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Abstract In older adults, chronic oxidative and inflam-
matory stresses are associated with an impaired increase
in skeletal muscle protein synthesis after acute anabolic
stimuli. Conjugated linoleic acid (CLA) and Protandim
have been shown to activate nuclear factor erythroid-
derived 2-like 2 (Nrf2), a transcription factor for the
antioxidant response element and anti-inflammatory
pathways. This study tested the hypothesis that com-
pared to a placebo control (CON), CLA and Protandim
would increase skeletal muscle subcellular protein
(myofibrillar, mitochondrial, cytoplasmic) and DNA
synthesis in older adults after 6 weeks of milk protein
feeding. CLA decreased oxidative stress and skeletal
muscle oxidative damage with a trend to increase mes-
senger RNA (mRNA) expression of a Nrf2 target,
NAD(P)H dehydrogenase quinone 1 (NQO1). Howev-
er, CLA did not influence other Nrf2 targets (heme
oxygenase-1 (HO-1), glutathione peroxidase 1 (Gpx1))
or protein or DNA synthesis. Conversely, Protandim
increased HO-1 protein content but not the mRNA

expression of downstream Nrf2 targets, oxidative stress,
or skeletal muscle oxidative damage. Rates of myofi-
brillar protein synthesis were maintained despite lower
mitochondrial and cytoplasmic protein syntheses after
Protandim versus CON. Similarly, DNA synthesis was
non-significantly lower after Protandim compared to
CON. After Protandim, the ratio of protein to DNA
synthesis tended to be greater in the myofibrillar fraction
and maintained in the mitochondrial and cytoplasmic
fractions, emphasizing the importance of measuring
both protein and DNA synthesis to gain insight into
proteostasis. Overall, these data suggest that Protandim
may enhance proteostatic mechanisms of skeletal mus-
cle contractile proteins after 6 weeks of milk protein
feeding in older adults.
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Introduction

For both geriatricians and basic scientists, it is important
to understand how to translate interventions that prolong
health span in experimental animals into human clinical
application (Kirkland 2016). Decreased health span, as
evident by a reduction in independence and increased
risk for several chronic diseases, is linked with the age-
related loss of skeletal muscle (i.e., sarcopenia)
(Kirkland 2016). The synthesis, folding, modification,
and transport of new skeletal muscle proteins are
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involved in maintaining protein homeostasis (i.e.,
proteostasis) (Orgel 1963; Schwanhäusser et al. 2011;
Miller et al. 2014) and preserving skeletal muscle mass
and function with advancing age. Since the aging pop-
ulation is rapidly expanding, it is imperative to identify
additional strategies to maintain skeletal muscle
proteostasis to counter sarcopenia and prolong health
span.

In skeletal muscle, the response to acute stress in-
volves increased protein synthesis to maintain protein
structures and cellular homeostasis. Cell proliferation
also requires increased protein synthesis rates but to
ensure an equal complement of proteins for new cells
rather than maintenance of protein structures. Skeletal
muscle consists of post-mitotic, multi-nucleated
myofibers and proliferative supportive cells (e.g., satel-
lite, pericyte, endothelial, etc.), and measures of DNA
synthesis are reflective of proliferation of the supportive
cell types. Therefore, increased protein synthesis main-
tains existing protein structures in the former scenario,
while in the latter, the increased protein synthesis is
allocated toward proliferation of supportive cells. To
understand if cellular priorities are dedicated to main-
taining existing protein structures or making new cells,
we simultaneously assess both protein synthesis and cell
proliferation from the incorporation of the stable isotope
deuterium oxide (D2O) into protein and DNA. We then
use the ratio of protein to DNA synthesis to gain insight
into the proportion of proteins synthesized to maintain
existing cells versus proliferation of new cells. We have
demonstrated an increased ratio of skeletal muscle pro-
tein to DNA synthesis in several dietary and genetic
interventions shown to slow aging in mice (Miller
et al. 2012, 2014; Drake et al. 2013, 2014, 2015). These
data suggest that slowed aging models preferentially
direct cellular resources toward maintaining existing
structures rather than making new cells. It remains un-
known if these shared proteostatic characteristics of
slowed aging animal models are replicated by similar
interventions applied to humans.

One process contributing to sarcopenia in older
adults may be the blunted response of skeletal muscle
protein synthesis after dietary protein feeding
(Dickinson et al. 2013). Chronically elevated levels of
oxidative stress and inflammation are associated with
the anabolic resistance of mixed muscle protein synthe-
sis after an acute protein bolus (Shenton et al. 2006;
Zhang et al. 2009; Balage et al. 2010) and the age-
related loss of muscle mass and function (Howard

et al. 2007; Semba et al. 2007a, b; Schaap et al. 2009).
Decreasing oxidative stress and inflammation through
antioxidant or ibuprofen treatment has been shown to
restore the acute anabolic effects of leucine-stimulated
mixed muscle protein synthesis in animals (Marzani
et al. 2008; Rieu et al. 2009). However, supplementing
with exogenous antioxidants may have negative out-
comes in patients with disease risk (Knekt et al. 2004;
Nightingale et al. 2007). Additionally, non-steroidal
anti-inflammatory drugs (NSAIDs) have noted long-
term gastrointestinal and renal side effects that may be
accentuated with concomitant drug consumption com-
mon in older adults (Doyle et al. 1999).

Due to the potential shortcomings of exogenous an-
tioxidant or NSAID supplementation, we chose two
compounds, Protandim and conjugated linoleic acid
(CLA), because they have each been shown to activate
nuclear factor erythroid-derived 2-like 2 (Nrf2)
(Bergamo et al. 2007; Velmurugan et al. 2009;
Bergamo et al. 2011; Donovan et al. 2012; Reuland
et al. 2013), a transcription factor that regulates the
expression of the endogenous antioxidant network and
anti-inflammatory pathways. Both oxidants and non-
oxidants can stimulate Nrf2 (Hybertson et al. 2011;
Bruns et al. 2015). The induction of Nrf2 by oxidants
acts as a compensatory response whereas the stimulation
of Nrf2 signaling by non-oxidants like Protandim and
CLA may impart a cytoprotective adaptation to resist or
decrease chronic oxidative and/or inflammatory stresses
(Hybertson et al. 2011). Indeed, Nrf2 signaling has been
shown to contribute to the stress-resistant phenotype
observed in long-lived species (Leiser and Miller
2010). We recently showed within the National Institute
on Aging Interventions Testing Program (ITP) that
Protandim extended median life span by 7% in hetero-
geneous male mice (Strong et al. 2016). The increase in
median life span, but not maximal life span, is poten-
tially indicative of a positive effect of Protandim on
health span. However, the influence of dietary supple-
mentation of Nrf2 activators Protandim or CLA has yet
to be tested as a treatment in humans to improve skeletal
muscle proteostasis, a shared characteristic of slowed
aging.

We tested whether CLA or Protandim could enhance
the skeletalmuscle protein synthesis response to 6weeks
of protein feeding in older adults. We hypothesized that
after 6 weeks of milk protein feeding, CLA and
Protandim would (1) result in greater rates of skeletal
muscle protein synthesis and have a greater ratio of
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protein to DNA synthesis when compared to a placebo
control (CON); (2) increase the expression of down-
stream Nrf2 targets; and (3) decrease inflammation,
oxidative stress, and oxidative damage.

Methods

This study was approved by the Institutional Review
Board at Colorado State University (13-4191H). Prior to
beginning participation, each participant was informed
of the study design, potential risk, and benefits and
provided written consent. Forty-six male and female
individuals participated in this study after a detailed
physical examination, including a medical history and
physical activity questionnaire, resting ECG, and fasting
blood draw. Subjects were excluded if lactose intolerant
or recent/current tobacco users. Since many interested
volunteers were taking multi-vitamins, antioxidant sup-
plements, ormedications known to promote anti-inflam-
mation, participants were asked to refrain from using
these products for a minimum of 4 weeks prior to data
collection and throughout the 6-week intervention. Par-
ticipants were sedentary to recreationally active based
on physical activity questionnaires.

Study overview

In a randomized, double-blinded, placebo-controlled
study design, participants completed one of three 6-
week nutritional interventions. In efforts to stimulate
protein anabolism, all three groups received protein in
the form of 240 ml (8 fluid oz) of fat-free milk, three
times daily (daily macronutrient composition: 240 kcal;
fat 0 g; carbohydrate 36 g; protein 24 g). The investiga-
tive team provided fat-free milk to each participant on a
weekly basis.

The control (CON) group consumed placebo pills
(high oleic sunflower oil; 4 g/day) while the other
groups were supplemented with either the phytochemi-
cal compound Protandim® (LifeVantage) at the com-
mercially available dose (one pill/day) or conjugated
linoleic acid (CLA; 4 g/day). Protandim is a mixture of
five botanical extracts, including milk thistle extract
seed, bacopa extract whole herb, ashwagandha extract
root, green tea extract leaf, and turmeric extract rhizome
(Nelson et al. 2006). The CLA supplement (Clarinol
A-80; Stepan Lipid Nutrition) contained a 50:50 ratio
of cis-9, trans-11 and trans-10, and cis-12

octadecadienoic acid since these isomers account for
the majority of the total CLA isomers in dairy products.
Dairy products are the best-known source for CLA
providing 3–5.5 mg/g of fat (Dhiman et al. 1999). Since
the CLA content of milk is known to vary from batch to
batch and dairy to dairy, the milk protein feeding in the
current study was in the form of fat-free milk devoid of
CLA such that a controlled dose of CLA could be
provided in supplement form. Participants were provid-
ed extra pills, and compliance was estimated based on
returned pill count. Participants were instructed to not
change their normal dietary or physical activity habits.
Body composition was assessed by dual energy x-ray
absorptiometry (DEXA) before and after the 6-week
intervention.

Deuterium labeling

Participants orally consumed D2O (70%; Sigma-Al-
drich) to achieve an isotopic steady state of 1–2% to
label newly synthesized skeletal muscle protein and
DNA. D2O was provided during the last 4 weeks of
the intervention (weeks 3–6) starting with a priming
stage in week 3 (50 ml 3×/day) followed by mainte-
nance during weeks 4–6 (50 ml, 2×/day). Body water
enrichment was determined from plasma collected at
week 6 as we have previously described (Robinson
et al. 2011; Scalzo et al. 2014).

Tissue sampling

Participants arrived to the laboratory after an overnight
fast for blood and skeletal muscle sample collection
before and after the 6-week nutritional interventions
using procedures as we have previously described
(Robinson et al. 2011; Scalzo et al. 2014). Venous blood
was collected in EDTA vacutainers and centrifuged for
10 min (3500 rpm, 4 °C). Subsequently, plasma was
aliquoted and stored at −80 °C until analysis. Muscle
samples were obtained from the vastus lateralis under
local anesthesia (1% lidocaine) with a modified 5-mm
Bergstrom needle with manual suction and immediately
frozen in liquid nitrogen and stored at −80 °C until
analysis.

Tissue and analyte preparation

Body water enrichment was determined from plasma as
we have previously described (Robinson et al. 2011;
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Scalzo et al. 2014). Using differential centrifugation,
skeletal muscle was fractionated to measure protein
synthesis rates of subcellular fractions enriched with
myofibrillar, cytoplasmic, and mitochondrial proteins
according to our previously published standard operat-
ing procedures (Robinson et al. 2011; Miller et al. 2012,
2013; Drake et al. 2013; Scalzo et al. 2014). Following
tissue fractioning, analytes were prepared for analysis
on a 7890A gas chromatograph coupled to a 5975C
mass spectrometer with a DB-5MS GC column
(30 m × 0.25 mm × 0.25 μm; all from Agilent)
(Robinson et al. 2011; Miller et al. 2012, 2013; Drake
et al. 2013; Scalzo et al. 2014).

Total DNA (~8 μg) was extracted from approximate-
ly 15–20 mg tissue (QiAamp DNA mini kit Qiagen,
Valencia, CA). Determination of deuterium oxide incor-
poration into purine deoxyribose of DNA was per-
formed as described previously (Busch et al. 2007;
Robinson et al. 2011; Miller et al. 2012). Deuterium
labeling of the deoxyribose moiety of DNA occurs
exclusively through de novo nucleotide synthesis and
allows calculation of the rate of newly synthesized DNA
over extended periods (Neese et al. 2002; Busch et al.
2007). The newly synthesized fraction (f) of muscle
proteins and DNA was calculated from the enrichment
of labeled alanine bound to muscle proteins and purine
deoxyribose of DNA over the entire labeling period,
divided by the true precursor enrichment (p), using
plasma analyzed for D2O enrichment and then adjusted
by using MIDA calculations (Busch et al. 2006). Frac-
tion new was divided by time and multiplied by 100 to
obtain the fractional synthesis rate (FSR).

Western blotting

The cytoplasmic muscle fraction was used for Western
blot analysis of the Nrf2 signaling pathway and protein
carbonyls following previously described procedures
(Drake et al. 2013; Bruns et al. 2015). We chose to
assess heme oxygenase 1 (HO-1, Abcam 13243) as a
representation of Nrf2 activation since HO-1 is a known,
downstream target of Nrf2 (Bruns et al. 2015).
MagicMark XP (Invitrogen) and Color Burst (Sigma)
were used as molecular weight markers. Blots were
incubated with primary antibody (1:500) overnight,
washed with TBST (3 × 10 min), and incubated with
anti-rabbit, HRP-conjugated secondary antibody
(1:2000; Santa Cruz Biotechnologies sc2004) with sub-
sequent chemiluminescent detection (West Dura,

Thermo Scentific). Protein carbonyls were measured
by following the protocol in the commercially available
OxiSelect Protein Carbonyl Immunoblot Kit (Cell
Biolabs STA-308) as previously performed (Konopka
et al. 2015). Images were obtained, and densitometry
was analyzedwith a UVP bioimaging system. HO-1 and
protein carbonyls were expressed relative to tubulin
(1:1000, Santa Cruz Biotechnologies sc5274). The en-
tire lane of each sample was analyzed as a representation
of global protein carbonyl content in the cytoplasmic
fraction of skeletal muscle.

mRNA expression

Expressions of HO-1, NAD(P)H dehydrogenase qui-
none 1 (NQO1), and Gpx1 were analyzed by real-time
RT-PCR as previously described (Robinson et al. 2010)
with some modifications. Briefly, total RNA was ex-
tracted from whole muscle samples (15 mg) using the
standard chloroform-phenol extraction methods
(TRIzol, Thermo Fisher Scientific). RNA was reverse
transcribed to cDNA using TaqMan reverse transcrip-
tion reagents (Thermo Fisher Scientific). Target se-
quences (Table 1) were amplified using standard SYBR
green reagents (Thermo Fisher Scientific) and RT-PCR
procedures (LightCycler 480 System; Roche) with the
following conditions: 95 °C for 5 min and 45 cycles of
95 °C for 10 s, 60 °C for 30 s, and 72 °C for 30 s.
Dissociation curve analysis was conducted to confirm
amplification specificity. The relative quantification of
each target gene was normalized to an endogenous
control (β2-microglobulin (B2M)) and compared
against the baseline sample using the 2−ΔΔCT method
(Livak and Schmittgen 2001).

Table 1 Sequences used for RT-PCR

Forward Reverse

B2M 5′-CAGCAAGGACTGGT
CTTTCTAT-3

5′-ACATGTCTCGATCC
CACTTAAC-3

HO-1 5′-CCAGCAACAAAGTG
CAAGATTC-3

5′-CCACCAGAAAGCTG
AGTGTAAG-3′

GPX1 5′-CATCAGGAGAACGC
CAAGAA-3′

5′-GCACTTCTCGAAGA
GCATGA-3′

NQO1 5′-TCCCAAAGTGCTGG
GATTAC-3′

5′-GCAGATGTACGGTG
TGGATTTA-3′

B2M β2-microglobulin, HO-1 hemoxygenase-1, GPX1 glutathi-
one peroxidase 1, NQO1 NAD(P)H dehydrogenase quinone 1
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Systemic oxidative stress and inflammation

Plasma samples were evaluated for oxidative stress via
the commercially available thiobarbituric acid reactive
substances (TBARS) kit (Cayman Chemical). TBARS
monitors malondialdehyde (MDA), a product of lipid
peroxidation. Two participants, one each in CON and
PRO, had samples that were hemolyzed and therefore
discolored. Since the TBARS assay is a colorimetric
assay, these samples were >2 SD away from the mean
and therefore considered outliers and removed from data
analysis.

Markers of systemic inflammation were evaluated
using the Human Adipokine Magnetic Bead Panel 2
(Millipore) to measure IL-6, IL-8, IL-1β, and TNF-α.
Nearly all samples had levels of IL-6 and IL-1β lower
than detectable limits and therefore are not included in
analysis. We also used immunoturbidimetric determina-
tion (Beckman Coulter) of high-sensitivity C-reactive
protein (CRP) in plasma samples as an additional indi-
cator of systemic inflammation.

Plasma CLA

Fatty acid methyl esters (FAMEs) were prepared follow-
ing a method described by Nuernberg et al. (2007).
Briefly, 20 μl of plasma was dried for 2 h at 25 °C under
vacuum using a Savant SpeedVac (AES2010). Then,
40 μl toluene was added to the dry samples to solubilize
lipids. Following a brief vortex, 60 μl of sodium
methoxide in methanol (0.5 M, Sigma-Aldrich,
403067) was added to methylate the esterified fatty
acids, at 60 °C for 10 min. After the samples were
cooled, 1 ml of 1% (v/v) sulfuric acid in methanol was
added to esterify the remaining free fatty acids. The
mixture was shaken at 22 °C for 10 min followed by
another 10-min incubation at 60 °C. The acid catalyst
was then neutralized with 4 ml of 5% aqueous potassi-
um carbonate (4 °C), and FAMEs were extracted twice
with 500 μl of hexane. Four hundred microliters of
hexane extract was evaporated under nitrogen at ambi-
ent temperature, and FAMEs were then redissolved in
200 μl of hexane and stored at −20 °C until analysis.

FAMEs (1μl, in hexane) were injected into a Thermo
Tr a c e l 1 3 1 0 GC w i t h a BPX70 c o l umn
(30 m × 0.25 mm × 0.25 μm, SGE). The injector
temperature was 255 °C, and split ratio was 10. Constant
flow rate of the carrier gas was controlled at 1.2 ml/min,
to 200 °C at 2 °C/min and to final temperature 250 °C at

15 °C/min. FAMEs were detected with Thermo ISQ-LT-
MS under EI mode. MS transfer line and ion source
temperatures were 250 and 260 °C, respectively. Data
acquisition started at 2.5 min. The mass scan range was
50–650 amu, and the scan time was 0.2 s.

Statistical analysis

A two-way ANOVA with repeated measures was per-
formed with a Holm-Sidak multiple comparison post
hoc test for all variables except protein synthesis,
DNA synthesis, and the ratio of protein to DNA synthe-
sis. For these variables, a one-way ANOVAwas used to
compare Protandim and CLA versus CON with an un-
corrected Fisher’s LSD post hoc analysis. A two-way
ANOVA was performed with a Holm-Sidak multiple
comparison post hoc test to explore sexual dimorphism
for all variables. All data analysis was performed with
investigators remaining blinded to the intervention. Sta-
tistical significance was set at P < 0.05. Statistical anal-
ysis was performed with Prism 6, and data are presented
as mean ± SEM.

Results

Participant characteristics

Forty-six participants (CON, n = 15; Protandim, n = 15;
CLA, n = 16) completed the 6-week study. Concentra-
tion of plasmaCLAwas increased with supplementation
in all but four participants, as shown in Online Resource
1. Because of non-detectable levels of CLA supplemen-
tation and/or low body water deuterium enrichment,
data from four subjects were not included in the analy-
ses. All physical characteristics, presented in Table 2,
were not different between groups and were maintained
after each intervention.

Skeletal muscle protein and DNA synthesis

Contrary to our hypothesis, mitochondrial and cytoplas-
mic protein synthesis rates were lower (P < 0.05) in
Protandim compared to CON while myofibrillar protein
and DNA synthesis rates were unaltered (Fig. 1). In
CLA, the synthesis rates for all subcellular protein frac-
tions and DNAwere not different compared to CON.
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Ratio of protein to DNA synthesis

Protandim tended (P = 0.07) to have a greater ratio of
myofibrillar protein synthesis to total DNA synthesis
(Fig. 2) while the ratio of mitochondrial and cytoplasmic
protein syntheses to DNA synthesis was maintained.
CLA did not alter the ratio of any subcellular protein
synthesis to DNA synthesis. The ratio of myofibrillar
protein to DNA synthesis was greater after Protandim in
men compared to women (P < 0.05) and greater in men
after Protandim versus CON (P = 0.06) (Online
Resource 2).

Downstream targets of Nrf2

We evaluated if 6 weeks of protein supplementation
(CON) plus Protandim or CLA activated select targets
of Nrf2 in human skeletal muscle by measuring HO-1
messenger RNA (mRNA) expression and protein con-
tent. HO-1 protein content but not mRNA expression
was increased (P < 0.05) after Protandim (Fig. 3). HO-1
protein content and mRNA were unaltered after CON
and CLA. In addition to HO-1, we measured mRNA
expression of additional Nrf2 targets Gpx1 and NQO1.
Compared to CON, NQO1 mRNA expression tended
(P = 0.07) to be greater after CLA while Gpx1 was
unaltered after all treatments.

Oxidative stress and oxidative damage

We also determined if Protandim or CLA influenced
systemic oxidative stress or skeletal muscle oxidative
damage (Fig. 4a–c). First, lipid peroxidation was mea-
sured by the concentration of MDA formation in plas-
ma, which is an indicator of systemic oxidative stress.

Overall, there was an effect for time (P < 0.05) that was
primarily driven by decreased MDA in the CLA group
(P < 0.05) with no significant changes in CON or
Protandim. Protein oxidative damage was determined
by the abundance of protein carbonyl residues in the
cytoplasmic fraction of skeletal muscle. Similar to the
systemic oxidative stress findings, CLA demonstrated a
tendency (P = 0.09) for decreased oxidative damage
with no changes in CON or PRO.

Systemic inflammation

To evaluate if Protandim or CLA could decrease circu-
lating markers of inflammation, we measured IL-8,
TNF-α, and CRP. Plasma levels of IL-8, TNF-α, and
CRP were unaltered (Fig. 4d–f) suggesting that CON,
Protandim, or CLA did not influence these select
markers of inflammation.

Discussion

This study shows that myofibrillar protein synthesis was
maintained despite lower rates of mitochondrial and
cytoplasmic protein synthesis after Protandim supple-
mentation compared to CON. However, when protein
synthesis is expressed relative to DNA synthesis, the
ratio of mitochondrial and cytoplasmic protein to DNA
synthesis is maintained while the ratio of myofibrillar
protein to DNA synthesis tended to be greater than

Table 2 Physical characteristics

CON PRO CLA

Pre Post Pre Post Pre Post

N 15 (10F/5M) 15 (10F/5M) 12 (10F/2M)

Age (years) 67 ± 6 65 ± 5 71 ± 6

Weight (kg) 71 ± 8 71 ± 9 77 ± 15 77 ± 15 68 ± 11 69 ± 11

BMI (kg/m2) 26 ± 3 26 ± 3 26 ± 4 26 ± 4 25 ± 4 26 ± 4

Fat mass (kg) 26 ± 7 26 ± 6 29 ± 9 28 ± 8 25 ± 7 26 ± 7

FFM (kg) 42 ± 7 42 ± 7 45 ± 9 46 ± 9 40 ± 6 41 ± 7

BMI body mass index, FFM fat-free mass

�Fig. 1 Myofibrillar (a), cytoplasmic (b), and mitochondrial (c)
proteins and DNA (d) synthesis rates in response to 6 weeks of
milk protein feeding with placebo control (CON, n = 13–15),
Protandim (n = 15), or conjugated linoleic acid (CLA, n = 12).
Data presented as mean ± SEM. *P < 0.05 vs. CON
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CON. Furthermore, HO-1 protein content, a down-
stream target of Nrf2, was increased while mRNA

expression of downstream Nrf2 targets (HO-1, Gpx1,
NQO1) remained unaltered after Protandim. In contrast,
CLA decreased oxidative stress and oxidative damage
and tended to increase NQO1 mRNA expression with-
out changes in protein synthesis or DNA synthesis rates.
These data indicate the importance of taking into con-
sideration the rates of both protein and DNA syntheses
to understand skeletal muscle proteostasis in response to
anabolic stimuli. Moreover, these data suggest that
Protandim may improve proteostatic mechanisms of
contractile proteins after 6 weeks ofmilk protein feeding
and future research is warranted to determine if this
could lead to an enhanced ability to counter sarcopenia.

Skeletal muscle protein and DNA synthesis

An expanding body of work has demonstrated that older
adults have a dampened or slower increase in the rate of
mixed muscle protein synthesis after an acute protein
bolus (Dickinson et al. 2013). Chronic oxidative and
inflammatory stresses are implicated as mechanisms
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that contribute to acute anabolic resistance and the loss
of skeletal muscle mass with age. We tested if com-
pounds that have been previously shown to activate
Nrf2 signaling (Bergamo et al. 2007; Velmurugan
et al. 2009; Bergamo et al. 2011; Donovan et al. 2012;
Reuland et al. 2013) could improve both the cumulative
protein and DNA synthesis responses to longer dura-
tions of milk protein feeding (i.e., 6 weeks). We found
that despite decreasing a marker of oxidative stress,
CLA did not affect protein synthesis in any subcellular
skeletal muscle fraction nor DNA.

We found that after supplementing older adults with
Protandim, skeletal muscle myofibrillar protein synthe-
sis rates were maintained while mitochondrial and cy-
toplasmic protein syntheses were lower compared to
CON with a parallel non-significant decrease
(P = 0.18) in DNA synthesis. Although maintained or
decreased protein synthesis opposes the dogma for re-
versing sarcopenia in older adults, when subcellular
protein synthesis is expressed relative to DNA synthe-
sis, a different conclusion emerges. We show that the
ratios of mitochondrial and cytoplasmic protein to DNA
synthesis were not different while the myofibrillar pro-
tein to DNA synthesis rates tended to be greater after
Protandim versus CON. The tendency for increased
myofibrillar protein to DNA synthesis ratio may be
due to the notion that proliferating supportive cell types

do not contain contractile proteins and DNA does not
appear to replicate in myofibers (a post-mitotic cell
type). Therefore, an increased ratio of myofibrillar pro-
tein to DNA synthesis may reflect a shift in metabolic
priorities where supportive cell types decrease prolifer-
ation to allow cellular resources to maintain the synthe-
sis of contractile proteins within myofibers. A potential
limitation of the current study is we measured protein
and DNA syntheses during the last 4 weeks of the
intervention and may not have captured the robust
changes of rapidly turning over proteins within the first
2 weeks of the investigation. Although we previously
observed an improvement in the myofibrillar protein to
DNA synthesis rate in skeletal muscle of slowed aging
models, it was also accompanied by improvements in
cytosolic and mitochondrial proteins (Miller et al.
2014). This is the first time that we have observed a
change in the ratio of protein to DNA synthesis in only
the fraction enriched with myofibrillar proteins.

Moreover, there appears to be a sexual dimorphic
response to Protandim as men have a greater myofibril-
lar protein to DNA synthesis ratio compared to women
after Protandim and both men and women after CON
(Online Resource 2). Therefore, the maintenance of
proteostasis of contractile and structural proteins
enriched in the myofibrillar fraction after Protandim
seems to occur primarily in male participants. Although
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the current study had a low number of male participants
and was not originally designed to detect gender differ-
ences, these preliminary observations of sexual dimor-
phism in myofibrillar proteostasis after Protandim are
consistent with our recent findings from the Interven-
tions Testing Program where Protandim extended me-
dian life span in male but not female mice (Strong et al.
2016). We have previously demonstrated that an in-
creased ratio of protein to DNA synthesis rates is a
shared characteristic in models of slowed aging (Miller
et al. 2014). Collectively, these data suggest that an
increased ratio of protein to DNA synthesis in men after
Protandim may be indicative of increased proteostatic
mechanisms consistent with slowed aging.

Energy balance considerations

When comparing the current study in human subjects to
slowed aging murine models (Miller et al. 2012; Drake
et al. 2013), there are distinct differences in which

subcellular protein pools are preferentially synthesized.
Besides species differences, the distinctions in preferen-
tial synthesis of specific protein pools (myofibrillar vs.
mitochondrial) may be due to energy status. For exam-
ple, the energetic stress in long-lived chronically calorie-
restricted (Miller et al. 2012) or rapamycin-treated
(Drake et al. 2013) mice appears to preferentially main-
tain mitochondrial protein synthesis. We have proposed
that this represents the dedication of resources to mito-
chondrial biogenesis for maintaining energy production
while lowering energetically expensive processes like
the synthesis of proteins enriched in the myofibrillar and
cytoplasmic subcellular fractions. In the current study,
participants consumed 24 oz. of fat-free milk per day
and remained in energy balance as evident by mainte-
nance of body weight and composition over the 6-week
intervention. Protandim plus milk protein feeding ap-
peared to preferentially dedicate resources to maintain
myofibrillar protein synthesis rate. Our previous data
demonstrated that when older adults were in energy
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balance or positive energy balance, there was an ana-
bolic effect of post-exercise protein feeding that was not
evident during negative energy balance (Minor et al.
2012). These data may indicate that when in energy
balance or positive energy balance, cellular resources
can be utilized for maintaining skeletal muscle contrac-
tile and structural proteins in the myofibrillar protein
fraction rather than being diverted to maintain mito-
chondrial biogenesis during an energetic stress. The
mechanisms that regulate the preferential synthesis of
proteins remain unknown, and the contribution of spe-
cific proteins to slowed aging warrants further research.

Nrf2 and oxidative stress

Previous studies have reported diminished Nrf2 signal-
ing, increased oxidative stress, and macromolecular
damage in sedentary older individuals (Safdar et al.
2010). Consistent with these findings, Nrf2 knockout
mice increased oxidant production and decreased skel-
etal muscle mitochondrial and contractile function
(Crilly et al. 2016). Furthermore, several gene targets
of Nrf2 are upregulated in models of slowed aging
(Steinbaugh et al. 2012) and Nrf2 signaling may be a
mechanism involved in the stress-resistant phenotype
observed in long-lived species (Leiser and Miller
2010). Therefore, the activation of Nrf2 by Protandim
and CLA may be an important therapeutic signaling
pathway in older adults to impart resistance to oxidative
stress and prevent the accumulation of oxidative
damage.

In the current study in humans, we found the detect-
able effects of Protandim and CLA on select Nrf2 gene
targets to be minimal. Protandim appeared to increase
HO-1 protein content without changes in mRNA ex-
pression (HO-1, Gpx1, NQO1), systemic oxidative
stress or inflammation, and skeletal muscle protein dam-
age. We showed that after CLA, NQO1 tended to in-
crease and was accompanied by decreased systemic
oxidative stress and skeletal muscle oxidative damage.
Previous reports have shown that Protandim and CLA
have robust effects on Nrf2 signaling pathway in vitro
(Bergamo et al. 2007; Velmurugan et al. 2009; Bergamo
et al. 2011; Donovan et al. 2012; Reuland et al. 2013);
however, our in vivo measurements of downstream
targets of Nrf2 were made at 6 weeks; thus, there
could be temporal effects on these variables that
were not captured. While we expected to find
greater activation of select Nrf2 targets after

Protandim and CLA, it is possible that these com-
pounds also act through additional pathways such
as mitogen-activated protein kinases (MAPK) (Yu
et al. 1999) and phosphatidylinositol-3 kinase
(PI3K) (Kang et al. 2002).

Implications and conclusions

With increasing age, there is an increase in oxidative
stress and inflammation and a decline in myofiber
(Ochala et al. 2007) and mitochondrial (Coen et al.
2013; Santanasto et al. 2015) function. CLA decreased
systemic oxidative stress and skeletal muscle oxidative
damage despite no change in skeletal muscle protein or
DNA synthesis rates. Therefore, CLA may have posi-
tive health effects in patients with high levels of oxida-
tive stress and oxidative damage but warrants additional
research. Interventions that can maintain bothmyofibril-
lar and mitochondrial muscle protein syntheses may be
effective at delaying the onset of sarcopenia and main-
taining physical function. Enhanced myofibrillar
proteostasis after Protandim could have clinical impli-
cations in maintaining skeletal muscle fiber size and
function with increasing age. Although this study exam-
ined skeletal muscle protein and DNA syntheses in
response to 6 weeks of milk protein feeding, which is
an extended timeframe compared to commonly used
measurements of acute responses to a single meal, the
long-term effects of Protandim or CLA remain un-
known. Future inquiry should investigate if combining
the effects of exercise, milk protein feeding, and poten-
tial slowed-aging treatments could have synergistic ef-
fects in improving proteostatic mechanisms associated
with extended health span.

This study provides support for further examination
into the mechanisms of how interventions that extend
mammalian life span in experimental animals can be
translated to humans. These studies will help facilitate
the development of precision strategies to maintain
proteostasis, slow sarcopenia, and extend human health
span. Consistent with our previous findings that dem-
onstrate that an increased ratio of protein to DNA syn-
thesis, a contributor of proteostasis, is a shared charac-
teristic of slowed aging (Miller et al. 2014), we have
now shown that Protandim slows aging in male mice
(Strong et al. 2016) and may also improve mechanisms
of skeletal muscle proteostasis after 6 weeks of milk
protein feeding in older humans.
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