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Abstract Trophocytes and fat cells in honeybees (Apis
mellifera) have served as targets for cellular senescence
studies, but mitochondrial energy utilization with ad-
vancing age in workers is unknown. In this study, mi-
tochondrial energy utilization was evaluated in the
trophocytes and fat cells of young and old workers
reared in a field hive. The results showed that (1) mito-
chondrial density increased with advancing age; (2)
mitochondrial membrane potential (A¥m), nicotin-
amide adenine dinucleotide oxidized form (NAD™) con-
centration, adenosine triphosphate (ATP) concentration,
and NAD "/nicotinamide adenine dinucleotide reduced
form (NADH) ratio decreased with advancing age; and
(3) the expression of NADH dehydrogenase 1 (ND1),
ATP synthase, and voltage-dependent anion channel 1
(VDACI) increased with advancing age, whereas ND1
and ATP synthase did not differ with advancing age after
normalization to mitochondrial density and VDACI.
These results show that the trophocytes and fat cells of
young workers have higher mitochondrial energy utiliza-
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tion efficiency than those of old workers and that aging
results in a decline in mitochondrial energy utilization in
the trophocytes and fat cells of worker honeybees.
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Introduction

Cellular senescence is a complex process that involves
decreasing cellular proliferation and increasing cellu-
lar deterioration, which gradually lead to aging and
cause a progressive decline in biological functions and
increased incidence of age-associated diseases.
Accordingly, understanding the biology of aging will
allow us to not only improve the health of organisms
but also potentially extend their life span.

Honeybees (Apis mellifera) are an attractive model
system for studying aging because queens and workers
have the same genome, yet queens have a much longer
life span. In addition, they live in large colonies, are
easily manipulated, and their genome has been se-
quenced (Remolina et al. 2007; Neukirch 1982;
Rueppell et al. 2007a, b). A variety of honeybee speci-
mens, including spermathecae, muscle, ventriculi, he-
molymph plasma, semen, brain, trophocytes, and fat
cells, have been used to study oxidative stress and aging
(Weirich et al. 2002; Seehuus et al. 2006a, b; Williams et
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al. 2008; Collins et al. 2004; Corona et al. 2005; Hsieh
and Hsu 2011a, b).

Trophocytes and fat cells attach to one another to
form a single layer of cells around each segment of the
honeybee’s abdomen. The ease with which these cells
can be isolated from the abdomen and manipulated
makes them attractive targets for cellular senescence
studies in honeybees. Recent studies have shown that
trophocytes and fat cells do not divide during adulthood
in workers or queens (Hsieh and Hsu 2011a, b).
Moreover, assays of age-related molecules have shown
that the trophocytes and fat cells of old workers and
queens exhibit higher levels of senescence-associated
beta-galactosidase (SA-{3-Gal), more lipofuscin gran-
ules, and more extensive lipid peroxidation and protein
oxidation compared to newly emerged workers and
young queens (Hsieh and Hsu 2011a, b). Collectively,
these studies have demonstrated the utility of tropho-
cytes and fat cells for cellular senescence studies.
Furthermore, trophocytes and fat cells are immersed
in abdominal body fluid. Thus, antiaging drugs can be
screened for their effects on target trophocytes and fat
cells by microinjecting them into the body fluid (Hsich
and Hsu 2011a; Hsu and Chan 2011a), adding to the
suitability of trophocytes and fat cells as target cells for
cellular senescence studies.

Recent studies have shown that the expression of
age-related molecules in the trophocytes and fat cells
of young and old workers reared in field hive is similar
to that of young and old workers reared in a thermo-
static chamber at 34 °C throughout their lives (Hsieh
and Hsu 2011a; Hsu and Chan 2011a). Age is the only
difference between workers reared in a thermostatic
chamber at 34 °C throughout their lives, indicating
that the trophocytes and fat cells of young and old
workers reared in a field hive are suitable for studying
aging.

If trophocytes and fat cells are to be used for future
cellular senescence studies, it is important that changes
in mitochondrial energy utilization in young and old
workers be explored. Such data could be used as refer-
ence values for evaluating cellular rejuvenation or se-
nescence in future aging studies, especially antiaging
drug screening studies. In the current study, mitochon-
drial energy utilization molecules were evaluated in the
trophocytes and fat cells of young and old workers
reared in a field hive to clarify the relationship between
mitochondrial energy utilization and aging in worker
honeybees.
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Materials and methods
Honeybees

Honeybees (4. mellifera) were bred in the open envi-
ronment of a bee-breeding room on the tenth floor of
our institute in Taiwan. Workers could fly freely into
or out of hives for foraging as they do in field hives.
Sucrose solution and pollen grains mixed with sucrose
solution were sometimes added to the hives as dietary
supplements. As a previous study described (Hsieh
and Hsu 2011a), 1-day-old and 50-day-old workers
were selected from the same colony on the same dates
to serve as young (hive worker) and old workers (old
forager), respectively, for the following studies. Young
workers have dense and light yellowish-brown fuzz
and light yellowish-brown epidermis. However, old
workers have sparse and dark brown fuzz and dark
blackish-brown epidermis.

Assay of mitochondrial density

Mitochondrial density in trophocytes and fat cells in
young and old workers was assayed by confocal micros-
copy and transmission electron microscopy (TEM).
In the confocal microscopy approach, mitochondrial
density was determined using the fluorescent dye,
MitoTracker Green (MTG) (27674w; Invitrogen,
Carlsbad, CA, USA), as previously described (Spodnik
et al. 2002). Briefly, the abdomens of workers were
dissected by scissors. Trophocytes and fat cells from
abdomens were detached from the cuticle of worker in
phosphate-buffered saline (PBS) by a knife and collected
by centrifugation. Trophocytes and fat cells from one
young and one old worker were fixed in 4 % parafor-
maldehyde for 15 min and washed three times with PBS
(pH7.4). Suspensions of fixed cells were incubated with
40 nM MTG for 20 min at room temperature in the dark,
washed twice, and observed by confocal microscopy
(Leica TCS SP2; Leica, Wetzlar, Germany). Confocal
microscopic images were analyzed with QWin image
processing and analysis software (version 2.5; Leica,
Wetzlar, Germany) (Hsu and Chiu 2009). This experi-
ment was biologically replicated five times and used a
total of five young and five old workers.

For TEM analyses, trophocytes from one young
and one old worker were fixed in 2.5 % glutaral-
dehyde in 0.1 M phosphate buffer containing
0.35 M sucrose (pH7.4) for 30 min at 25 °C and
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were postfixed in 1 % osmium tetroxide in 0.1 M
phosphate buffer with 0.35 M sucrose (pH7.4) for
2 h. Trophocytes were dehydrated through an etha-
nol series and embedded in Spurr’s resin. Thin
sections (60-90 nm in thickness) were cut with a
diamond knife, stained with uranyl acetate and lead
citrate, and then examined using a TEM system
(JEOL JEM-2000EXII; Tokyo, Japan) operating at
an accelerating voltage of 100 kV (Hsu and Chan
2011b). This experiment was biologically replicated
ten times and used a total of ten young and ten old
workers.

Assay of AUm

Mitochondrial membrane potential (A¥m) was
assayed in the trophocytes and fat cells of one young
and one old worker using the specific dye, 5,5,6,6'-
tetrachloro-1,1',3,3'-tetracthyl benzimidazole carbo-
cyanine iodide (JC1) (T3168; Invitrogen, Carlsbad,
CA, USA). Trophocytes and fat cells were stained
with 10 uM JC1 for 30 min, washed three times with
PBS, fixed in 4 % paraformaldehyde, washed three
times with PBS, excited at a wavelength of 488 nm,
and visualized using confocal microscopy (Leica TCS
SP2; Leica, Wetzlar, Germany). AUm was determined
by the ratiometric analysis of red fluorescence emitted
by JCI1 aggregates (590 nm) and green fluorescence
emitted by the monomer (525 nm) using QWin image
processing and analysis software (version 2.5; Leica,
Wetzlar, Germany) (Lopez-Lluch et al. 2006; Hsu and
Chiu 2009). This experiment was biologically repli-
cated five times and used a total of five young and five
old workers. In addition, AUm was also assayed in the
trophocytes and fat cells of one young and one old
worker using the specific dye, tetramethylrhodamine
methyl ester (TMRM) (T668; Invitrogen, Carlsbad,
CA, USA) (Ward et al. 2000). Trophocytes and fat
cells were stained with 200 nM TMRM for 10 min,
washed three times with PBS, and visualized under a
confocal microscopy (Leica TCS SP2; Leica, Wetzlar,
Germany) at an excitation wavelength of 550 nm and
an emission wavelength of 610 nm. Five confocal
microscopy images of trophocytes and fat cells from
one young and one old worker were analyzed using
QWin image processing and analysis software (ver-
sion 2.5, Leica, Wetzlar, Germany). This experiment
was biologically replicated five times and used a total
of five young and five old workers.

Assay of NAD" and NADH concentration

Nicotinamide adenine dinucleotide oxidized form
(NAD") and nicotinamide adenine dinucleotide reduced
form (NADH) concentration in the trophocytes and fat
cells of young and old workers were determined using an
NAD'/NADH Quantification Kit (K337-100; BioVision,
Mountain View, CA, USA), as described by the manu-
facturer. Briefly, trophocytes and fat cells from 15 young
and old workers were extracted with 1 ml of NADH/
NAD extraction buffer; 0.5 ml of the extracted samples
was heated at 60 °C for 30 min for NADH measurement.
Protein concentration was determined using a commer-
cial protein assay reagent (500-0006; Bio-Rad
Laboratories, Hercules, CA, USA). After background
luminescence was recorded, extracted samples and
extracted, heated samples were measured spectrophoto-
metrically at 450 nm at room temperature. The resultant
luminescence was normalized to background. Dilutions
of an NADH standard solution (0, 20, 40, 60, 80, and
100 pmol ") were processed concurrently to generate a
standard curve, which was used to obtain NAD" and
NADH values (expressed as micromoles per milligram
protein) and NAD'/NADH ratio. This experiment was
biologically replicated four times and used a total of 60
young and 60 old workers.

Assay of ATP concentration

Adenosine triphosphate (ATP) concentration in the
trophocytes and fat cells of young and old workers
was quantified using an ATP Determination Kit
(A22066; Invitrogen, Carlsbad, CA, USA), as described
by the manufacturer’s instructions. Briefly, trophocytes
and fat cells from three young and old workers were
homogenized in 1.0 ml 50 mM phosphate buffer (pH
7.5) containing protease inhibitors (leupeptin 10 pg/ml,
pepstatin 1 pg/ml, and phenylmethylsulfonyl fluoride
40 pg/ml) by using a polytron and sonicator, and centri-
fuged at 5,000g for 10 min to obtain the resulting
supernatant. Protein concentration was determined us-
ing a commercial protein assay reagent (500-0006; Bio-
Rad Laboratories, Hercules, CA, USA). After recording
background luminescence, 10 pl of diluted ATP stan-
dard solution (1, 10, 100, 1,000, and 5,000 nM) or 10 pl
of supernatant was added to the standard reaction solu-
tion and measured spectrophotometrically at 560 nm at
room temperature. ATP values, expressed as picomoles
per milligram protein, were obtained from the resultant
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luminescence (standardized to background) by refer-
ence to the ATP standard curve generated concurrently.
This experiment was biologically replicated four times
and used a total of 60 young and 60 old workers.

Western blotting

Trophocytes and fat cells were isolated from three young
or old workers, homogenized in 100 ul of radioimmuno-
precipitation (RIPA) buffer containing protease inhibitors
(11697498001; Roche Applied Science, Indianapolis,
IN, USA), and centrifuged at 5,000g for 10 min at
4 °C. The protein concentration of resulting supernatant
was determined using a protein assay reagent (500-0006;
Bio-Rad Laboratories, Hercules, CA, USA). Proteins
(30 pg) from the supernatant were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS/PAGE) on 10-15 % polyacrylamide gels and trans-
ferred to polyvinylidene fluoride (PVDF) membranes.
After blocking for 1 h at 25 °C, membranes were first
incubated with primary antibodies against ATP synthase
(1:1,000; produced in-house), NADH dehydrogenase 1
(ND1) (h00004535-A01, 1:1,000; Abnova, Neihu,
Taipei, Taiwan), or voltage-dependent anion channel 1
(VDAC1) (GTX114187, 1:1000; GeneTex, Irvine, CA,
USA), tubulin (ab6046, 1:10,000; Abcam, Cambridge,
MA, USA) and then probed with the appropriate horse-
radish peroxidase-conjugated secondary antibody
(1:10,000). Immunoreactive proteins were detected using
a chemiluminescence method (PerkinElmer, Covina,
CA, USA) and analyzed using Image J software (NIH,
Bethesda, MA, USA). The protein expression levels were
normalized to tubulin. This experiment was biologically
replicated five times and used a total of 15 young and 15
old workers.

Statistical analysis

The differences in mean values between the two age
groups were examined using two-sample # tests. A p value
less than 0.05 was considered statistically significant.
Results

Mitochondrial density

To examine the relationship between mitochondrial en-
ergy utilization and aging in workers, we assayed the
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mitochondrial density in the trophocytes and fat cells of
young and old workers reared in a field hive.
Mitochondrial density in trophocytes and fat cells, de-
termined by assessing green staining with the
mitochondrial-specific fluorescent marker, MitoTracker
Green (MTG) via confocal microscopy, was low in
young workers and high in old workers (Fig. la).
Statistical analyses revealed that mitochondrial area in
old workers was greater than that in young workers
(n=5, P<0.05) (Fig. 1b). To confirm the differences in
mitochondrial density observed by confocal microscopy,
we evaluated mitochondria in trophocytes by TEM. The
results also showed that mitochondrial density in troph-
ocytes and fat cells was lower in young workers than in
old workers (Fig. 1c). Statistical analyses of TEM results
showed that the mitochondrial area/cellular area ratio
increased with advancing age (n=10, P<0.01)
(Fig. 1d). These results indicate that mitochondrial den-
sity increases with advancing age in workers.

A¥m

To investigate the relationship between mitochondrial
energy utilization and aging in workers, we assayed
AW¥m in the trophocytes and fat cells of young and old
workers reared in a field hive. AUm was assayed by
calculating the ratio of monomeric (green fluores-
cence) and J-aggregate (red fluorescence) forms of
JCI1 stain, indicative of compromised versus intact
functioning mitochondria, respectively (Fig. 2a). The
resultant red/green ratios showed that AUm was
higher in young workers than in old workers (=5,
P<0.05) (Fig. 2b), indicating that AUm decreased
with advancing age in workers. To confirm the results
of AUm, we further stained the cells with TMRM. The
trophocytes and fat cells of young workers expressed
higher red fluorescence than those of old workers
(Fig. 2c). The ratio of red fluorescence/cell area rep-
resented for AUm. The statistical analysis showed
significantly higher A¥m levels in the young workers
than in the old workers (n=5, P<0.01) (Fig. 2d),
further confirming that AUm decreased with advanc-
ing age in workers.

NAD', NADH, and ATP
To study the relationship between AUm and the ex-

pression of NAD" and ATP, we assayed NAD",
NADH, and ATP concentration in the trophocytes
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a
Old bees

Young bees

Fig. 1 Mitochondrial density in the trophocytes and fat cells of
workers. a Mitochondrial density was determined with MTG by
confocal microscopy using the mitochondria-specific fluorescent
marker, MTG. Scale bar, 75 pm. b The area of MTG fluorescence
was normalized to that in young workers. The results are presented
as means = SEMs, expressed as percentages. ¢ Mitochondrial

and fat cells of young and old workers. The mean
values for the NAD" concentration in trophocytes
and fat cells were 7.5+0.9 and 3.9+0.8 pmolmg ' of
protein in young and old workers, respectively (=60,
P<0.05) (Fig. 3a). The mean values for the NADH
concentration in trophocytes and fat cells were 5.7+
0.7 and 6.6=1.0 umolmg ' of protein in young and
old workers, respectively (n=60, P>0.05) (Fig. 3b).
The mean values for NAD/NADH ratio in tropho-
cytes and fat cells were 1.4+0.2 and 0.6+0.1 in young
and old workers, respectively (n=4, P<0.05), indicat-
ing that young workers have higher NAD"/NADH
ratio than old workers (Fig. 3c). The mean ATP con-
centration in trophocytes and fat cells were 3.0+0.2
and 0.6+0.2 pmolmg ' of protein in young and old
workers, respectively (n=60, P<0.01) (Fig. 3d). These
results show that NAD" and ATP concentration and
NAD/NADH ratio decreased with age in workers.
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density in trophocytes was determined using TEM, Scale bar,
1 um. d Mitochondrial area/cellular area ratio was normalized to
that in young workers. The results are presented as means + SEMs,
expressed as percentages. In all cases, asterisks indicate statistical-
ly significant differences ("P<0.05, *"P<0.01; two-sample ¢ test)

ND1 and ATP synthase

To extend our evaluation of NAD" and ATP, we
assayed ND1 and ATP synthase expression in the
trophocytes and fat cells of young and old workers.
ND1 expression was lower in young workers than in
old workers (Fig. 4a), an observation confirmed by
statistical analyses showing that ND1 expression was
significantly less in young workers than in old workers
(n=15, P<0.05) (Fig. 4b). Likewise, ATP synthase
expression was also low in young workers and high
in old workers (Fig. 4c), a difference that was statisti-
cally significant (n=15, P<0.01) (Fig. 4d). Because
NDI and ATP synthase are located in mitochondria,
their expression levels were normalized to mitochondrial
density. Therefore, VDAC1 was assayed in the tropho-
cytes and fat cells. VDACI expression was low in young
workers and high in old workers (Fig. 4¢), a difference
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Old bees

Young bees

Young bees Old bees

Fig. 2 A¥m in the trophocytes and fat cells of workers. a
Representative confocal images of the stained JC1-monomeric
form (upper panel) and JCl-aggregated form (lower panel).
Scale bar, 50 um. b AUm values, presented as means + SEMs,
were measured by calculating the red/green ratio. ¢ Representa-
tive confocal images of the stained TMRM. Scale bar, 50 pm. d

that was statistically significant (n=24, P<0.01)
(Fig. 4f). The expression levels of ND1 and ATP
synthase were normalized to mitochondrial density
and VDACI. Normalized ND1 and ATP synthase
levels to mitochondrial density were not significantly
different between young and old workers, respectively
(n=5, P>0.05) (n=5, P>0.05) (Fig. 5a, b). Likewise,
normalized ND1 and ATP synthase levels to VDACI
were not significantly different between young and
old workers, respectively (n=5, P>0.05) (n=5,
P>0.05) (Fig. 5c, d).

Discussion
In this study, we evaluated mitochondrial energy uti-

lization in trophocytes and fat cells of young and old
workers reared in a field hive. Compared to old
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AW¥m values were measured by calculating the red fluorescence/
cell area ratio. The red fluorescence/cell area ratio was normal-
ized to that in young workers. The results are presented as
means = SEMs, expressed as percentages. Asterisk indicates a
statistically significant difference ("P<0.05, ~"P<0.01; two-
sample ¢ test)

workers, young workers had lower mitochondrial den-
sity, higher A¥m, elevated NAD" and ATP concentra-
tion, and raised NAD'/NADH ratio. Although NDI1
and ATP synthase levels were lower in young workers,
these differences became statistically insignificant fol-
lowing normalization to mitochondrial density and
VDACI. Collectively, these results show that young
workers utilized mitochondrial energy more efficiently
than old workers and that aging results in a decline in
mitochondrial energy utilization in worker honeybees.

Mitochondrial density

Mitochondrial density increased with advancing age in
the trophocytes and fat cells of workers. This result is
consistent with previous studies showing that senes-
cent human diploid fibroblasts have a high mitochon-
drial density (Martinez et al. 1991; Xu and Finkel



AGE (2013) 35:1867-1879

1873

a ®
12 r -

NAD* concentration
(pmol/mg protein)
—_

—

Young bees Old bees

Age

NAD*/NADH ratio

—

0.5

Young bees Ol bees

Age

Fig. 3 The concentration of NAD" (a), NADH (b), and ATP
(d), and NAD"/NADH ratio (c) in the trophocytes and fat cells
of workers. The values denote means + SEMs. In all cases,

2002) and that mitochondrial density increased in the
lungs and brains of old humans (Lee et al. 1998;
Barrientos et al. 1997; Lee et al. 2000); livers, hearts,
and brains of old rats (Gadaleta et al. 1992); and the
livers of old mice, rats, guinea pigs, rabbits, sheep,
cows, hamsters, and humans (Passos et al. 2007). This
phenomenon principally reflects the low turnover of
mitochondria and the accumulation of modified lipids,
proteins, and DNA during the aging process, which
leads to mitochondrial dysfunction and a decline in
mitochondrial efficacy (Papa 1996; Wei 1998; Lopez-
Lluch et al. 2008; Navarro and Boveris 2007; Choksi
et al. 2007). This interpretation is supported by a
recent study showing that lipid peroxidation and pro-
tein oxidation increase with advancing age in the
trophocytes and fat cells of workers reared in a field
hive (Hsieh and Hsu 2011a). To compensate for re-
duced mitochondrial function with advancing age,
cells increase mitochondrial density. This postulate is
supported by previous studies showing that respiratory
chain deficiency of mice induced the increase of
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asterisks indicate statistically significant differences ("P<0.05,
**P<0.01; two-sample  test)

mitochondrial mass (Wredenberg et al. 2002) and the
loss of AUm induced mitochondrial biogenesis
(Passos et al. 2007). In addition, this phenomenon
may reflect the lower function of cellular degradation
system with advancing age. Cellular degradation sys-
tem can remove cytoplasmic materials and organelles
by lysosomal degradation (Ciechanover 2005; Wolf
and Hilt 2004; Mizushima et al. 2004; Cuervo et al.
2005). The accumulation of lipofuscin in lysosome
may slow down autophagocytosis and impair the deg-
radation of mitochondria, leading to the accumulation
of dysfunction of mitochondria in old workers. This
interpretation is supported by a recent study showing
that SA--Gal and lipofuscin increase with advancing
age in the trophocytes and fat cells of workers reared
in a field hive (Hsieh and Hsu 2011a).

In addition, a previous study showed that shorter-
lived mammals have high mitochondrial density,
whereas animals with longer life span generally have
fewer mitochondria (Passos et al. 2007). Furthermore,
temperature reduction (TR) can extend the life span of
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Fig. 4 The expression of ND1, ATP synthase, and VDACI in
the trophocytes and fat cells of workers. ND1 (a), ATP synthase
(¢), and VDACI (e) were analyzed by western blotting. Tubulin
served as a loading control, and rat muscle was used as a
positive control. Y young workers, O old workers, P positive

organisms, a life span extension that is associated with
low mitochondrial density (Hsu and Chiu 2009). The
fact that mitochondrial density increased with advanc-
ing age in the trophocytes and fat cells of workers is
reconfirmed by the expression levels of ND1, ATP
synthase, and VDACI.
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control. The expression of ND1 (b), ATP synthase (d), and
VDACI (f) were normalized to that in young workers. The
results are presented as means + SEMs, expressed as percen-
tages. In all cases, asterisks indicate statistically significant
difference ("P<0.05, ""P<0.01; two-sample ¢ test)

AUm

AVUm controls respiratory rate, ATP synthesis, and re-
active oxygen species (ROS) production and is, in turn,
controlled by electron transport and proton leakage
(Nicholls 2004). In this study, AUm decreased with
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Fig. 5 NDI and ATP synthase expression normalized to mito-
chondrial density and VDACI. a The ND1/mitochondrial density
ratio; b the ATP synthase/mitochondrial density ratio; ¢ the ND1/

advancing age in the trophocytes and fat cells of work-
ers. This result is in accord with previous studies show-
ing that AUm decreases with advancing age in the
hepatocytes of rats and mice (Hagen et al. 1997,
Kokoszka et al. 2001), in the lymphocytes of mice
(Wikowski and Micklem 1985; Rottenberg and Wu
1997), and hearts of rats (Savitha and Panneerselvam
2006). This phenomenon is the result of mitochondrial
dysfunction during the aging process (Ames et al. 1995;
Trifunovic and Larsson 2008; Artal-Sanz and
Tavernarakis 2008; Lopez-Lluch et al. 2008;
Chanséaume and Morio 2009). In addition, the extended
life span that accompanies TR, noted above, is associ-
ated with high AUm (Hsu and Chiu 2009). Thus, the
high AUm in the trophocytes and fat cells of young
workers may have cellular functions similar to the high
AVUm observed with TR.

NAD" and NADH concentration

NAD" concentration decreased with advancing age in
the trophocytes and fat cells of workers. This result is
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VDACT ratio; and d the ATP synthase/VDACT ratio. Ratios were
expressed relative to those in young workers. The results are
presented as means + SEMs, expressed as percentages

in agreement with previous studies showing that
NAD" levels decrease with advancing age in pancre-
atic 3 cells and neurons of mice (Ramsey et al. 2008;
Imai 2009), as well as in the livers, hearts, kidneys,
and lungs of rats (Braidy et al. 2011; Son et al. 2012).
NADH concentration was not significantly different
with advancing age in the trophocytes and fat cells of
workers. The NAD'/NADH ratio was decreased with
advancing age in the trophocytes and fat cells of work-
ers. This finding is consistent with previous studies
showing that the NAD"/NADH ratio decreases with
advancing age in pancreatic (3 cells and neurons of
mice (Ramsey et al. 2008; Imai 2009), as well as in the
livers, hearts, kidneys, and lungs of rats (Braidy et al.
2011; Son et al. 2012). These findings are also related
to the differences in AUm level observed in the current
study. Protons from NADH are pumped out of the
mitochondrial matrix, creating a proton gradient that
forms AUm. A decrease in this action results in a
decrease in AUm and a subsequent decrease in
NAD" concentration. Calorie restriction (CR), which
can also extend the life span of organisms, is
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associated with high NAD" levels (Lin et al. 2002; Qin
etal. 2006; Ziegler and Niere 2004). Thus, high NAD"
levels may play a role in the trophocytes and fat cells
of young workers similar to that in CR.

ATP concentration

ATP concentration also decreased with advancing age
in the trophocytes and fat cells of workers. Notably,
ATP concentration in trophocytes and fat cells have
also been shown to decrease with advancing age in
worker bees reared in a thermostatic chamber at 34 °C
(Hsu and Chan 2011a), providing further support for
the idea that young and old workers reared in a field
hive can be used for studying aging. This decrease in
ATP concentration in trophocytes and fat cells of older
workers is also consistent with previous studies show-
ing that ATP levels decrease with advancing age in the
gastric mucosa and muscle of humans (Kawano et al.
1991; Conley et al. 2000; Petersen et al. 2003; Gurd et
al. 2008), the blood and brains of mice (Jayachandran
et al. 2005; Joo et al. 1999), the erythrocytes of rabbits
(Subasinghe and Spence 2008) and cows (Bartosz et
al. 1982), and the hearts of rats (Guerrieri et al. 1996).
This finding is also consistent with the results of AUm
measurements reported in this study; as was the case
for NAD", a decrease in AUm can result in a decrease
in ATP concentration.

The decrease of AUm, NAD" concentration, ATP
concentration, and NAD/NADH ratio in the tropho-
cytes and fat cells of workers with advancing age
indicated that aging results in a decline in mitochon-
drial energy utilization in the trophocytes and fat cells
of worker honeybees. This inference is consistent with
a previous study, showing age-associated decline in
mitochondrial respiration and electron transport in the
flight muscle of Drosophila melanogaster (Ferguson
et al. 2005). The decline in mitochondrial energy
utilization in the trophocytes and fat cells of workers
most likely reflect the accumulation of oxidative dam-
ages. This hypothesis is consistent with previous stud-
ies, showing that flight behavior accelerated oxidative
damages in house flies (Musca domestica) (Vance et
al. 2009). Conversely, stopping flight decreases oxi-
dative damages and increases longevity (Yan and
Sohal 2000). In addition, honeybee foragers have
higher flight metabolic rate in flight muscles and result
in 43 % body mass loss compared to hive bees (Vance
et al. 2009; Schippers et al. 2010). Likewise, orchid
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bee foragers also have higher flight metabolic rate in
flight muscles (Suarez et al. 2005). This higher energy
consumption increases oxidative damages (Ferguson
et al. 2005).

NDI and ATP synthase

ND1 expression increased with advancing age in the
trophocytes and fat cells of workers. This finding is
consistent with previous studies showing that NADH
dehydrogenase expression increases with advancing
age in the muscle of rats (Chang et al. 2007) and in lung
fibroblasts of humans (Allen et al. 1999). ATP synthase
expression also increased with advancing age in the
trophocytes and fat cells of workers. Previous studies
have reported similar findings, showing that ATP syn-
thase expression increases with advancing age in the
brains and muscle of rats (Nicoletti et al. 1995; Chang
et al. 2007; Doran et al. 2008; Donoghue et al. 2010),
and in muscle of humans (Gelfi et al. 2006). Although
ND1 and ATP synthase expression measured in absolute
terms increased with advancing age in the trophocytes
and fat cells of workers, the relative expression of ND1
and ATP synthase normalized to mitochondrial density
and VDACI was not significantly different. In contrast,
the concentration of NAD" and ATP decreased with
advancing age, indicating that NADH dehydrogenase
and ATP synthase efficiency decreases with advancing
age in the trophocytes and fat cells of workers. These
observations are consistent with previous reports that
ATP synthase activity decreases with advancing age in
the erythrocytes of cows (Bartosz et al. 1982) and the
hearts of mice (Yarian et al. 2005). Similarly, NADH
dehydrogenase activity has also been reported to de-
crease with advancing age in the kidneys, livers, and
testes of rats (Napoleone et al. 1991; Torres-Mendoza
et al. 1999; Vazquez-Memije et al. 2008), as well as in
the livers and brains of mice (Navarro et al. 2002;
Navarro 2004).

Taken together, our results indicate that young work-
ers have lower mitochondrial density, higher AUm,
higher NAD" and ATP concentration, and higher
NAD/NADH ratio than old workers, showing that
energy utilization efficiency decreases with advancing
age in the trophocytes and fat cells of workers.
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