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Highlights

e The literature on biomarker studies for aging musculature has extensively focused on clinically
overt syndrome of frailty and sarcopenia.

e Dsyregulated mitochondrial bioenergetics have been hypothesized as a core pathophysiology in
frailty and sarcopenia.

e Deterioration in hand grip strength predicts adverse outcomes. However, no biofluid-based
biomarkers indicative of mitochondrial bioenergetics have been examined with declining hand
grip strength in pre-clinical populations in a longitudinal cohort.

e We showed a novel class of biomarker associated with longitudinal decline in hand grip strength
pre-clinically, in healthy community-dwelling older adults.

e Potential implication for a molecular tool allowing early identification of older adults with
healthy grip strength but at a declining trajectory, informing tailored nutritional pre-emptive
interventions.

Abstract

Background: Hand grip strength (HGS) has been proposed as a robust predictor for frailty and sarcopenia.

Hence, identifying biomarkers for declining HGS accompanying aging could deepen our understanding



of the biological underpinnings, informing pre-emptive intervention. Acylcarnitines (ACs) are metabolites
generated by fatty acid metabolism in the mitochondria and are dysregulated in multiple disorders
affecting the musculature. However, they have not been comprehensively profiled and examined
regarding their utility in predicting variability in declining HGS, longitudinally. Thus, we aimed to: 1)
validate previous findings on insignificant cross-sectional association between ACs and HGS, and 2)
examine whether baseline ACs were associated with both decline and variability in HGS over 18 months,
in community-dwelling older adults. Methods: We included participants who had HGS measured with
dynamometer longitudinally (N=121). We quantified ACs by targeted plasma metabolomics profiling.
Multivariable linear regressions were then performed. Results: Cross-sectionally, ACs were not
significantly associated with HGS. Longitudinally, baseline short-chain dicarboxylic and hydroxylated
acylcarnitines (AC-DC/-OH) levels were inversely associated with and significantly explained the
variability in 18-month decline in HGS. A specific AC species, the C4-OH, accounted for most of the
variance explained. Conclusions: We showed novel biomarkers for declining HGS, furthering molecular

understanding and informing nutritional pre-emptive programs. (200 words)

Abbreviations:

HGS = Hand grip strength

AC = Acylcarnitine

AC-DC/-OH = dicarboxylic and hydroxylated acylcarnitines



FAO = fatty acid -oxidation
SACs = Senior Activity Centers
BMI = body-mass index

PCA = principal component analysis

Keywords: novel biomarker; acylcarnitine, community-dwelling; mitochondrial bioenergetics; fatty-

acid beta-oxidation; pre-clinical



Introduction

Population aging poses unprecedented demands on the healthcare system, resulting in substantial health
and economic impacts for both the patients and caregivers. Aging is frequently accompanied by
deterioration in muscle strength, which may eventually lead to frailty and sarcopenia, two prominent risk
factors for various age-related morbidities. A slow and consistent decline in muscle strength
accompanies aging, even in healthy older adults who otherwise do not exhibit clinical symptoms of
sarcopenia and frailty [1,2]. Clinical tests and criteria for screening and defining sarcopenia and frailty
are abundant and relatively well-established [3-5]. Furthermore, standard clinical measures, such as
hand grip strength (HGS), has been postulated as a single useful marker of frailty [6] to predict mortality
[7]. However, these tests and measures identify the process of deterioration at a later stage of frailty,
when overt clinical symptoms have emerged and pre-emptive intervention is often too late. Thus,
molecular markers to identify impending muscle strength loss, however small, and to identify the
variability in individual decline in HGS longitudinally at a sufficiently early point in healthy aging older
adults is necessary for effective pre-emptive intervention, ideally before the clinical symptoms affecting

the musculature emerge.

Literature on biomarkers discovery of aging musculature has extensively focused on clinically overt
syndromes, namely frailty and sarcopenia. At the late stage, declining muscle strength accompanied by
the development of frailty is contributed by inflammation-induced loss of muscles, depletion in
antioxidants and growth factors [8], accumulation of advanced glycation end products [9] and
perturbations in mitochondrial bioenergetics [10]. The relationships among physical strength, frailty, and

various markers have also been examined extensively [8,11-16], notably functional measures



investigating mitochondrial energetics [10]. Nonetheless, perturbations in fluid biomarkers reflecting
mitochondrial energetics in the early stage of HGS decline have been scarcely investigated, particularly
in older adults with healthy HGS. Fluid biomarkers for examining mitochondrial energetics has the
distinct advantage of not having to perform muscle biopsy. One way to examine fluid biomarkers
reflecting mitochondrial energetics is using metabolomics. Metabolomics is a tool that has been used to
examine cellular fuel metabolism, which has resulted in the discovery of novel biomarkers linking
metabolic pathways to phenotypic perturbations [17] and age-related frailty [18]. Indeed, mitochondrial
bioenergetics in sarcopenic patients has been proposed as an important early predictor of major
functional loss [19]. However, no studies have previously investigated the roles of mitochondrial
bioenergetics in the pre-clinical phase HGS decline, in older adults with healthy HGS using bio-fluid

and metabolomics technology.

Acylcarnitine (AC) is a class of metabolites that reflect mitochondrial bioenergetics, specifically fatty
acid metabolism, and is detectable in the plasma, an easily accessible fluid sample. Due to its pivotal
roles in metabolism, AC is a useful biomarker panel to predict various morbidities, including type 2
diabetes [24], chronic kidney disease [25], and necrotizing enterocolitis in premature newborns [26]. On
the other hand, oral administration of carnitine, an essential component of all ACs, has been shown to
ameliorate aging-related symptoms and muscle atrophy [27]. Oral carnitine has also been used to reduce
myopathy incidence in patients with several inborn errors of metabolism [28] and adult patients with
myalgia and muscular fatigability [29] affecting the mitochondrial FAO pathway. Despite the prominent
roles of AC in musculature and its functions, only a few cross-sectional [23,30,31], but no longitudinal

[32] studies have examined the association between AC and HGS. Longitudinal biomarker discovery is



deemed necessary [33]. Moreover, previous AC studies were not only limited by their cross-sectional
nature, but also limited by the metabolomics technologies employed, resulting in a limited number of
ACs being able to be detected and examined. Lastly, most AC and musculature studies did not specify
the inclusion criteria for HGS measurements. This issue may have contributed to sample heterogeneity
resulting from measurement errors and unadjusted confounders, causing a large portion of unexplained
variance and hence the insignificant cross-sectional associations. Collectively, examining a larger panel
of AC by conducting a validation study on the cross-sectional relationship between AC and HGS, and a
pilot study examining baseline AC and its value in predicting longitudinal decline and variability in the

decline in HGS is imperative.

To examine the usefulness of different AC sub-classes as biomarkers for predicting HGS decline and
variability in the decline, we performed a secondary study by evaluating plasma samples obtained from
121 community-dwelling older adults from our previous study conducted with multi-ethnic community-
dwelling older adults with healthy HGS values . Using their bio-banked plasma samples, we performed
absolute quantitation of a comprehensive panel of AC, using high-resolution mass spectrometry. There
were two aims in this study. First, we aimed to examine the cross-sectional association between AC and
HGS at baseline, validating findings gathered from previous studies. Second, we aimed to investigate if
AC panel as a whole or a specific a priori biologically-defined AC sub-class is significantly associated
with both HGS deteriorations and variability longitudinally, across a short period of 18-month, in
community-dwelling older adults with healthy HGS measurements and without diagnoses of sarcopenia
nor frailty. As there could be sex-specific metabolomic signatures [34], we further performed sex-

stratified analysis as an exploratory analysis to examine sex-specific effects on the associations.



Methods

Study participants

The participants were part of a larger behavioral study: Self-Care for Older PErsons (SCOPE) [35]. This
study was previously approved by the National University of Singapore Institutional Review Board
(NUS-IRB Reference No: 11-111) and registered at ClinicalTrials.gov

(https://www.clinicaltrials.gov/ct2/show/NCT01672177?term=scope&cntry=SG&rank=2). For this

study, we recruited participants from 14 Senior Activity Centers (SACs) selected from a total of 42 in
Singapore. From a written list of individuals attached to each SAC, we randomly selected potential
participants using a computerized random number generator. Informed consent was obtained before we
screened for eligible participants. Participants were included if they were aged 55 years and above,
affiliated with one of the SACs and had consented to future data use and had blood samples drawn.
Participants were excluded if they had cognitive impairment as indicated by Abbreviated Mental Test
(AMT) score < 5, had debilitating or terminal illness, activities of daily living (ADL) disability that
rendered the participants physically unfit to participate at the time of screening, were on either
chemotherapy or dialysis, or received medications for major psychiatric disorders. Only baseline blood

samples were bio-banked.

Specifically, for this paper, we have two inclusion criteria; First, HGS measurements must be present at
both baseline and 18-month follow-up. Second, the participants were required to have bio-banked
samples at baseline. To ensure the robustness and validity of HGS measures, we applied the following
exclusion criteria we previously established [36]: any surgery/swelling/severe

pain/paralysis/inflammation/injury/ osteoarthritis in hand in the past six months, rested their arms on
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support, deemed not giving their full effort while gripping the dynamometer, and HGS measured in a

sitting (instead of standing) position.

Blood collection and plasma processing

Blood samples were collected between 08:00 and 09:00 in the morning to minimize diurnal variations.
We asked the participants to stop their food consumption after 10 pm the night before the blood draw,
and was only allowed to consume plain water. Blood samples were obtained by venipuncture performed
by research nurses. Samples were kept at 4°C for a maximum of three hours before they were processed.
Whole blood samples were centrifuged at 1650g for 25 minutes at 4°C to obtain the plasma. Whole
blood and plasma samples were then stored at -80°C until further analyses. After blood sample
collections were completed, all plasma samples were assayed for metabolic profiling on the same day to

avoid the batch effect.

Independent variables: Metabolomics profiling

Targeted plasma metabolomics profiling on our bio-banked samples at baseline was performed at Duke-
NUS Metabolomics Core Facility. Extraction and measurement of acylcarnitine were performed as
detailed previously [37]. Briefly, we spiked plasma samples (100 uL) with 20-pL deuterium-labeled
acyl-carnitine mixture and extracted with 800-uL methanol. After centrifugation at 17000g for 5 minutes
at 4°C, we collected the supernatant fraction, and aliquoted 100 pL for drying and subsequently
derivatization using 100 uL of 3 M hydrogen chloride (HCI) in methanol to derive acylcarnitine methyl
esters. The HCI in methanol was dried off by blowing with nitrogen gas, and the remaining acylcarnitine
methyl esters were reconstituted in 200 pL of 80 % methanol. 4 pL of the reconstituted acylcarnitine

methy| esters were injected into a 1260 Agilent liquid chromatography equipment coupled to an Agilent
9



6430 Triple Quadrupole mass spectrometer (Agilent Technologies, Santa Clara, California) for analysis
by flow infusion using 80 % methanol as the mobile phase. We used Agilent Mass Hunter Workstation
B.06.00 Software (Santa Clara, CA, USA) for data acquisition and analysis. Only baseline samples were

bio-banked and analyzed.

Dependent variables: Hand grip strength measurements

HGS was measured using a Smedley spring-type dynamometer (Hand Grip Meter, No. 6103, TANITA,
Tokyo, 75 kg). After demonstrating its use, the interviewer (i) requested the participants to stand, with
their arms hanging freely by the side, (ii) adjusted the dynamometer to the participants’ hand sizes, (iii)
asked the participants to squeeze the handle of the dynamometer as hard as possible and then let go, and
(iv) recorded the measurement to the nearest 0.5kg. This process was repeated twice for each hand, with
the dynamometer set to the zero kg mark before each measurement, for a total of two HGS
measurements for each hand per participants. The averages of the two HGS measurements for each hand
were assigned as the HGS values. Hand dominance was determined based on self-report. The values of

HGS for dominant hands were utilized for subsequent data analyses.

Covariates

Based on literature review, variables which could have confounding effects comprised baseline HGS
measure, age, sex, ethnicity (Malay, Indian, Chinese (reference group), body-mass index (BMlI), levels
of physical activity, consumption of prescription medicine, and the total number of morbidities

[12,13,23,38]. We measured the levels of physical activity by asking three questions: during the past
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week, even if it was not a typical week for you, how much total time did you spend on each of the
following? 1) Stretching or strengthening exercises (Taiji, Qigong, range of motion, using weights, etc.),
2) Walk for exercise purposes, and 3) Participate in vigorous exercise (e.g. jogging, swimming, keep fit
or dancing class, etc.). The participants rated the frequencies by which they participated in the three
activities on a 5-point scale, ranging from 0 to 4, with a sum of 12. The higher score indicated higher

levels of physical activity.

Statistical analyses

Based on an alpha value of 0.05, 80% power, and an estimated medium effect size of the B coefficient of
0.4, based on the assumption that ACs account for 15% of variance in declining HGS, we need N=76 to
detect statistical significance. If we increased the power to 95%, we need N=121 to detect statistical
significance. ACs were classified based on biologically defined classes and sub-classes [39] (Table 1 &
Figure 1). HGS was operationalized as a continuous measure, and the 18-month declines in HGS were
calculated by subtracting HGS measures at 18-month from those at baseline. We performed two separate
sets of linear regression analyses using baseline ACs as the independent variables. In the first set of
analyses, we addressed aim 1 by regressing baseline HGS onto baseline ACs. In the second set of
analyses, we addressed aim 2 by regressing declining HGS over 18 months onto baseline ACs All the
analyses were controlled for covariates in a stepwise regression manner. Based on the a priori
biologically-defined classes and sub-classes of ACs, we performed separate regression analyses
following the hierarchy of ACs from the bigger to the smaller sub-classes, starting with the sum of all
AC species, followed by the bigger sub-classes of ACs, namely the very long-chain, long-chain,
medium-chain, and short-chain AC species, finally narrowing on specific AC species (Table 1).
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Following this hierarchy, the bigger AC sub-classes that showed associations were further examined
with their smaller sub-classes of ACs with and without the DC/OH species. At last, we examined which
AC species from the statistically significant smaller sub-class panel was significantly associated with
18-month declines in HGS. A two-tailed p-value of <0.05 was defined as statistically significant for all

the final models.

For all the regression models, we performed stepwise regression analyses, with the relevant groups of
covariates sequentially entered into the regression models. Model 1 controlled for only baseline
dominant hand HGS; model 2 further controlled for age, sex, ethnicity; and model 3 further controlled
for body-mass index, levels of physical activity, consumption of prescription medicine, and the total
number of morbidities. In view of plausible confounding effects conferred by significant differences in
measures between baseline and follow-up on our regression analyses, we ran an additional model 4
accounting for measures with significant differences between baseline and follow-up. As an exploratory
analysis, we also stratified the significant findings present in the total sample by sex to examine sex
modifying effects on the associations. All the analyses were performed using Statistical Package for the

Social Sciences (SPSS) version 24.0 (IBM SPSS Statistics for Windows, Version 24.0).

Results

Table 2 summarizes the baseline and biochemical characteristics of the 121 study participants across
baseline and 18-month follow-up. Their ages ranged from 54-91 years (mean = 71.55 years, SD = 7.61).

Most participants were women (68.6%) and Chinese (86%).
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Our cross-sectional analysis showed no significant association between all classes/sub-classes of ACs
and HGS at baseline (Aim 1, Tables 3). Addressing Aim 2 on longitudinal analyses, as shown in Table
4, we regressed declining HGS with the a priori biologically classified AC sub-classes. Following the
AC hierarchy and classification, we showed that the sum of all AC species, the very long-, long-, and

medium-chain ACs were not significantly associated with 18-month declining HGS.

On the other hand, we detected significant association between the short-chain ACs (both with and
without -DC/-OH) and declining HGS (B=-0.21, 95% CIl=-0.42 to -0.01, p=0.04) (Table 4). After
adjusting for all the pertinent covariates, the regression models had close to significant association
(model 4: B=-0.21, 95% CI=-0.43 to 0.01, p=0.06). As planned, we further examined this association,
narrowing down on the specific sub-classes, based on two a priori biological sub-classes: the sum of
short-chain ACs, without DC/OH and with DC/OH. Firstly, the sum of short-chain ACs without DC/OH
was not significant in model 1 (= -0.29, 95% CI=-0.61 to 0.03, p=0.07). After controlling for
additional covariates, the association was further attenuated (Model 4: f=-0.27, 95% CIl=-0.60 to 0.07,
p=0.12) (Table 4). Conversely, on the association between short-chain ACs with only DC/OH and 18-
month decline in HGS, it was significant in model 1 (model 1: = -0.54, 95% CI=-1.03 to -0.06,
p=0.029). The final model, taking into account all the pertinent covariates, remained significant (f= -
0.59, 95% CIl=-1.12 to -0.05, p=0.031) (Table 4). There was an inverse association between baseline
short-chain AC-DC/-OH levels and 18-month decline in HGS, with a higher level of AC-DC/-OH

associated with a more negative decline, indicating higher deterioration in HGS.
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As shown in Table 4, examining if a specific short-chain species of AC-DC/-OH was significantly
associated with 18-month HGS decline, our analysis revealed that the C4-OH was significant in model 1
(B=-1.66, 95% Cl=-2.73 t0 -0.59, p=0.003, R?=0.16). Notably, compared to the total variance
explained (R?) by sum of short-chain ACs with only DC/OH (R?=0.13), with R?=0.16, C4-OH alone
account for most of the variance explained for 18-month HGS decline. Further controlling for all the
covariates through model 4, the association remained significant (= -1.81, 95% Cl=-2.99 to -0.62,
p=0.003, R?=0.30). Figure 2 further depicts the means and standard errors of 18-month hand grip
strength declines for each C4-OH tertile. All three other species under the sub-class of short-chain AC-

DC/-OH was not significant, which were the C5-OH/C3-DC, C4-DC/C6-OH, and C5-DC.

Examining sex-specific metabolic signatures as an exploratory analysis, we showed the results in
supplementary table 1. For all the significant associations detected in the total sample, we detected
similar significant association only in men (Model 4 for short-chain ACs with -DC/-OH: p=-1.18, 95%
Cl=-2.23 t0 -0.13, p=0.03) & (Model 4 for C4-OH: p=-2.41, 95% Cl=-4.63 to -0.19, p=0.04), but not

women.

Discussion

In this multi-ethnic longitudinal study, we used biologically defined classification of AC to validate
previous findings on the non-significant cross-sectional association between ACs and HGS.
Furthermore, we extended the literature by performing a pilot study on AC and its value in predicting
HGS longitudinal declines. We found an inverse association between baseline short-chain dicarboxylic

and hydroxylated acylcarnitines (AC-DC/-OH) and deteriorations in HGS over 18 months. Notably, this
14



AC sub-class alone explained 16% of the total variability in HGS decline. Furthermore, a specific AC
present in this sub-class, the C4-OH accounted for most of the variance observed in this association
(13%). Performing exploratory analysis, we found that the significant associations was only detected in
men but not women, highlighting sex-specific metabolic signatures. Lastly, all the significant
associations persisted after controlling for covariates, suggesting that the detected associations were
independent of confounding factors. Taken together, we showed pilot findings on short-chain AC-DC/-

OHs as biomarkers for pre-clinical HGS decline in older adults with healthy HGS, specifically in men.

Although even-chain AC species had been inversely associated with functional measures, such as a few
sub-scales of the Short Physical Performance Battery [30], no significant cross-sectional association
between AC species with HGS was found. Despite these insignificant cross-sectional association, given
the value of ACs in multiple musculature-related morbidities, there could be predictive value of AC in
associating with longitudinal HGS decline. By showing pilot data on significant longitudinal
associations, our findings have several distinctions. First, while previous metabolomics studies used
statistically driven classification, predominantly principal component analysis (PCA), we applied a
priori classification on ACs based on their biological hierarchy derived from their catabolic pathways
instead. Although PCA has been primarily used to avoid committing type-1 error in metabolomics
analyses [12,20,23,30], it derives factor structures solely based on the strengths of association among the
metabolites, without considering a priori biological relevance and implications, specifically when there
is a contiguous biological pathway (Figure 1).[Furthermore, inconsistent directions of metabolites loaded
onto the same factor in the discovery and validation cohorts have been reported in PCA analysis [20].

Second, previous AC studies on HGS and associated measures were only conducted in participants with
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morbidities associated with metabolic dysfunctions (e.g. obesity), breast cancer, and knee osteoarthritis.
Hence, our findings on insignificant cross-sectional association between HGS and AC species at

baseline is consistent with previous studies and validated morbidity was not a confounding factor.

By conducting a pilot study on ACs, utilizing longitudinal HGS data, we provided novel biomarker
findings furthering the understanding of the mechanisms related to mitochondrial bioenergetics
underpinning early and pre-clinical deteriorating HGS, specifically using fluid biomarkers which is
minimally invasive. Our longitudinal results are also consistent with those from molecular studies
conducted in both human and animal, where dysfunctional mitochondrial bioenergetics was observed in
declining muscle strength and frailty [40-43]. As previously alluded, the elevations of a specific
biologically defined class of AC species suggest the metabolic juncture at which the dysregulation
occurred. We showed that in this study, no other sub-classes but the short-chain AC-DC/-OHs,
specifically the C4-OH species, had significant associations with HGS declines. Furthermore, although
having certain levels of these ACs are necessary for physiological functioning, beyond which (the
second and third tertiles of C4-OH species), these accumulation of AC induced HGS declines. These
findings suggest that the metabolic mechanisms generating the long- and medium-chains ACs, occurring
at the endoplasmic reticulum and peroxisomes, were not disrupted (Figure 1). However, looking
downstream of the metabolic pathway, the significant association between short-chain AD-DC/-OHs
and HGS declines suggests dysfunctional catabolism occurred between the peroxisome and
mitochondria (Figure 1) contributed to declining HGS. A series of biochemical reactions initiated by
these accumulated short-chain AD-DC/ -OHs could worsen the existing AC dysregulations, by

perpetuating a positive feedback loop, further disrupting biochemical reactions, eventually contributing
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to clinically-overt syndromes of frailty and sarcopenia. Upon stratifying by sex, we found that these
associations were only detected in the men but not the women sub-groups. As sex-specific associations
have also been previously shown in aging [34], our results thus suggested sex-specific associations with

declining HGS, warranting further investigations.

Although predisposing older adults to declining HGS, these subtle biochemical perturbations are not
detectable with standard clinical measures, necessitate a molecular tool for early detection and
prevention. We proposed that with these specific biological abnormalities continue to accumulate for an
extended period of time, clinically observable syndromes affecting the musculatures, specifically frailty,
sarcopenia, and cachexia, could possibly develop. Supporting this claim, significantly elevated ACs
were observed in patients who experienced muscle wasting after undergoing surgery [44]. Furthermore,
genetic defects resulting in serious dysregulations in mitochondrial bioenergetics, caused by AC
dysregulations, have been shown to contribute to a range of clinical syndromes characterized by
musculature-related pathology. For instance, a number of disorders include rhabdomyolysis [45],
myositis, myoglobinuria [46-48], and inborn-like errors of metabolism, such as methylmalonic aciduria,
(MMA) causing weak muscle tone or hypotonia [49]. On the other hand, although carnitines
insufficiency is associated with aging [50], oral carnitine has been shown to attenuate aging symptoms
[51,52]. Both animal and clinical studies have shown that AC is modifiable through lifestyle changes,
such as dietary modifications and exercise. The symptoms of cachexic patients were also relieved upon
carnitine supplementation [53], primarily through attenuating metabolic stress and myocytes damage
[53,54] and increased repair of muscle proteins [54]. Hence, our study contributed significant

advancement to the field, having used a comprehensive profiling of AC metabolomics and revealing yet
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another important facet of molecular mechanisms underpinnings aging musculature during healthy
ageing. This study also informs molecular targets and tailored nutritional personalized programs, which

could have prominent preventive roles [55].

There are several limitations in our study. First, this was a secondary analysis of a subset of participants
from our previous study of larger sample size. Thus, loss-to-follow-up cases could have resulted in
selection bias, with participants having lower baseline HGS (i.e. more frail) might have dropped out,
resulting in underestimation of the detected effect size. Nonetheless, we have performed loss-to-follow-
up analyses, addressing this concern by showing that all but one of the key baseline demographic
variables, physical activity level, were statistically similar between those retained and those who were
loss to follow ups and excluded from the study (Supplementary table 2). Second, the ACs were
measured in plasma, which was not an exact indicator of muscle metabolism. However, we argue that
because of the invasive nature of muscle biopsy, bio-specimen collection via muscle biopsy is often
impractical and can cause discomforts for the participants. Conversely, a novelty of examining plasma
sample is its relatively easy sampling and non-invasive nature, compared to muscle biopsy, particularly
in our sample of healthy community-dwelling older adults, in which muscle biopsy is not warranted.
Third, as the participants were recruited originally for the main study, restricted by the inclusion and
exclusion criteria, our sample and results lack generalizability in certain demographic group; Most
participants included in this study were Chinese, hence conclusions derived from this study are restricted
to this ethnicity. As with other exploratory work on biomarker studies, there could be potential issue of
multiple comparisons. However, the statistical testing was based on a priori biological classification.

Nonetheless, as with many other biomarker studies, future validation is warranted.
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Overall, our study represents a significant advancement from previous studies on several fronts. We
showed pilot findings on novel biomarkers indicating mitochondrial bioenergetics for pre-clinical HGS
decline. First, limited profiling of AC species in relation to HGS have been examined solely cross-
sectionally. By employing a longitudinal study design, we demonstrated the potential causal effect of
specific perturbations in certain junction of mitochondrial bioenergetics that led to declining HGS in a
relatively short period, particularly in older adults with healthy HGS. Second, the advancement in mass
spectrometry technologies provided higher resolution in measuring and distinguishing AC species with
slight molecular weight differences, resulting in a large number of detectable AC species, some of which
were not previously detectable. This approach enabled us to examine the relationships between the most
comprehensive AC panel in the examination of biomarkers for HGS, to our knowledge. Third, we used
stringent exclusion criteria to minimize the heterogeneity inadvertently introduced in the process of
measuring HGS. Amongst others, we excluded participants who experienced swelling, inflammation,
and any injury experienced in their dominant hands in the past six months. With these exclusions, we
minimized the potential confounding effects and substantially reduced the unexplained variance and
inaccuracies in the HGS measured. Lastly, we controlled for confounding effects that have been
demonstrated to skew the association between biomarkers and HGS [12,13,23,38], ensuring that the

detected significant associations were independent of the influence of confounding factors.

In conclusion, the AC biomarker signatures revealed in our study reflect specific perturbations in fatty
acid metabolism in the mitochondria during aging. Despite lacking cross-sectional significance and

utility, longitudinal associations suggest that a detectable upstream metabolic dysregulation prior to
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subtle and pre-clinical declining muscle strength, in community-dwelling older adults with healthy HGS,
specifically in men. Due to the preliminary nature of the findings, future studies using longitudinal
cohorts of larger sample sizes and longer follow-up period are necessary to replicate these findings.
Having said that, these findings have potential translational significance in providing evidence for
generating a molecular predictive tool that may allow early identification of relatively healthy older
adults who are more likely to develop muscle deterioration and thus at a higher risk of developing
sarcopenia, informing tailored nutritional pre-emptive programs. Specifically, these data provide a
framework for developing precision medicine interventions before the emergence of sarcopenia and

frailty.
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Figure Legends

Figure 1. Biological classifications & hierarchy of acylcarnitines species of varied length,

informing analytic strategy. The Catabolic Mechanisms of Acylcarnitines (ACs). All AC species

undergo several catabolic steps, each shortening their chain lengths, eventually leading to the formation

of specific short-chain ACs. These ACs then get metabolized into energy substrates for the cells.

Notably, these catabolic steps happen in distinct organelles of the mitochondria (Figure 2). Owing to the

catabolic nature, the number of AC species in each subsequent step become fewer (Table 1). The

exception is the very long-chain ACs, as they do not go through these catabolic steps.

Figure 2. Metabolic pathways of fatty-acids leading to the production of dicarboxylic and

hydroxylated carnitines (AC-DC and AC-OH) and dysregulation at this specific metabolic

juncture leading to declining hand grip strength . (i) catabolic metabolism during normal

physiological state: (a) The long-chain fatty acids (FA) undergo omega-oxidation in the endoplasmic

reticulum (ER), generating dicarboxylic fatty acid-CoA (FA-DC) intermediates which are convertible to

AC-DC. (b) Meanwhile, branched-chain fatty acids are metabolized in the peroxisomes via alpha-

oxidation, generating hydroxylated fatty acid-CoA (FA-OH) intermediates which are convertible to AC-

OH. (c) FA-DCs generated in the ER at step (a) are subsequently shuttled into the peroxisomes, and

there both FA-DCs and FA-OHs undergo beta-oxidation. (d) The resulting medium-chain fatty acid

intermediates (AC-FA) leave the peroxisomes and are transported into the mitochondria to undergo

complete beta-oxidation. (e) beta-oxidation generates enerqy substrates for the cells, including FADH2

+ NADH. (ii) dysregulated fatty-acid beta-oxidation contributing to declining hand grip strength

(HGS): Elevations of a specific biologically-defined class of AC species could suggest the juncture at
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which dysrequlation in fatty-acid beta-oxidation occurred in the metabolic pathways. We detected a

significant association between higher short-chain AC-FA with DC/-OH (AC-DC/-OH) with declining

HGS, suggesting dysregulation at this metabolic juncture. Although full-length ACs go through the

various stages of the catabolic metabolism, including (a), (b), (c),and (d), dsyrequlated catabolic

metabolism at stage (e) led to the accumulation of short-chain AC-DC/-OH. This final catabolic stage

(e) was not completed, depleting cells of enerqy substrates, leading to declining HGS. Furthermore, this

specific cellular fuel perturbation could further elicit a number of downstream biochemical reactions.

First, the accumulation of these specific AC species could contribute to a positive feedback loop,

causing elevated production of reactive oxygen species (ROS) and further mitochondrial derangement

[56,57]. This in turn could perpetuate and worsens the bioenergetic dysfunction by creating damages to

mitochondrial DNA, enzymes and contractile proteins [56,57]. Metabolic stress response might also be

triggered, which leads to skeletal muscle insulin resistance. With time, the converging effects of these

metabolic derangements could eventually lead to sarcopenia and frailty (figure adapted from Koh et al.

2018 [21], Created with Biorender.com)

Figure 3. Means and standard errors of 18-month hand grip strength declines for each C4-OH

tertiles
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Table 1. Biological classifications of acylcarnitines species

Biological Functions AC species
Classifications
All AC species | Overall Consists of very long-chain, long-chain, medium-chain, short-
Mitochondrial chain
bioenergetics &
fatty acid
metabolism
Very long-chain | Lipid membranes, | C24, C26, C28
(C=24) lipid signaling
Long-chain Fatty acid fuel, Cl12:2,C12:1,C12, C12:2-OH/C10:2-DC,C12:1-OH,C12-
(C12-22) long chain OH/C10-DC,C14:3,C14:2,C14:1,C14,C14:3-OH/C12:3-
intermediates; DC,C14:2-OH,C14:1-OH,C14-OH/C12-
alpha and omega | DC,C16:3,C16:2,C16:1,C16,C16:3-OH/C14:3-DC,C16:2-
oxidation OH,C16:1-OH/C14:1-DC,C16-
OH,C18:3,C18:2,C18:1,C18,C18:3-OH/C16:3-DC,C18:2-
OH/C16:2-DC,C18:1-OH/C16:1-DC,C18-OH/C16-
DC,C20:4,C20:3,C20:2,C20:1
C20, C20:3-OH/C18:3-DC, C20:2-OH/C18:2-DC, C20:1-
OH/C18:1-DC, C20-OH/C18-DC,
C22:5,C22:4,C22:3,C22:2,C22:1,C22
Medium-chain | Fatty acid fuel, C8:1, C8, C8:1-OH/C6:1-DC, C8-OH/C6-DC,
(C8-C10) medium chain C10:3,C10:2,C10:1,C10,C7-DC,C8:1-DC,C8-DC
intermediates;
omega oxidation
Short-chain Fuels derived C2,C3, (4, C5:1, C5, C4-OH, C6, C5-OH/C3-DC, C4-
(C2-C6) from fatty acid, DC/C6-OH, C5-DC
amino acids and
carbohydrate
Short-chain Fuels from amino | C2, C3, C4, C5:1, C5, C6
(without -DC/- | acids and
OH) carbohydrates
Short-chain Ketones, amino C4-OH, C5-OH/C3-DC, C4-DC/C6-OH, C5-DC
(with -DC/- acid catabolism
OH)
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Table 2. Demographics and biochemical characteristics of study participants (N=121)

Baseline; mean = SD or  |18-month follow-up; |P-values
n (%) mean + SD or
Demographics Characteristics n (%)
Age (in years) 71.61£7.61 73.63+7.67 <0.001***
Sex
Women 83 (68.6%) 83 (68.6%) 1
Men 38 (31.4%) 38 (31.4%) 1
Ethnicity
Chinese 104 (86%) 104 (86%) 1
Malay 11 (9.1%) 11 (9.1%) 1
Indian 6 (5%) 6 (5%) 1
Physical activity levels 3.90+3.03 4.08+1.92 0.517
Taking prescription medicine”
Yes 92 (76%) 70 (84.3) 0.163
No 29 (24%) 13 (15.7%)
Total number of morbidities 1.69+1.21 2.19£1.55 <0.001***
AMT Raw Score 9.41+0.93 - -
Cerebrovascular Diseases 3 (2.5%) 0 (7.5%) 0.084
Hypertension 74 (61.7%) 78 (65%) 0.688
Diabetes 25 (20.7%) 27 (22.7%) 0.755
Respiratory Illnesses 3 (2.5%) 6 (5%) 0.333
Hyperlipidemia 69 (57.5%) 77 (64.2%) 0.355
Hand grip strength change across 18 | -0.41+3.37 - -
months
Sum of all ACs (log-transformed 200.29+19.27 - -
units)
Sum of very long chain (log- 6.79+0.71 - -

transformed units)

Sum of long chain (log-transformed
units)

104.32+13.16

Sum of medium chain (log- 43.23+4.33 - -
transformed units)

Sum of short chain (log-transformed | 45.95+2.84 - -
units)

Sum of short chain without -DC/-OH | 32.27+1.82 - -
species (log-transformed units)

Sum of short chain with -DC/-OH 13.68+1.18 - -
species (log-transformed units)

C4-OH (log-transformed units) 3.03+0.53 - -

Footnote: Mat follow-up, 38 participants did not report their intake of medications; - =not available.
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Table 3. Associations of baseline acylcarnitine species with baseline hand grip strength

AC species/ HGS Models | Baseline HGS
B (95% CI) P-values R?
Sum of all AC species 1 0.02 (-0.04 to 0.08) 0.52 0.003
2 0.03 (-0.02 to 0.08) 0.26 0.48
3 0.03 (-0.02 to 0.08) 0.24 0.54
4 0.03 (-0.02 to 0.08) 0.24 0.54
Very long-chain AC species | 1 -0.15 (-1.79t0 1.48) 0.86 0
2 -0.31 (-1.53 t0 0.91) 0.61 0.47
3 -0.35 (-1.53 to 0.84) 0.56 0.53
4 -0.25 (-1.45 t0 0.95) 0.68 0.54
Long-chain AC species 1 0.03 (-0.06 t0 0.12) 0.53 0.003
2 0.05 (-0.02 t0 0.12) 0.19 0.48
3 0.05 (-0.02 t0 0.12) 0.15 0.54
4 0.05 (-0.02 t0 0.12) 0.13 0.55
Medium-chain AC species | 1 0.04 (-0.23 t0 0.31) 0.76 0.001
2 0.07 (-0.15 t0 0.28) 0.54 0.47
3 0.05 (-0.16 to 0.25) 0.65 0.53
4 0.03 (-0.17 t0 0.24) 0.75 0.54
Short-chain AC species 1 0.21 (-0.20 to 0.62) 0.32 0.008
2 0.12 (-0.21 to 0.45) 0.47 0.47
3 0.11 (-0.22 to 0.44) 0.51 0.53
4 0.10 (-0.23t0 0.43) 0.54 0.54
Short-chain ACs without— |1 0.30 (-0.35t0 0.94) 0.36 0.007
DC/-OH 2 0.19 (-0.31 to 0.69) 0.45 0.47
3 0.17 (-0.33 t0 0.67) 0.50 0.53
4 0.16 (-0.35 to 0.66) 0.62 0.54
Short-chain ACs with 1 0.50 (-0.49 to 1.48) 0.32 0.008
-DC/-OH 2 0.23 (-0.57 t0 1.02) 0.57 0.47
3 0.21 (-0.59 to 1.00) 0.61 0.53
4 0.20 (-0.60 to 1.01) 0.62 0.54
C4-OH 1 -0.05 (-2.27 t0 2.17) 0.97 0
2 0.69 (-1.06 to 2.43) 0.44 0.47
3 0.31 (-1.46 to 2.08) 0.73 0.53
4 0.33 (-1.49 to 2.15) 0.72 0.54

Notes: AC=acylcarnitine; HGS=hand grip strength; 95% CI=95% confidence interval. Bold text indicates p<0.10, * indicates

p<0.05.

Model 1: only bivariate association

Model 2: added age, sex, ethnicity.

Model 3: added body-mass index, levels of physical activity, consumption of prescription medicine, total number of

morbidities

Model 4: added changes in age, body-mass index, and total number of morbidities
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Table 4. Associations of baseline acylcarnitine species with longitudinal decline in hand
grip strength

AC species/ HGS Models | Longitudinal decline in HGS
B (95% CI) P-values R?
Sum of all AC species 1 -0.02 (-0.05 t0 0.01) 0.25 0.11
2 -0.02 (-0.05 to 0.02) 0.34 0.19
3 -0.01 (-0.05 to 0.02) 0.42 0.24
4 -0.01 (-0.05 to 0.02) 0.44 0.24
Very long-chain AC species | 1 -0.17 (-0.99 to 0.64) 0.67 0.10
2 -0.17 (-0.97 to 0.63) 0.67 0.18
3 -0.25 (-1.05 to 0.55) 0.53 0.24
4 -0.22 (-1.03 to 0.59) 0.59 0.24
Long-chain AC species 1 -0.02 (-0.07 t0 0.02) 0.33 0.10
2 -0.02 (-0.06 to 0.03) 0.49 0.19
3 -0.02 (-0.06 to 0.03) 0.50 0.24
4 -0.02 (-0.06 to 0.03) 0.54 0.24
Medium-chain AC species | 1 -0.05 (-0.19 to0 0.08) 0.46 0.10
2 -0.04 (-0.18 t0 0.10) 0.58 0.19
3 -0.02 (-0.15 t0 0.12) 0.82 0.24
4 -0.02 (-0.16 t0 0.12) 0.79 0.24
Short-chain AC species 1 -0.21 (-0.42 t0 -0.01) 0.04* 0.13
2 -0.24 (-0.45 to -0.04) 0.02* 0.22
3 -0.21 (-0.43 t0 0.01) 0.06 0.26
4 -0.21 (-0.43 to0 0.01) 0.06 0.27
Short-chain ACs without — | 1 -0.29 (-0.61 t0 0.03) 0.07 0.12
DC/-OH 2 -0.31 (-0.64 t0 0.01) 0.05* 0.21
3 -0.26 (-0.60 to 0.07) 0.12 0.25
4 -0.27 (-0.60 to 0.07) 0.12 0.26
Short-chain ACs with 1 -0.54 (-1.03 to -0.06) 0.029* 0.13
-DC/-OH 2 -0.65 (-1.15 to0 -0.14) 0.013* 0.23
3 -0.57 (-1.09 to -0.05) 0.033* 0.27
4 -0.59 (-1.12 to -0.05) 0.031* 0.27
C4-OH 1 -1.66 (-2.73 t0 -0.59) 0.003** 0.16
2 -1.64 (-2.75 to -0.54) 0.004** 0.24
3 -1.70 (-2.84 to -0.55) 0.004** 0.29
4 -1.81 (-2.99 to -0.62) 0.003** 0.30

Notes: AC=acylcarnitine; HGS=hand grip strength; 95% CI=95% confidence interval. Bold text indicates p<0.10, * indicates
p<0.05. Model 1: controlled for only baseline dominant hand HGS

Model 2: added age, sex, ethnicity.

Model 3: added body-mass index, levels of physical activity, consumption of prescription medicine, total number of
morbidities

Model 4: added changes in age, body-mass index, and total number of morbidities
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Figure 1. Biological classifications according to the hierarchy of acylcarnitines species of varied
length, informing analytic strateqy. The Catabolic Mechanisms of Acylcarnitines (ACs). All AC
species undergo several catabolic steps, each shortening their chain lengths, eventually leading to the
formation of specific short-chain ACs. These ACs then get metabolized into energy substrates for the
cells. Notably, these catabolic steps happen in distinct organelles of the mitochondria (Figure 2). Owing
to the catabolic nature of these mechanisms, the number of AC species in each subsequent step become
fewer (Table 1). The exception is the very long-chain ACs, as they do not go through these catabolic
steps.
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Figure 2. Metabolic pathways of fatty-acids leading to the production of dicarboxylic and
hydroxylated carnitines (AC-DC and AC-OH) and dysregulation at this specific metabolic
juncture leading to declining hand grip strength . (i) catabolic metabolism during normal
physiological state: (a) The long-chain fatty acids (FA) undergo omega-oxidation in the endoplasmic
reticulum (ER), generating dicarboxylic fatty acid-CoA (FA-DC) intermediates which are convertible to
AC-DC. (b) Meanwhile, branched-chain fatty acids are metabolized in the peroxisomes via alpha-
oxidation, generating hydroxylated fatty acid-CoA (FA-OH) intermediates which are convertible to AC-
OH. (c) FA-DCs generated in the ER at step (a) are subsequently shuttled into the peroxisomes, and
there both FA-DCs and FA-OHSs undergo beta-oxidation. (d) The resulting medium-chain fatty acid
intermediates (AC-FA) leave the peroxisomes and are transported into the mitochondria to undergo
complete beta-oxidation. (e) beta-oxidation generates energy substrates for the cells, including FADH2
+ NADH. (ii) dysregulated fatty-acid beta-oxidation contributing to declining hand grip strength
(HGS): Elevations of a specific biologically-defined class of AC species could suggest the juncture at
which dysregulation in fatty-acid beta-oxidation occurred in the metabolic pathways. We detected a
significant association between higher short-chain AC-FA with DC/-OH (AC-DC/-OH) with declining
HGS, suggesting dysregulation at this metabolic juncture. Although full-length ACs go through the
various stages of the catabolic metabolism, including (a), (b), (c),and (d), dsyregulated catabolic
metabolism at stage (e) led to the accumulation of short-chain AC-DC/-OH. This final catabolic stage
(e) was not completed, depleting cells of energy substrates, leading to declining HGS. Furthermore, this
specific cellular fuel perturbation could further elicit a number of downstream biochemical reactions.
First, the accumulation of these specific AC species could contribute to a positive feedback loop,
causing elevated production of reactive oxygen species (ROS) and further mitochondrial derangement
[56,57]. This in turn could perpetuate and worsens the bioenergetic dysfunction by creating damages to

37




mitochondrial DNA, enzymes and contractile proteins [56,57]. Metabolic stress response might also be
triggered, which leads to skeletal muscle insulin resistance. With time, the converging effects of these
metabolic derangements could eventually lead to sarcopenia and frailty (figure adapted from Koh et al.
2018 [21], Created with Biorender.com)
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Figure 3. Means and standard errors of 18-month hand grip strength declines for each C4-OH

tertiles
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