39, 40).

Skeletal muscle mitochondrial respiration. After permeabilization, the muscle fiber bundle was placed into 
the respirometer chamber of  an Oxygraph 2K (Oroboros) and the assay run as previously described (39, 
40). Once a stable baseline was acquired, 5 mmol/L pyruvate, 2 mmol/L malate, and 10 mmol/L gluta-
mate were added to measure state 4 respiration (oxygen consumption driven by proton leak). ADP (54 
mmol/L) was added to elicit complex I–supported oxidative phosphorylation. Then, 10 mmol/L succi-
nate was added to evaluate complex I– and complex II–supported state 3 respiration. Finally, 2 μmol/L 
FCCP was added to determine maximal uncoupled respiratory capacity. Cytochrome c was used to check 
the quality of  the muscle fiber preparation and assess the integrity of  the outer mitochondrial membrane. 
Steady state oxygen flux for each respiratory state was determined and normalized to dried bundle weight.

Measurements of  physical function and perceived fatigability. The Long Distance Corridor Walk (LDCW), an 
endurance walking test, was administered to the Health ABC cohort as previously described (41). The par-
ticipants were asked to walk 10 laps around traffic cones placed 20 meters apart in a dedicated corridor for a 
total of  400 meters while wearing a portable oxygen consumption device (COSMED K4b2). They were given 
a 2-minute warm-up period where they were instructed to cover as much ground as possible and then asked 
to perform the LDCW as quickly as possible at a pace that could be maintained. Time to walk 400 meters 

Table 9. Pearson’s and partial correlations between platelet maximal OCR and physical function parameters

Gait speed Physical fatigue score 400-meter walk
r P r P r P

Pearson’s –0.232 0.27 –0.2714 0.14 0.04 0.82
Partial
BMI –0.243 0.12 –0.294 0.109 0.143 0.71
Sex –0.251 0.09 –0.286 0.111 0.131 0.64
Race –0.312 0.11 –0.277 0.101 0.129 0.69
Age –0.333 0.08 –0.315 0.09 0.155 0.55
No correlations were significant as determined by P < 0.016 (nominal α value for 3 comparisons); n = 27.
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was recorded and used to calculate gait speed (total meters walked/total time in seconds). Perceived physical 
fatigability was also measured in the Health ABC cohort using the Pittsburgh Fatigability Scale (PFS) (42). 
The PFS was self-administered within 2 hours of  the blood draw and within 6 months of  the skeletal muscle 
biopsy. This 10-item questionnaire assesses whole-body tiredness as a function of  duration and intensity of  
activity. Each item is scored from 0, indicating no fatigue, to 5, indicating extreme fatigue. The 10 items are 
summed, with PFS scores ranging from 0 to 50, with higher score indicating higher fatigability. Of the 32 total 
subjects, 5 subjects did not complete the walk or fill out the fatigability questionnaire.

Statistics. Comparisons of  older versus young adults were made using unpaired 2-tailed Student’s t test, 
but comparison of  ECAR was made using a nonparametric Mann-Whitney test because of  nonnormal dis-
tribution (evaluated by the Shapiro-Wilk and D’Agostino-Pearson normality tests). Using data from the older 
group, Pearson’s correlations were used to determine the relationship among variables of  platelet bioenerget-
ics, muscle energetics, and physical function parameters. A 2-tailed P value was calculated, and Bonferroni’s 
posttest for multiple comparisons was used to determine the appropriate α value for each set of  comparisons. 
P values below 0.05 are highlighted in each table. Statistical significance is determined by the α value calculat-
ed for each individual experiment and is denoted in the respective table. P values of  less than 0.05 were consid-
ered significant. All statistics and analyses were calculated using IBM SPSS (v22), and figures were generated 
using Prism 7 (GraphPad Software Inc.). Values reported in the text are mean ± SEM.

Study approval. The study population consisted of  2 groups: young and older adults. The young adults 
were recruited at the University of  Pittsburgh via protocol 08110422, approved by the University of  Pitts-
burgh IRB. Older adults were a subset of  the national Health ABC prospective cohort (37, 38) and were 
enrolled as part of  an ancillary study approved by the University of  Pittsburgh IRB (IRB960212). Written 
informed consent was obtained from all participants in accordance with the Declaration of  Helsinki.
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