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Methods: Three-arm, two-site pilot randomized, controlled trial (RCT) for community-dwelling
adults (N = 60), 71.8 + 6.3 years of age with functional limitations. Participants were randomized
to receive either 12 weeks of (1) EX + placebo [EX0], (2) EX + 500 mg/day resveratrol [EX500],
or (3) EX + 1,000 mg/day resveratrol [EX1000]. EX consisted of two sessions a week for 12
weeks of center-based walking and whole-body resistance training. Safety was assessed through
adverse events and feasibility through exercise session and supplement (placebo, or resveratrol)
protocol adherence. Outcome measures included a battery of indices of physical function as well
as skeletal muscle mitchondrial function. Data were adjusted for age and gender using the Intent-
To-Treat approach.

Results: Adverse event frequency and type were similar between groups (n=8 EXO0, n=12
EX500, and n=7 EX1000). Overall, 85% of participants met the supplement adherence via pill
counts while 82% met the exercise session adherence. Adjusted within group mean differences
(95% confidence interval) from week 0 to 12 for gait speed ranged from —0.04 (EXO0: —0.1, 0.03)
m/s to 0.04 (EX1000: —0.02, 0.11) and the six-minute walk test mean differences were 9.45 (EXO:
-9.02, 27.7), 22.9 (EX500: 4.18, 41.6), and 33.1 (EX1000: 13.8, 52.4) meters. Unadjusted mean
differences for citrate synthase were —0.80 (EXO0: —15.45, 13.84), —1.38 (EX500: -12.16, 9.39),
and 7.75 (EX1000: —4.68, 20.18) mU/mg. COX activity mean within group changes ranged from
-0.05 (EXO0) to 0.06 (EX500) k/sec/mg. Additional outcomes are detailed in the text.

Conclusion: The pilot RCT indicated that combined EX + resveratrol was safe and feasible for
older adults with functional limitations and may improve skeletal muscle mitochondrial function
and mobility-related indices of physical function. A larger trial appears warranted and is needed to
formally test these hypotheses.

Keywords
aging; clinical trial; exercise; functional status; mitochondria

Introduction

Maintaining physical function during the aging process is critical to ward off disability and
extend independence. [1-3] However, despite the well-established relationship of decreased
physical function with subsequent adverse health outcomes, few therapeutic strategies exist
that are shown to improve these outcomes among older adults. To date, interventions
incorporating physical exercise have demonstrated the most consistent results for improving
physical function among older adults. [4] Still, despite the general benefits of exercise,
physiologic responses to exercise can be quite variable [5 6] — thus adjuvant strategies may
be useful to enhance the efficacy of exercise.

One potential such adjuvant is the nutritional supplement resveratrol, a compound
commonly found in red grapes. Resveratrol is a natural polyphenol with purported anti-
oxidant, anti-inflammatory, and metabolic benefits. [7-11] Preclinical studies have
suggested greater potential benefits in combining exercise with resveratrol supplementation
compared to exercise alone, [12-14] but existing data from humans are less supportive. [15-
17] Still, the literature in humans remains sparse and novel interventions are needed to
enhance the efficacy of exercise among older adults with physical limitations. Accordingly,
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the current pilot RCT expands on the limited literature to evaluate dose-dependent effects of
resveratrol combined with physical exercise for older adults with functional limitations with
an emphasis on safety and feasibility. As outlined previously [18], we designed a pilot,
randomized controlled trial (RCT) to begin to test the hypothesis that resveratrol may
potentiate the functional benefits of exercise among older adults at least partly by enhancing
beneficial adaptations in skeletal muscle mitochondrial function in response to chronic
exercise.

The objective of this pilot trial was to collect data on the safety, feasibility, and potential
efficacy of resveratrol supplementation combined with exercise training on indices of
physical function and skeletal muscle mitochondrial function among older adults with
functional limitations. The present manuscript provides findings from the pilot study
designed to support or refute the need for a larger-scale trial necessary to fully test our
central hypothesis. Notably, due to additional resources and tissue availability, were able to
expand our initial battery of mitochondrial measures (mitochondrial DNA copy number,
citrate synthase, cytochrome C oxidase) to include a more comprehensive evaluation of
skeletal muscle mitochondrial function including indices of mitochondrial damage, fusion,
fission, transcriptional regulation, as well as vascular inflammation and oxidative stress.
These data provide important biologic insight, in addition to the clinical measures, to aid in
evaluation of the potential need for a future, larger-scale trial in this area.

Material and Methods

2.1 Study Overview

This three-arm pilot RCT was designed to evaluate the safety and efficacy of two resveratrol
doses (500 mg/d and 1,000 mg/d) combined with structured exercise training. 1000 mg/d
dose was selected based on a previous 12 week resveratrol dosing pilot study that
demonstrated its safety for older adults [19] while 500 mg/d was deemed sufficient for
improving mitochondrial function [20] as outlined in the trial design [18].

Study participants were older adults with functional limitations, and both resveratrol
protocols were compared to a placebo. The study design was described in detail previously
[18] with the addition that the study was completed across two clinical data collection sites
(Gainesville, FL and Birmingham, AL). This study was carried out in accordance with the
Declaration of Helsinki. The protocol was approved by the University of Florida and the
University of Alabama at Birmingham Institutional Review Boards. Prior to enrollment, all
participants provided written informed consent. The study is registered at
www.clinicaltrials.gov (NCT02523274).

Analyses were performed by biostatisticians who remained masked to the intervention
assigned until the analyses were completed, providing a triple-masked design including
study staff and participants. Moreover, the study intervention and study assessments were
conducted by separate staff and in separate physical locations to prevent bias.
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2.2 Participants

Older adults = 65 years old, (N = 60) were recruited from the Gainesville, FL and
Birmingham, AL (USA) areas from 2016 — 2018. Recruitment involved direct residential
mailings and print advertisements. Eligibility criteria included (1) age = 65 years; (2) < 150
minutes/ week of moderate physical activity on the Community Health Activities Model
Program for Senior (CHAMPS) questionnaire; [21] (3) > 290 s indicating functional
limitations during the long-distance corridor test; [1] (4) willingness to be randomized to
either treatment group; (5) willingness to participate in all study procedures.

Exclusion criteria included (1) a failure to provide consent, (2) regular consumption of a
resveratrol supplement; (3) current involvement in a supervised rehabilitation program; (4)
absolute contraindication(s) to exercise training according to the American College of Sports
Medicine [22] (5) Pain classification > Grade 3 on a Graded Chronic Pain Scale (84); (6)
significant cognitive impairment, [23] or a Mini-Mental State Examination (MMSE) score <
24; (7) severe cardiac, neurologic, rheumatologic, orthopedic, or other conditions which
prohibited safe participation, or (8) simultaneous participant in another intervention trial. For
participation in the muscle biopsy, additional exclusion criteria included (1) use of
prescription anti-platelet medications (not including aspirin); (2) prescription anti-coagulant
use (e.g. warfarin); (3) conditions which would reduce healing; or (4) known allergy to
lidocaine.

2.3 Randomization

Published recommendations for pilot trial design indicate 15-20 participants per randomized
arm could indicate feasibility for a full-scale RCT. This sample size was also appropriate to
determine the estimation of mean changes (e.g. 95% confidence intervals) for each treatment
group. [24 25] Thus, sample size for the pilot was based on published literature for the
conduct of pilot studies.

Participants that met the inclusion and exclusion criteria were asked to return for a baseline
assessment and subsequent randomization. Upon randomization, participants were
randomized 1:1:1 to three study treatments. To preserve masking, treatment allocation was
concealed to all directly involved (investigators, study staff, biostatisticians, and participants)
until the end of the trial.

2.4 Supplement Intervention

Participants that met the study inclusion and exclusion criteria were randomized to consume
either a placebo, 500 mg/day, or 1,000 mg/day of resveratrol provided by Reserveage
Organics (Gainesville, FL, USA) via visually identical capsules. Delivery was provided
twice a day with instructions to consume one capsule 15-30 minutes before breakfast and
another 15-30 minutes before dinner in which the 500 mg/day resveratrol group received
one placebo capsule and one 500 mg/day resveratrol capsule. Participants were instructed to
bring back all unused doses at each assessment visit allowing for study staff to conduct pill
counts for adherence purposes.
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2.5 Exercise Intervention

2.6 Safety,

All groups performed a twice a week for 12 weeks, center-based, supervised walking and
whole-body resistance exercise training program. Participants began with a brief warm-up
followed by 30-minutes of walking encouraged at moderate-intensity for 20 minutes and
moderate to vigorous intensity walking for the last 10 minutes. If walking was not well-
tolerated, participants pedaled on a recumbent, stationary bicycle (Life Fitness, Schiller
Park, IL, USA). After aerobic training, participants transitioned to whole-body strength
training, and ended with flexibility exercises and balance training at intensities between
rating of perceived exertion (RPE) moderate (5-6) to vigorous (7-8). [26] Leg press, leg
extension, chest press, and seated row were performed on day one of the week while leg
curl, calf flexion, arm curl, and triceps extensions were conducted on day two of training
guided to elicit a 6-7 on the Borg CR10 RPE (0-10 scale). [26] All resistance exercises were
performed using standard isotonic resistance training equipment (Life Fitness, Schiller Park,
IL, USA). Exercise session data including walk distance, rating of perceived exertion, and
heart rate (beats per minute). Participants at the second site, The University of Alabama at
Birmingham (N = 23), one repetition maximum (1 RM) strength was assessed at weeks 0
and 12 for leg press, leg extension, and chest press.

Recruitment, and Adherence

Safety was closely monitored throughout the duration of the study. Participants were
encouraged to notify study staff immediately if any adverse events occurred that was
potentially related to the study intervention. Moreover, study staff monitored all adverse
events at each study visit and exercise intervention visit. In addition, clinical safety blood
tests (e.g., lipid panel, comprehensive metabolic panel) were used to monitor hematologic
and metabolic abnormalities in response to the interventions and were performed at weeks 0,
6, and 12. Blood pressure was also assessed using an automatic blood pressure monitor
(Microlife®, Omron, Kyoto, Japan) at assessment visits (weeks 0, 6, and 12) and
immediately prior to the start of each exercise training session.

Participant recruitment was performed via community advertising in form of both print and
digital media advertising. Adherence to exercise was calculated as scheduled session
attendance while supplement adherence (placebo and resveratrol) conducted via pill
counting.

2.7 Assessments

Study outcomes of interest included changes in gait speed, walking endurance, mean
composite knee extensor peak torque, validated physical function test battery, habitual
physical activity, and circulating indices of cardiovascular risk assessed at weeks 0 and 12 as
described previously. [18]

Functional Assessments—Gait speed was assessed via a 4 m usual-paced walk test at
week 0 and 12. This simple and cost-effective physical performance tool assesses functional
status. [27 28] Walking endurance was measured through the fast-paced six-minute walk test
on an indoor walk course as described previously. [29 30] Mean composite knee extensor
peak torque was assessed across three angular velocities (60, 90, 120°/s) as unilateral
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isokinetic strength of the knee extensors in the dominant limb via a dynamometer (Biodex
Medical Systems, New York, NY, USA) as previously published. [31 32] Participants also
completed the validated short physical performance battery (SPPB), which involves balance
tests, the 4 meter usual-paced walk, and a repeated chair stand task. [33]

The Late Life Function and Disability Instrument (LLFDI) was used to report self-assessed
physical function [34 35] through a 16-item questionnaire that assesses both function and
disability. Specifically the function component evaluates an individual’s ability to perform
actions or activities whereas the disability assessed the individual’s performance of socially
defined tasks as described previously. [36] Raw scores were transformed and presented as
the total scaled for each component.

Three-day diet records were conducted in which participants were asked to carefully record
all foods, drinks as well as the time and portion sizes for two weekdays and one weekend
day within a seven-day period. The diet record was analyzed using a food processor program
package (ESHA, Salem, OR, USA) as published previously. [37 38]

Habitual physical activity was assessed through a hip worn, solid-state triaxial accelerometer
(Actigraph wGT9X-BT, Pensacola, FL, USA) with an adjustable strap for seven consecutive
days to monitor potential changes in physical activity in the community setting [39 40].
Participants were encouraged to record any time during the seven days in which the
accelerometer was not worn in a provided log. Data were sampled for 1 min epochs for each
day to estimate minutes of activity. [41].

Biospecimen Collection—At weeks 0 and 12, venous blood was collected according to
standard clinical procedures after approximately eight hours of fasting. Blood samples were
utilized for clinical safety parameters, including a comprehensive metabolic panel, as well as
study assays. Skeletal muscle samples (0, 12 weeks) were also provided by a subset of
participants (n = 22; EX0 = 7, EX500 = 7, EX1000 = 8). Post-exercise muscle biopsy
collection occurred at least 48 hours following the last exercise session, with biopsies
occurring 2-5 days post-training pending participant availability.

Percutaneous skeletal muscle samples (200-225 mg) were obtained from the vastus lateralis
skeletal muscle under local anesthesia. Muscle biopsies were collected by a trained, licensed
study clinician approximately midway between the patella and iliac crest in the vastus
lateralis utilizing a 5-mm Bergstrom biopsy needle with suction as previously published.
[42-45] After collection, skeletal muscle samples were immediately snap frozen in liquid
nitrogen and stored at —80°C prior to analysis.

Skeletal Muscle Mitochondrial Function—Mitochondrial outcome measures included
skeletal muscle expression of peroxisome proliferator-activated receptor gamma receptor
gamma coactivator 1-alpha (PGC-1a), mitochondrial DNA (mtDNA) copy number,
mitochondrial DNA damage, and mitochondrial complex enzyme activity assays for citrate
synthase and cytochrome C oxidase (COX) activity. [18]
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Mitochondrial DNA Content—As described previously, [46-54] total DNA was isolated
using the QlAamp DNA Mini Kit (Qiagen, Hilden, Germany) and quantified using the
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA). A 236 bp (short), highly-
conserved region of the mitochondrial genome was amplified from 15ng of total DNA, in a
GeneAmp PCR system 2400 using a quantitative polymerase chain reaction (QPCR), GoTaq
DNA Polymerase (Promega), 32P radiolabeled ATP (Perkin-Elmer) and primers 1066F/
N1007R. 20uL of each “short” QPCR product was resolved (vertical electrophoresis) on 8-
12% polyacrylamide gels at 90 volts for 2h. Dried gels were exposed to phosphor screens for
12h and quantified with ImageQuant (Molecular Dynamics, Sunnyvale, CA, USA).
Quantified bands were normalized to mitochondrial DNA (mtDNA) copy number (content)
reported as a percentage of a positive control.

Mitochondrial DNA Damage—The entire mitochondrial genome (long) was then
amplified by QPCR from 15ng of total DNA, using AccuPrime Taqg DNA Polymerase
(Invitrogen), 32P radiolabeled ATP (Perkin-Elmer, Waltham, MA, USA) and primers 1065F/
1066R. [46-54] 25L of each “long” QPCR product was resolved (vertical electrophoresis)
on 1.2% agarose gels at 90 volts for 3h, dried and exposed to phosphor screens for 12h,
before being quantified with ImageQuant (Molecular Dynamics, Sunnyvale, CA USA).
Quantified band densities for each “long” were expressed as a ratio relative to the “short”,
with each participants’ post-intervention values (Week 12) expressed relative to the pre-
intervention (Week 0) values. The mtDNA lesion frequency for each sample was then
calculated using the Poisson equation [49], —In(Week 12/\Week 0).

Mitochondrial Volume—Citrate synthase, a surrogate index of mitochondrial volume, [55
56] was measured using a coupled reaction with oxaloacetate, acetyl-CoA, and 5, 5-
dithiobis-(2,4-nitrobenzoic acid). [57 58] COX activity was measured at 550nm. [59] For
biochemical assays of muscle proteins involved in signaling and transcription, skeletal
muscle samples were lysed, measured for concentration using bicinchoninic acid (BCA)
protein assay and bovine serum albumin (BSA) standards.

Skeletal Muscle Mitochondrial Protein Abundance—Capillary nano-immunoassays
were performed using WES™ [60] (ProteinSimple Inc., San Jose, CA, USA); according to
the manufacturer’s using the 12-230 kDA Master Kit Separation Module [61]
(ProteinSimple Inc., San Jose, CA, USA; SM 004-600). Prior to analysis, skeletal muscle
samples were lysed, measured for concentration using bicinchoninic acid (BCA) protein
assay and bovine serum albumin (BSA) standards. Sodium dodecyl sulfate (SDS),
dithiothreitol (DTT), and fluorescent labeled molecular weight marker were added into the
capillary columns. [62] The capillary was probed with target specific antibodies and
conjugated secondary antibodies for the following proteins (abbreviation: company, catalog
number): P38-mitogen activated protein kinase a (P38a.: R&D Systems, AF8691);
mitochondrial dynamin like GTPase Opal (OPAL: Novus, NB110-55290), Mitochondrial
transcription factor A (TFAM: Novus, NBP1-71648); Mitofusin-2 (MFN2: ABCam,
AB56889); Mitochondrial fission 1 protein (Fisl: PTGLAB, 10956-1-ap), PGC-la
(ABCam, AB54481), Nuclear respiratory factor 1 (NRF1: PTGLAB, 12482-1-AP);
Receptor-interacting protein 140 (RIP140: Sigma-Aldrich, MABS1917); Sirtuin (Sirt1: Cell
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Signaling, 9475). Capillary plates were analyzed using the Compass Software
(ProteinSimple Inc., San Jose, CA, USA) normalized to total protein. The chemiluminescent
light generation was measured by a charge coupled device to analyze the protein size and
peak area. The WES™ analysis has good reproducibility through its automated operation,
assisting with protocol standardization. [61 63]

Vascular Inflammation & Oxidative Stress—Serum sample preparation for ELISA
kits involved the collection of whole blood samples (3.5mL) in serum separator (SST)
vacutainer blood collection tubes (BD Medical, Franklin Lakes, NJ, USA). Samples were
positioned upright for 30-60 min at ambient temperate and then centrifuged for 20 min
(3,380 x g). The serum aliquot was stored at —80°C until the final analyses.

Whole blood (4.0mL) was collected in ethylenediaminetetraacetic acid (EDTA) vacutainer
blood collection tubes (BD Medical, Franklin Lakes, NJ, USA). Plasma was isolated by
centrifugation at ambient temperature (3,380 x g, 10 min). Supernatants were collected and a
secondary spin, at ambient temperature (10,000 x g, 10 min) was conducted. The final
aliquot was stored at —80°C until the final analyses. Circulating markers of vascular
inflammation and oxidative stress were analyzed through commercially available ELISAs
kits for the following targets: interleukin-6 (IL-6, D6050), vascular cellular adhesion
molecule 1 (VCAM-1, DVCQ00), E-selectin (DSLEQOQ), myeloperoxidase (MPO, DMYEOQ0B)
(R&D Systems, Minneapolis, MN, USA), and oxidized low density lipoprotein (OxLDL)
(Mercodia, Uppsala, Sweden). The BioTek Gen5 30.4 software was utilized with the BioTek
800 TS microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) to analyze ELISA
findings. The intra-assay coefficient of variation for ELISA kits were the following: IL-6
(9.67%), VCAM-1 (6.8%), E-selectin (3.71%), MPO (5.38), and OXLDL (7.96%).

As an additional indicator of potential oxidative stress, plasma concentrations of nitrate and
nitrite were also evaluated. For plasma nitrate and nitrite level assessment, [64] plasma was
thawed on ice and then ice-cold methanol (1:1 volume) added and the sample vortex mixed
for 10 seconds. The mixture was then centrifuged at 10,000 x g for 10 min and supernatant
collected and measured by High Performance Liquid Chromatography (HPLC) coupled to
the Griess reaction using the ENO-30 N (EiCom, Japan). [65] Data collection, calibration,
and analysis were conducted by Eicom Envision software (Eicom, Corp., Kyoto, Japan).
Nitrite and nitrate concentrations were determined using calibration curves generated daily
with sodium nitrite and sodium nitrate standards. Detecting nitrite and nitrate, major
metabolites of nitric oxide can be used to determine nitric oxide levels. 75% of participants
provided week 0 and 12 samples that were viable and analyzed for nitrite, nitrate, and total
protein concentrations. Protein was measured using the Biorad assay.

2.8 Statistical Analysis

The primary analysis was an Intent-To-Treat approach. Descriptive analyses were conducted
overall and stratified by study site. Summary values, i.e. mean (standard deviation) and
frequency (percentage), were computed for all analysis variables. Linear mixed models were
applied for each outcome, accounting for heterogeneity between study participants and
allowing incorporation of data from participants who missed a visit. All model assumptions
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were assessed visually and by conducting the Kolmogorov-Smirnov test upon model
residuals. A group-by-time interaction was used to estimate intervention-based changes from
baseline, and additional adjustment was included for exercise group, and assessment visit
(weeks 0, 6, and 12). Additional adjustments included age (continuous) and gender
(categorical). As this study was not powered to detect differences in outcomes (i.e. p-value <
0.05), estimated mean differences are presented with 95% confidence intervals or standard
error. This presentation style is consistent with published guidelines for reporting findings
from pilot studies. [66 67] Biospecimen results are reported as unadjusted modeled values.
Unadjusted clinical data as well data for an efficacy analysis [among participants who
maintained = 75% for both exercise attendance and pill adherence] are provided in
supplementary materials. All statistical analyses were performed using R version =3.6.0,
using a number of open-source software packages. [68—73]

3.1 Enrollment and Retention

Of those who attended the in-person screening visit, 60/145 = 41.38% of participants met
the necessary in-person screening inclusion and exclusion criteria (Figure A.1). Screen fail
rates were 55% at the University of Florida (59/108) and 38% at the University of Alabama
at Birmingham (14/37). Of those who failed to meet inclusion/exclusion criteria, most
participants (n = 22) either walked faster than 290 seconds on the long corridor walk test,
[21 33 74] or performed more than < 150 minutes of moderate physical activity as assessed
by the CHAMPS Questionnaire (n = 20). Other screen fails included: uncontrolled high
blood pressure (>160 mm Hg systolic or >90 mm Hg diastolic; n = 9), pain classification >3
on the Chronic Pain Scale (n = 4), and peripheral vascular disease and MMSE <24/30 (h =
3), while the remaining criteria accounted for eleven other screen fails.

A total of 60 participants were recruited and randomized with n = 20 allocated to exercise +
placebo (EXO0), n = 20 to EX + 500 mg/day resveratrol (EX500), and n = 20 to EX + 1,000
mg/day resveratrol (EX1000). Participant baseline demographic characteristics were
generally similar between groups (Table A.1), with some modest variability expected given
the relatively small sample size in a pilot. A total of n = 4 participants withdrew from the
study, and n = 1 was a lost to follow-up. In the Intent-To-Treat analysis, N = 60 participants
were included (Figure A.1).

As indicated in Table A.1, participants commonly used prescription and supplementary
medications among the groups included anti-hypertensive, glucose-lowering, statins, and
nonsteroidal anti-inflammatory (NSAID) drugs. Although there are no known interactions
reported for anti-hypertensive, glucose-lowering, and statin medications, potential
interactions of NSAIDs and resveratrol has been documented, [75 76] which may warrant
further investigation in future studies.

3.2 Safety and Adherence

A review of the safety was conducted through assessment of adverse events during the pilot
RCT. In total, 27 related, or possibly related individual adverse event reports occurred.
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Overall, adverse events were reported with similar rates among groups (n = 8 for EX0, n =
12 for EX500, and n = 7 for EX1000). The most common adverse events were
gastrointestinal issues (n=9). Of those participants, two were in the EX1000 mg/day
resveratrol group, and five were in the EX500 mg/day resveratrol group. Other common
adverse events were musculoskeletal events (n = 6), and dizziness (n = 2). Two serious
adverse events were reported which were unrelated to the trial. Changes in clinical safety
laboratory values are shown in Supplementary information Table B.1.

Overall adherence for exercise was 82% (EXO0: 84 + 21%, EX500: 79 + 24%, and EX1000:
81 + 20%). Overall supplement (placebo, 500 mg/day, or 1,000 mg/day of resveratrol)
adherence was 85% (EX0: 85 + 20%. EX500: 86 + 13%, and EX1000: 84 + 18%).

For the efficacy analysis, exercise session adherence was set at = 75% [77] for all 24
exercise sessions. 73% of all participants across groups met this threshold (individual groups
EXO0: 75%, EX500: 75%, and EX1000: 70%). The efficacy analysis for supplement
adherence was also set at > 75% in which 70% of all participants met the threshold
(individual groups EX0: 70%, EX500: 65%, and EX1000: 75%). With the exercise session
and supplemental adherence efficacy threshold combined, 60% of all participants met both
guidelines (EX0: 60% (12/20), EX500: 60% (12/20), and EX1000: 60% (12/20)).

3.3 Exercise Data

Participant walking distance during exercise sessions are displayed in Figure A.2. Changes
in walking distance from session 1 to session 24 are presented for all groups including:
EX500 (342 m) and EX1000 (449 m) compared to EXO (245 m).

3.4 Physical Function

Relative changes (from week 0 to week 12) in measures of physical function are shown in
Figure A.3. Mean changes in gait speed ranged from —0.04 (EXO0; 95% CI: -0.1, 0.03) m/s
to 0.04 (EX1000: -0.02, 0.11) m/s.

The six minute walk distance had similar estimated week 0 mean ranges (412.16 — 413.47)
m, yet different patterns of within group distances covered were evident ranging from 9.45
(EX0: -9.02, 27.7) m to 33.1 (EX1000: 13.8, 52.4) m.

SPPB week 0 means ranged from 10.33 — 10.41 (out of 12 total) with similar within group
results after 12 weeks ranging from 0.13 (EX1000 -0.42, 0.69) total SPPB to 0.38 (EXO:
-0.17, 0.93) total SPPB.

Mean changes in quadricep strength ranged from —3.24 (EX0: -9.7, 3.23) Nm to 10.5
(EX500: 4.28, 16.7) Nm.

All groups had similar LLFDI limitation scaled total for week 0 with estimated means
(ranging 73.60 — 73.81) scaled total score, and 12 week within group patterns from 3.36
(EX1000: —1.5, 8.22) score to 5.72 (EX500: 0.93, 10.5) scaled total.
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The LLFDI frequency total had similar estimated week 0 means (ranging from 52.18 to
52.33) with week 12 within group changes ranging from 1.41 (EX0: -1.52, 4.35) total scaled
to 2.59 (EX1000: —0.44, 5.62) total scaled.

Overall, results from the efficacy analysis appears similar to the intent to treat primary
analysis (Supplementary information Figure B.1). The 4 m usual paced gait speed for
EX1000 had a positive change of 0.08 (EX1000: —0.01, 0.17) m/sec while EX0 and EX500
had relative negative changes in gait speed. Walking endurance for both EX + resveratrol
groups was 30.3 (EX500: 6.17, 54.3) m, and 36.4 (EX1000:12.3, 60.5) m. Mean changes in
quadricep strength ranged from 8.72 (EX500: 1.44, 16) Nm to 10.6 (EX1000: 2.9, 18.4) Nm,
while the LLFDI limitation total for EX500 was 7.43 (0.08, 14.8) scaled units and the
LLFDI functional total was 2.17 (0.1, 4.24) scaled units.

The unadjusted indices of physical function are displayed in Supplementary information
Figure B.2. Within group mean changes for endurance walking ranged from 8.96 (EXO:
-13.04, 31) m to 32.93 (EX1000: 9.9, 56) m.

3.5 Supportive Outcomes

For 1RM data, leg press within group changes ranged from 21.4 (EXO0: -7.88, 50.7) lbs to
54.3 (EX500: 22.9, 85.6) Ibs. Chest press had smaller relative within group changes
including 2.65 (EX500: -7.45, 12.7) Ibs to 5.75 (EXO0: -3.68, 15.2) Ibs. Knee extension
within group changes ranged from 2.3 (EXO0: -17.3, 41.9) Ibs to 27.7 (-3.73, 59.1) Ibs.
Changes in diet, outside physical activity, and supportive outcomes related to
cardiometabolic health are shown in Supplementary information Table B.2.

3.6 Skeletal Muscle Mitochondrial Volume and Damage

Skeletal muscle mitochondrial volume and damage are displayed in Figure A.4. Citrate
synthase displayed relevant within group mean changes ranging from -1.38 (EX500:
-12.16, 9.39) mU/mg to 7.75 (EX1000: —4.68, 20.18) mU/mg. COX activity showed similar
within group changes including —0.05 (EX0: —0.22, 0.11) k/sec/mg to 0.06 (EX500: —0.06,
0.19) k/sec/mg.

Lesion frequency, had negative relative differences, less within group damage, for both EX
and resveratrol groups including —0.08 (EX500: —0.34, 0.18), and —0.03 (EX1000: 0.11,
-0.23). Mitochondrial copy number was normalized to mitochondrial DNA ranging from
-3.1 x 10° (EX500: -1.4 x 107, 1.4 107) arb. units to 5.3 x 106 (EX1000: -1.1 x 107, 2.1 x
107) arb. units.

3.7 Skeletal Muscle Mitochondrial Protein Abundance

Skeletal muscle mitochondrial relative protein abundance is shown in Figure A.5. TFAM
ranged from 0.23 (EX1000: —0.51, 0.98) peak area to 0.61 (EX500: —0.16, 1.38) peak area.
For NRF1, we observed similar with group changes (ranging from .10 to 0.15) with 0.15
(EX500: -0.1, 0.39) peak area. MFN2 had relative positive changes for all groups ranging
from 0.5 (EX500: 0.06, 0.93) peak area to 0.12 (EX1000: —0.31, 0.54) peak area. Opal had
a relative positive changes for resveratrol and exercise groups including 0.17 (EX1000:

Exp Gerontol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harper et al.

Page 12

-3.41, 3.75) peak area to 2.42 (EX500: -1.52, 6.35) peak area. FIS1 had positive within
group changes including 0.22 (EXO0: —0.36, 0.58) to .99 (EX500: —0.004, 2.01) peak area.
RIP140 had relative changes included —0.01 (EXO0: —0.02, 0) to 0.01 (0, 0.02) peak area for
both EX + resveratrol groups. SIRT1 relative changes ranged from 0 (EX1000: -0.1, 0.09)
peak area to 0.05 (EXO0: —0.05, 0.16) peak area. PGC-1a. had relative positive changes for all
groups including 0.12 (EXO0: —-0.41, 0.65) to 0.37 (EX500: —0.12, 0.87) peak area. P38a
relative changes ranged from —-0.03 (EX1000: —0.28, 0.22) peak area to 0.19 (EX500: —0.07,
0.45) peak area.

3.8 Inflammation and Oxidative Stress Biomarkers

Inflammatory markers VCAM-1, E-Selectin, and IL-6 are shown in Figure A.6. VCAM-1
had negative within group changes for all groups ranging from -257 (EX1000: —374, —140)
ng/ml to —139 (EX0: —267, —11) ng/ml. E-selectin within group changes included —32
(EXO0: —43, —21) ng/ml to —22 (EX500: —32, —12) ng/ml. All groups had a relative increase
in IL-6 ranging from 0.83 (EX500: 0.15, 1.52) pg/ml to 1.69 (EXO0: 0.69, 2.31) pg/ml. MPO
in Figure A.6 ranged from —35 (EX500: -57, —14) ng/ml to 36 (EX1000: 14, 58) ng/ml.
OXLDL had relative within group decreases including —4.5 x 10* (EX0: -5.6 x 104, -3.5 x
10%) mUJ/L to 3.2 x 10 (EX500: —4.2 x 104, 2.1 x 10%) mU/L, in Figure A.6.

Plasma nitrite (NO,-) is presented relative to total plasma protein ranging from —0.005
(EX500: —0.002, 0.0009) uM to 0.003 (EXO0: 0.001, 0.004) uM. Plasma nitrate (NO3-), is
also presented as relative to total protein at week 0 varied for all groups, within group means
including —0.07 (EX1000: -.092, —0.044) uM to 0.019 (EX0: —0.009, 0.047) uM in Figure
A.6.

Discussion

The three-arm, pilot RCT collected critical data on safety and feasibility for combining
chronic exercise with two doses of orally-consumed resveratrol. The purpose was to refine
and finalize elements critical to conducting a future, fully-powered RCT to definitively test
whether resveratrol combined with chronic exercise improves functional limitations among
older adults. Our results suggest that a fully powered RCT is feasible and safe.

Overall, there was a relatively low number of related, or possibly related adverse events
during the pilot RCT. Although gastrointestinal issues were the most reported (n = 9), only
two of those participants received the 1,000 mg/day resveratrol. Regarding the feasibility of
a fully-powered RCT, components of recruitment were considered, [78] and the recruitment
target was achieved for the trial. Moreover, the trial provided useful information regarding
the relative recruitment yield at two potential field sites for a future trial.

Adherence to intervention protocols are essential in evaluating the pilot RCT. Adherence
was determined for exercise sessions and pill supplement (placebo, 500 mg/day or 1,000
mg/day of resveratrol). The intent to treat adherence for exercise session was 82% and
supplement pill adherence was 85%.
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Another key consideration of the pilot RCT was assessing dose response of resveratrol (500
mg/d vs. 1,000 mg/d). As a pilot RCT, our results should not be over interpreted and are
presented as mean + 95% confidence intervals as reported previously. [37 38] However, the
observed 33.1 m improvement in the six min walk test for the EX1000 group is a clinically
meaningful difference [79] offering potential support for combined exercise and 1,000 mg/d
resveratrol supplementation. In addition, Figure A.2 describes the average total distance
walked during exercise sessions for all groups. Regardless of the intervention randomization,
all groups average walking distance increased from week 0 to week 12. Notably, the
EX1000 group had the largest increase with 449 m. Mitochondrial function measures
yielded some interesting results. Aligned with Hart et al. [13] findings in pre-clinical
models, exercise combined with resveratrol may have enhanced aerobic capacity through
skeletal muscle mitochondrial function. In support, citrate synthase, a common marker of
mitochondrial volume, increased in the EX1000 group. Moreover, COX enzyme activity that
modulates oxygen uptake increased for both EX and resveratrol groups while EX0 had a
relative decrease in COX enzymatic activity. Although, normalized mtDNA content
increased for the EX1000 group, EXO also had similar values at week 12.

While all groups had similar results, the relative increase in PGC-1a in the EX500 group
had a higher expression at week 12 compared to the relative change in the EX1000 group.
As previous research indicates, PGC-1a may be reduced in sedentary individuals and may
increase with exercise. [80]. Although speculative, it is possible that (1) the 12 week time
frame in between skeletal muscle biopsies were too far apart to denote considerable protein
abundance changes, and/or (2) the time between the last exercise session and the week 12
muscle biopsy may have been too far apart.

With skeletal muscle and blood samples available, protein abundance in skeletal muscle
mitochondrial was assessed. TFAM and NRF1 had relative increases in all groups, with
visually steeper curves for EX500. RIP 140, a nuclear coregulator involved in metabolism
observed relative within group positive changes for both EX + resveratrol groups, aligned
with pre-clinical models adaptation to endurance exercise [81]. MFN2, a marker of
mitochondrial outer membrane fusion, had relative positive changes for all groups, with
EX500 group relative change of 0.5 (0.06, 0.93) peak area. Mitochondrial fission marker,
FIS1, had similar results. Opal, a marker for inner membrane fusion observed a relative
increase in the EX500 group, and relative decreases in the EXO0 group. However, SIRT1,
downstream from PCG-1a signaling had a relative positive changes for EX0 and EX500
groups. In comparison, P38a signaling had relative negative changes for EX0 and EX1000
which may indicate a reduction in the proinflammatory pathway and inhibition of reactive
oxidative species, although EX500 had a relative positive change.

Moreover, the down regulation of VCAM-1 may have been influenced by the anti-
inflammatory and anti-oxidant properties in resveratrol. [82] Our results showed that
EX1000 had a relative decrease in nitrite was dose-dependent. Nitrite, an intermediate of
nitric oxide, may have an integral role in mitochondrial function [83]. Specifically, there are
multiple potential mechanisms that may have influenced the nitrite levels. The most likely
mechanisms involve endothelial nitric oxide synthase (eNOS), renal function, and oral
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nitrate reductase (e.g. diet). A future trial design should consider assessing the role of eNOS
in skeletal muscle to determine specific mechanistic changes.

In evaluating any future trial, mention of a few additional considerations is warranted.
Although our three groups were randomized, some variation in the baseline characteristics
should be acknowledged. The EX1000 group had 18/20, 90% females randomized compared
to 13/20, 65% in EX500, and 14/20, 70% in the EXO group. The EX1000 group also had a
relatively younger population compared to the EXO0 group (70.3 vs 73.3 years old).
Moreover, resting, seated systolic blood pressure ranged in the exercise and resveratrol
groups, (EX1000: 133 + 9.6 mm Hg) to (EX500: 145 + 15.1 mm Hg). In Supplementary
information Table B.2, there were no within group changes in systolic blood pressure, but
there was a notable diastolic blood pressure within group change with a baseline of 82.4 mm
Hg and a -6.68 (EX500: —-10.8, —2.56) mm Hg change. Participants’ diabetic history varied
from 3/20, 15% in the EX1000 to 8/20, 42% in the EX500 group. Upon further review of the
clinical safety outcomes described in Supplementary Table B.1, there were no within group
changes total cholesterol as previously documented. [84] Collectively, the preliminary data
gathered on physical function, biochemistry, as well as variations in participant
characteristics should be acknowledged when proceeding with a future, fully powered trial.

Conclusions

Aging of the worldwide population will have a massive burden of clinical and economic
costs associated with age-related physical function. Moreover, declines in physical function
occur with age and disablement. Research studies have demonstrated that exercise is a
needed, yet insufficient, component of interventions to prevent age-related physical function.
Therefore, it is critical to identify adjuvant therapies designed to optimize the efficacy of
exercise which could ultimately have a positive impact on reducing functional limitations.
Our pilot RCT has concluded that combined EX + resveratrol can be a safe and feasible for
older adults with functional limitations. Moreover, EX + 1,000 mg/d resveratrol may have
benefits for physical function and mitochondrial function. Ultimately, a fully powered trial is
necessary to understand the effects of exercise and resveratrol combined for older adults
with functional limitations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EXO0 (n=20) EX500(n=20) EX1000 (n=20)
Age, years 733738 72+51 70.3+5.8
Sex, Female 14 (70) 13 (65) 18 (90)
Race, White 14 (70) 13 (65) 16 (80)
Ethnicity, Hispanic 1(5) 1(5) 1(5)
Site, UF 13 (65) 14 (70) 10 (50)
Education — professional/graduate degree 5 (25) 8 (40) 10 (50)
Height, cm 163.0+95 166.1 +8.3 162.4 +6.6
Weight, kg 83.4+19.8 86.1+24.5 84.4+19.3
Body Mass Index, kg/m? 31.1+55 31.3+7.6 32+6.9
Waist Circumference, cm 98.4 +26.1 105 +20.3 103 +17.1
Systolic blood pressure, mm Hg 140 + 13.7 145+ 15.1 133+9.6
Diastolic blood pressure, mm Hg 79.3+11.8 824+95 78.2+8.2
MMSE, points 28214 274+2 28715
CHAMPS Questionnaire, physical activity moderate intensity, 53.0+51.8 36.6 + 45 30.2+43.3
min
Chronic Pain Scale, score 1.2+08 1.2+0.8 0.9+0.5
400 m walk gait speed, m/s 1.2+02 12+01 12+01
Total number of prescription medications, n 6+3.4 53+33 6.1+4.3
Total number of supplements, n 3+33 39+29 23+26
History of hypertension, n 15 (79) 12 (60) 11 (55)
History of diabetes, n 6 (32) 8 (42) 3(15)
History of lower-limb osteoarthritis, n 2(10) 3(15) 2(10)

Notes: Values represent unadjusted participant baseline demographics and characteristics. Missing data have been excluded
from all summary statistics and missing data is assumed to be missing at random. Data are presented as mean + SD, or n

(percentage).

Abbreviations: EXO0 = exercise + placebo, EX500 = exercise + 500 mg/d resveratrol, EX1000 = exercise + 1,000 mg/d
resveratrol, UF = University of Florida, MMSE = Mini-Mental State Examination, CHAMPS = Community Healthy

Activities Model Program for Seniors, SPPB = Short Physical Performance Battery.
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Figure A.1. Consolidated standards of reporting trials (CONSORT)

The overview of study trial includes the intent-to-treat and efficacy analyses. The efficacy
analysis included participants who had = 75% adherence for both the exercise session and

pill counts.
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Figure A.2. Walking distance per session
Data are reported as the unadjusted participant average session walking distance (m) over 24

sessions, based on 12 weekly visits, twice a week represented as a red, orange, or blue dot.
The treatment group (EX0, EX500, or EX1000) overall average walking distance for each
group is representative by the colored line.
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Figure A.3. Indices of physical function
Data are presented as the intent-to-treat adjusted relative changes in (A) 4 meter usual gait

speed, (B) walking endurance, (C) the Short Physical Performance Battery (SPPB), (D)
quadriceps strength (Nm) across three angular velocities of movement (60, 90, 120°/s) is
presented as the mean composite strength, (E) late life function and disability instrument
limitation total, F) late life function and disability instrument frequency total in which a
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higher score indicates less limitation among older adults following 12-weeks of either EXO,
EX500, or EX1000. Data indicate estimated marginal mean = 95% confidence intervals.
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Figure A.4. Skeletal muscle mitochondrial damage and biogenesis
Presented as the unadjusted within group changes, 12-week changes for citrate synthase (A),

cytochrome ¢ oxidase (COX) activity (B), lesion frequency (C), and MtDNA (D). Data
indicate unadjusted mean + SE. Abbreviations: EXO0 = exercise + placebo, EX500 = exercise
+ 500 mg/d resveratrol, EX1000 = exercise + 1,000 mg/d resveratrol.
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Figure A.5. Skeletal muscle mitochondrial protein abundance
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Presented as the unadjusted within group changes, 12-week changes. Data are reported as
mean + SE. Abbreviations: TFAM: Transcription factor A (A); NRF1: Nuclear respiratory
factor 1 (B); MFN2: Mitofusin-2 (C); OPA1 mitochondrial dynamin like GTPase Opal (D);
FIS1: Mitochondrial fission 1 (E); SIRT1: Sirtuin 1 (F); RIP140: Nuclear receptor-
interacting protein 1 (G); PGC-1a: Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (H); P38a mitogen-activated protein kinase (1). Abbreviations: EX0 =
exercise + placebo, EX500 = exercise + 500 mg/d resveratrol, EX1000 = exercise + 1,000

mg/d resveratrol.
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Figure A.6. Systematic inflammation and oxidative stress measures
Circulating markers of vascular inflammation and oxidative stress including vascular cellular

adhesion molecule 1 (VCAM-1, A), E-selectin (B), interleukin-6 (IL-6, C), myeloperoxidase
(MPQ, D), and oxidized low density lipoprotein (OXLDL, E). High Performance Liquid
Chromatography (HPLC) with the ENO-30 NOx Analyzer (Eicom, Corp., Kyoto, Japan)
was used to assess nitrite and nitrate values the Griess reaction measuring indirect
colorimetric of nitric oxide in plasma for nitrite (NO,-, F), and nitrate (NO3-, G). Data are
presented as week 12 relative to week 0, reported as mean + SE. Abbreviations: EX0 =
exercise + placebo, EX500 = exercise + 500 mg/d resveratrol, EX1000 = exercise + 1,000
mg/d resveratrol, No,_ = nitrite, Nos. = nitrate.
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EX500
EX1000
COX
CHAMPS
NYHA
MMSE
RPE
1RM
LLFDI
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mtDNA
gPCR
ELISA
SST
EDTA
BCA
BCA
SDS
DTT
P38a
OPAl
TFAM
MFN2
Fisl
NRF1

RIP140

randomized, controlled trial
exercise + placebo

exercise + 500 mg/d resveratrol
exercise + 1,000 mg/d resveratrol

cytochrome c oxidase

community healthy activities model program for seniors

New York Heart Association
mini-mental examination score

rating of perceived exertion

1 repetition maximum

late life function and disability instrument
short physical performance battery
mitochondrial DNA

guantitative PCR

enzyme-linked immunosorbent assay
serum separator tube
ethylenediaminetetraacetic acid
bicinchoninic acid

bovine serum albumin

sodium dodecy! sulfate

dithiothreitol

P38-mitogen activated protein kinase a
mitochondrial dynamin like GTPase Opal
mitochondrial transcription factor A
mitofusin-2

mitochondrial fission 1

nuclear respiratory factor 1

receptor-interacting protein 140
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Highlights
. Combined exercise + resveratrol can be safe and feasible for older adults with
functional limitations.
. Combined exercise + resveratrol may have benefits for both physical function

and mitochondrial function in older persons.

. A fully powered trial is necessary to understand the efficacy of exercise and
resveratrol combined for older adults with functional limitations.
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