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Abstract

Oxidative damage increases with age in a variety of cell types, including sperm, which are particularly susceptible to attack by reactive oxygen 
species (ROS). While mitochondrial respiration is the main source of cellular ROS, the relationship between the rates of aerobic metabolism 
and ROS production, and how this relationship may be affected by age, both in sperm and in other cell types, is unclear. Here, we investigate 
in Drosophila melanogaster sperm, the effects of male age on (i) the level of hydrogen peroxide in the mitochondria, using a transgenic H2O2 
reporter line; (ii) the in situ rate of non-H2O2 ROS production, using a novel biophysical method; and (iii) metabolic rate, using fluorescent 
lifetime imaging microscopy. Sperm from older males had higher mitochondrial ROS levels and a higher metabolic rate but produced ROS at a 
lower rate. In comparison, a somatic tissue, the gut epithelium, also showed an age-related increase in mitochondrial ROS levels but a decrease 
in metabolic rate. These results support the idea of a tissue-specific optimal rate of aerobic respiration balancing the production and removal 
of ROS, with aging causing a shift away from this optimum and leading to increased ROS accumulation. Our findings also support the view 
that pathways of germline and somatic aging can be uncoupled, which may have implications for male infertility treatments.
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Aging is associated with diminished cellular functioning in a range 
of tissue types, not only in the soma, but also in the germ line. Older 
men show substantial decreases in sperm motility, sperm motion lin-
earity, percent normal sperm, and sperm fertilization capability (1,2). 
Similar patterns have been found in rodents (3) and birds (4).

The process of aging involves several alterations that may 
lead to decreased sperm performance. One major change that has 
been implicated in cellular aging is the accumulation of oxidative 
damage caused by reactive oxygen species (ROS). While ROS play 
an important role in cellular signaling (5), including in sperm cells 
(6), an imbalance between ROS production and ROS scavenging 
by antioxidants can lead to oxidative damage to lipids, proteins, 
DNA, and other cellular components. Sperm cells are particularly 
susceptible to such oxidative stress, both because their small cyto-
plasmic space limits the extent of their antioxidant system and 
because their cell membranes are rich in oxidation-prone polyun-
saturated fatty acids (6).

Sperm ROS levels have been shown to increase substantially 
with male age both in humans (7) and in rats (8). At the same 
time, sperm antioxidant defense capabilities may be decreasing 
(8,9). Accordingly, sperm from older males show greater oxidative 
damage, including lipid peroxidation (8,10) and DNA fragmenta-
tion (2). This increased oxidative damage may be due to age-related 
changes in either of two cell types: the germline stem cells that are 
the precursors of new sperm, and the somatic gonadal cells that 
nourish and guide the development of these sperm (2). In addition, if 
mature sperm are retained for extended periods of time, older males’ 
sperm cells may themselves be older, on average, and longer sub-
jected to oxidative stress.

Although ROS can be produced throughout the cell, most cel-
lular ROS is ultimately generated by the mitochondrial electron 
transport chain (ETC) during aerobic respiration (11). As electrons 
flow down the chain, some of them are transferred to molecular 
oxygen instead of to the next ETC subunit, forming the reactive 
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oxygen species superoxide (O2
-). Superoxide is then converted to a 

more stable species of ROS, hydrogen peroxide (H2O2), which can 
both accumulate in the cell and react with other molecules to form 
the highly damaging hydroxyl radical (OH∙).

The rate of ROS production is related to but not directly governed 
by the rate of aerobic respiration. Rather, it depends on the redox 
states of the ETC complexes: the more of them that are reduced, and 
thus capable of transferring electrons to oxygen, the more ROS will 
be generated (12). The concentration of reduced ETC subunits can 
be either increased or decreased both by factors that promote respir-
ation and by factors that hinder it. For example, increased substrate 
supply raises the respiration rate and reduces the ETC, leading to 
more ROS production, while both increased ATP demand and mito-
chondrial uncoupling likewise raise the respiration rate but oxidize 
the ETC, leading to less ROS production (13). Although the relation-
ship between the rates of ROS production and aerobic respiration 
is not straightforward, metabolically active mitochondria with high 
rates of ATP production typically produce relatively low amounts of 
ROS under physiological conditions (11).

Once produced, ROS can be neutralized via reduction by anti-
oxidant scavenging molecules. The oxidized scavengers are then re-
cycled in redox reactions, many of which are ultimately dependent 
on a supply of NAD(P)H (14). Because NADH is also the major 
carrier of electrons to the ETC, the rate of ROS scavenging is limited 
by the rate of aerobic respiration: At high metabolic rates, few of 
these carriers are available to regenerate the antioxidant pool.

The complex relationships between the rates of respiration, ROS 
production, and ROS scavenging have been unified by Aon et  al. 
under the redox-optimized ROS balance hypothesis (15). However, 
it remains unclear whether these relationships remain stable over 
the entire life span, or whether they change with age. Furthermore, 
since somatic and germline aging are not necessarily coupled, any 
such age-related changes may differ between somatic and germline 
tissues.

Here, we investigate how the relationships between (i) mitochon-
drial ROS levels, (ii) ROS production rate, and (iii) metabolic rate 
vary between sperm from young (~10 days) and old (~5–6 weeks) 
Drosophila melanogaster males (Table 1). These two ages represent, 
respectively, prime adulthood and advanced old age. First, we use a 
genetically encoded fluorescent redox probe (16) to measure the level 
of hydrogen peroxide in the sperm mitochondria. Second, we use 
time-resolved microfluorimetry to measure the rate of ROS produc-
tion in sperm cells. This method, which is based on the fluorescence 
lifetime of the oxygen probe 1-pyrene butyric acid (PBA) and has 
previously been applied to insect sperm (17,18), is sensitive to small, 
mobile free radicals such as superoxide but not to the hydrogen 

peroxide to which they dismutate (19). Third, we use two-photon 
fluorescent lifetime imaging microscopy, a common approach in 
cancer and stem cell research (20,21), to assess the rate of oxidative 
phosphorylation in sperm. This method, which has also been previ-
ously applied to insect sperm (22,23), is based on the intracellular 
ratio of the free versus protein-bound forms of NAD(P)H. Finally, 
as a comparison, we also measure mitochondrial H2O2 levels and 
metabolic rate in a somatic tissue, the gut epithelium, in young and 
in old males. To gain further insight into the possible mechanisms 
underlying any differences in our mean measures of ROS produc-
tion, mitochondrial ROS levels, and metabolic rate, we compare 
variances in these measures between male ages, between tissue types, 
and, where possible, within males. Our results reveal an age- and 
tissue-specific interplay between the rate of aerobic metabolism and 
the generation and accumulation of reactive oxygen species.

Methods

Fly Husbandry
Flies were from a lab-adapted wild-type Dahomey stock and from 
two transgenic lines expressing the mitochondria- or cytoplasm-
specific H2O2 probes Tubulin-mito-roGFP2-Orp1 and Tubulin-
cyto-roGFP2-Orp1 (16). They were maintained at 25°C and 60% 
humidity on a 12:12 light:dark cycle and fed on a standard yeast-
corn-sugar medium. Males were isolated from females upon eclosion 
and kept in groups of three to eight individuals. All males were virgin 
except where otherwise noted.

Two-Photon Fluorescent Lifetime Imaging 
Microscopy (FLIM)
Mitochondrial H2O2 levels and cellular metabolic rates were meas-
ured using time-correlated single photon counting (TCPSC) FLIM. 
The microscope setup is comprised of an upright AxioExaminer.
Z1 (Carl Zeiss, Jena, Germany) with an xy-motorized stage, a 
Chameleon Ultra II two-photon titanium:sapphire laser (tunable 
range 690–1080 nm, 80 MHz repetition rate, 140 fs pulse width, 
Coherent, USA) and two hybrid GaAsP photon detectors (HPM-
100–40, Becker&Hickl GmbH, Berlin, Germany). Laser intensity 
was controlled using an internal acusto-optical modulator (AOM, 
Becker&Hickl GmbH, Berlin, Germany) and measured with a 
powermeter (PM100A, ThorLabs, Dachau, Germany). Light was 
focused on the selected planes using a water immersion objective 
(LD C-Apochromat 40×/1.1 W, 421867-9970-000, Carl Zeiss, Jena, 
Germany). Images were acquired in a 512 × 512 pixel format with 
a pixel dwell time of approximately 5 µs and 100 frames, yielding a 
total scan time of approximately 140 seconds.

Table 1. Overview of the Experimental Design

(i) Mitochondrial H2O2 Levels (ii) ROS Production Rate (iii) Metabolic Rate

Method Two-photon FLIM Time-resolved microfluorimetry Two-photon FLIM
Variable Short:long wavelength  

fluorescence emission ratio
PBA fluorescence lifetime NAD(P)H free:bound ratio

Tissue Sperm  
Gut

Sperm Sperm (all lines)  
Gut (Tubulin-mito-roGFP2-Orp1)

Fly lines Tubulin-mito-roGFP2-Orp1 Wild-type Dahomey Tubulin-mito-roGFP2-Orp1  
Tubulin-cyto-roGFP2-Orp1  
Wild-type Dahomey

Results Figure 1 Figure 2 Figure 3

Note: FLIM = fluorescent lifetime imaging microscopy; PBA = 1-pyrene butyric acid.
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Mitochondria-Specific H2O2 Levels Measured by the 
Ratiometric Biosensor Tubulin-mito-roGFP2-Orp1 
and Two-Photon FLIM
Relative levels of H2O2 in the mitochondria were measured using a 
transgenic fly line that produces the redox-sensitive GFP (roGFP) 
sensor Tubulin-mito-roGFP2-Orp1, an H2O2-specific fluorophore 
localized to the mitochondria (16). Tubulin-mito-roGFP2-Orp1 has 
two cystine residues that form a disulfide bridge when oxidized, re-
sulting in increased emission near the shorter excitation wavelength 
peak (~400 nm) and decreased emission near the longer excitation 
wavelength peak (~490 nm). The fluorescence emission ratio of the 
short- and long-wavelength excitations thus measures the extent of 
oxidation. The microbial H2O2 sensor oxidant receptor peroxidase 
1 (Orp1) is coupled to the GFP molecule in order to make the probe 
specific to oxidation by H2O2 (16). RoGFPs are ratiometric and 
therefore independent of sensor concentration, as well as insensi-
tive to photobleaching and to pH changes in the physiological range 
(24). Being both endogenous and compartment-specific, this probe 
allows for the measurement of mitochondrial ROS under ex vivo 
conditions (ie, in intact organs).

Seminal vesicles and whole guts from young (sperm: 10–11 days, 
n = 19; gut: 9–12 days, n = 20) and old (sperm: 37–43 days, n = 18; 
gut: 35–40 days, n = 22) Tubulin-mito-roGFP2-Orp1 males were dis-
sected in PBS (for each male, either one seminal vesicle or the gut 
was used). Using the two-photon FLIM setup described above, the 
tissue of interest (sperm cells within the intact seminal vesicle, or gut 
epithelial cells) was localized by transmission light illumination and 
then sequentially excited at wavelengths of 920  nm and 800  nm. 
Emitted light was collected after passing through a beam splitter of 
505 nm and a bandpass filter of 515/30 nm (AHF analysentechnik 
AG, Tübingen, Germany). Images were exported to SPCImage soft-
ware version 6.5 (Becker&Hickl GmbH, Berlin, Germany) and then 
to ImageJ (NIH), where emission intensity was calculated in manu-
ally selected regions of interest.

In order to confirm that the probe responded as expected to 
the redox environment, a separate set of sperm and gut samples 
were fully reduced (10 mM dithiothreitol) or fully oxidized (1 mM 
diamide) prior to imaging. To calculate relative oxidation across 
samples, the average 800 nm/920 nm fluorescence ratio of the fully 
reduced sperm or gut samples was set to 0.2 and the corresponding 
sperm or gut sample ratios were adjusted accordingly (16). The 
within-sample coefficient of variation in relative oxidation was cal-
culated by dividing the within-sample standard deviation in the ad-
justed fluorescence ratio by the mean.

Rate of Reactive Oxygen Species Production 
Measured by Time-Resolved Microfluorimetry
The rate of ROS production in sperm was measured using time-
resolved microfluorimetry and PBA, an oxygen probe used for 
free radical measurements in solution and in living cells (19). The 
fluorescence lifetime of PBA decreases upon collision with small, 
mobile ROS such as superoxide and nitric oxide, but the probe 
does not respond to the stable, accumulating ROS into which these 
radicals transform, such as hydrogen peroxide and peroxynitrite. 
PBA fluorescence lifetime therefore provides a measure of the  
in situ (ie, less than 20 minutes half-life) production of ROS. This 
method avoids many limitations of other ROS measures: PBA 
lifetime is unaffected by probe concentration, cell number, and 
changes in the membrane lipid concentration, and PBA does not 
itself generate ROS.

Relative rates of ROS production were compared across sperm 
samples using the Stern–Volmer equation, which describes the rela-
tionship between the change in the fluorescent lifetime of the probe 
and the change in ROS production rate (19):

[ROS]sample =
τreference(τ0 − τsample)

τsample(τ0 − τreference)
× [ROS]reference

Where τ reference is the mean fluorescence lifetime of all samples and 
τ 0 is the previously reported fluorescence lifetime of PBA in insect 
sperm cells killed with Baker solution and thus producing no ROS 
(17,18). Following (25), [ROS]reference was arbitrarily set to 1.

Seminal vesicles (one per male) from young (10 days, n = 51) 
and old (36 days, n = 49) wild-type Dahomey males were dissected 
in PBS and punctured to release the sperm.

All males had mated, for the first time, 7 days prior to the ex-
periment, and half of the males in each age group had mated for 
a second time the day before the experiment. As there was no ef-
fect of mating history on sperm ROS production rate in either age 
group (young males: t46.98 = −0.40, p = .69; old males: t47.29 = 0.41, 
p = .69), males were pooled across mating histories within each age 
group during the statistical analysis. Sperm were incubated in 20 μL 
of 1 μM PBA in 2% ethanol on a coverslip for four minutes and 
washed three times with PBS to remove the excess probe. To generate 
the fluorescence decay, sperm were excited with a NL100 laser (SRS) 
delivering monochromatic pulses at a wavelength of 337 nm with a 
half amplitude pulse width of 3 ns. A 40× objective (Unitron) con-
centrated the excitation beam to a diameter of < 40 µm. A 404 nm 
bandpass filter (half bandwith 40 nm) was used to select the pyrene 
emission. Emitted photons were collected and focused on a photo-
multiplier (RCA 1P28), and the signal was digitized using a digital 
oscilloscope (Tektronix TDS 3032C). To ensure spatial coverage of 
the entire sperm sample, eight readings per sample were taken and 
an overall fluorescence lifetime decay curve was fitted.

Metabolic Rate Measured by Two-Photon FLIM
The rate of oxidative phosphorylation was measured via the two-
photon FLIM setup described above as the ratio of protein-bound 
NAD(P)H to free NAD(P)H inside the cells. Because free NAD(P)
H is preferentially used as an electron carrier and is consumed at a 
disproportionately faster rate than the protein-bound form as ATP 
production increases, the rate of aerobic cellular metabolism cor-
responds to the ratio of bound to free NAD(P)H existing in the cell 
(26). Compared to NAD(P)H that is free in solution, protein-bound 
NAD(P)H has a distinctly longer lifetime at 360 nm excitation (τ2 > 
2 ns vs τ1 < 1 ns). If the amplitudes at τ1 and τ2 are a1 for free 
NAD(P)H and a2 for bound NAD(P)H, then a2/(a1+a2) gives an 
estimate of the metabolic rate (20,21).

Sperm aerobic metabolic rate was measured in three fly lines: 
Tubulin-mito-roGFP2-Orp1; Tubulin-cyto-roGFP2-Orp1, in which 
the H2O2 redox probe is localized to the cytoplasm rather than 
the mitochondria (16); and wild-type Dahomey. Three lines were 
used in order to ensure that results would be generalizable across 
fly lines. Metabolic rate in gut epithelial tissue was measured in 
Tubulin-mito-roGFP2-Orp1 flies. In these flies, for each tissue type, 
metabolic rate and mitochondrial H2O2 levels were measured in 
the same male. Seminal vesicles and whole guts were dissected in 
PBS (for each male, either one seminal vesicle or the gut was used) 
and analyzed using the two-photon FLIM setup described above. 
The tissue of interest (sperm cells within the intact seminal vesicle, 
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or gut epithelial cells) was localized by transmission light illumin-
ation. For wild-type Dahomey flies (10 and 37–38 days old, n = 10 
and 10) and Tubulin-cyto-roGFP2-Orp1 flies (10 and 36 days old, 
n = 10 and 10), samples were excited at a wavelength of 740 nm 
and emission was collected using a beam splitter of 505 nm and a 
bandpass filter of 450/525 nm. For the Tubulin-mito-roGFP2-Orp1 
flies, the samples were first excited sequentially at 920 and 800 nm 
as described above, then excited at 740 nm. Emission was collected 
using a beam splitter of 505 nm and bandpass filter of 515/30 nm. 
The lifetimes and amplitudes of free and protein-bound intracellular 
NAD(P)H in manually selected regions of interest were calculated in 
SPCImage with a scatter of 0 and shift values fixed for each image. 
The within-male coefficient of variation in metabolic rate was calcu-
lated by dividing the within-sample standard deviation in a2/(a1+a2) 
by the mean.

Statistical Analysis
Mitochondrial H2O2 levels and metabolic rate (Tubulin-mito-roGFP2-
Orp1 flies) were compared across ages and tissues using two-way 
ANOVA. Male age, tissue type, and their interaction were included as 
factors. Post hoc pairwise comparisons were conducted between (1) 
young versus old sperm (2), young versus old gut tissue, and (3) sperm 
versus gut tissue, using a series of Welch t-tests or, in case of non-
normality, Mann–Whitney U-tests, corrected for multiple compari-
sons via the sequential Bonferroni method. Additionally, the effect of 
age on sperm metabolic rate in all three fly lines was measured using 
t-tests corrected for multiple comparisons. The effect of age on ROS 
production rate in sperm (wild-type Dahomey flies) was measured 
using a t-test. Within-male variation in mitochondrial H2O2 and in 
metabolic rate were compared across ages and tissues using a series of 
t-tests or Mann–Whitney U-tests, corrected for multiple comparisons. 
Effect sizes (Cohen’s d, with 95% confidence intervals) are reported 
for all pairwise comparisons. Across-male variation in all parameters 
was compared between ages and tissue types using the asymptotic test 
for the equality of coefficients of variation (cv), which allows for the 
comparison of groups with unequal means (27,28). All statistics were 
performed in R version 3.4.1 (29). Data are archived at Zenodo (doi: 

10.5281/zenodo.3758551).

Results

Mitochondrial ROS Levels Increase with Age in 
Sperm and Gut Epithelial Tissue
Mitochondrial H2O2 levels were higher in old males (35–43 days) 
than in young males (9–12 days; Figure 1; ANOVA: SS = 0.130, 
df  =  1, F  =  13.130, p < .001) and higher in sperm than in the 
gut epithelial tissue (SS = 4.917, df = 1, F = 495.779, p < .0001; 
there was no interaction: SS = 0.021, df = 1, F = 2.100, p = .15; 
residual SS = 0.734, df  = 74). Specifically, H2O2 levels increased 
with age by 15% in the sperm (post hoc t-test: t34.00 = 3.43, ad-
justed p = .003, d = 1.13 [0.41, 1.85]) and by 17% in the gut (post 
hoc Mann–Whitney U-test: U = 124, adjusted p = .026, d = 0.52 
[−0.12, 1.17]); and were 2.53 times as high in the sperm as in the 
gut (post hoc t-test: t70.88  = 20.45, adjusted p < .0001, d  = 4.68 
[3.81, 5.55]).

Across males, the coefficient of variation in H2O2 levels was 2.14 
times as high in the gut as in the sperm (0.30 vs 0.14, asymptotic 
test for cv equality, adjusted p < .0001), but did not differ between 
male ages in either tissue type (sperm: adjusted p = .93; gut: adjusted 
p = .37). Within males, the coefficient of variation in H2O2 levels was 

3.57 times as high in the gut as in the sperm (0.93 vs 0.26, U = 6, 
adjusted p < .0001, d = −2.12 [−2.70, −1.55]; two gut and one sperm 
outliers were removed, Grubb’s test, p < .0001, < 0.0001, 0.009), 
but did not differ between male ages in either tissue type (sperm: 
t33.98 = 1.60, adjusted p = .36, d = 0.53 [−0.16, 1.22]; gut: U = 218, 
adjusted p = .42, d = 0.56 [−0.10, 1.23]).

Rate of ROS Production in Sperm Decreases with 
Increasing Age
Sperm from old males (36 days) had a 15% lower average rate of 
ROS production than sperm from young males (10 days; Figure 2; 
t96.89 = −3.65, p < .0005, d = −0.73 [−1.14, −0.32]). Across males, the 
coefficient of variation was 36% higher in old than in young males 
(0.25 vs 0.19, asymptotic test for cv equality, p = .042).

Metabolic Rate Increases with Age in Sperm But 
Decreases with Age in Gut Epithelial Tissue
Sperm metabolic rate was higher in sperm from old males (37–
43 days) than in sperm from young males (10–11 days) in all three 
lines (6% higher in Tubulin-mito-roGFP2-Orp1, t34.32  =  4.25, ad-
justed p < .0005, d = 1.40 [0.65, 2.14]; 8% higher in Tubulin-cyto-
roGFP2-Orp1 flies, t17.41 = 3.71, adjusted p = .002, d = 1.66 [0.57, 
2.75]; 11% higher in wild-type Dahomey, t16.04 = 4.52, adjusted p < 
.001, d = 2.02 [0.87, 3.18]).

Among Tubulin-mito-roGFP2-Orp1 flies, metabolic rate was 
lower in sperm than in gut epithelial tissue, by 37% (Figure  3; 
ANOVA: SS = 2320.99, df = 1, F = 292.733, p < .0001; post hoc 
t-test: t45.80 = −17.38, adjusted p < .0001, d = −3.70 [−4.44, −2.96]). 
There was an interaction between age and tissue type: Metabolic 
rate increased with age in sperm but decreased with age in the gut, 
by 6% and 8%, respectively (ANOVA: interaction SS  =  58.24, 
df  = 1, F  = 7.346, p  =  .008; post hoc t-test, sperm: t34.32  = 4.25, 

Figure 1. Mitochondrial H2O2 levels as measured by the endogenous redox 
sensor Tubulin-mito-roGFP2-Orp1 (black line = mean, white box = 95% CI). 
Relative levels are proportional to the ratio of emission intensities under 
800 nm versus 920 nm excitation. H2O2 levels increase with male age (9–12 
vs 35–42 days) both in sperm (by 15%, n = 37; t34.00 = 3.43, adjusted p = .003) 
and in gut epithelial tissue (by 17%, n = 41; U = 124, adjusted p = .026). H2O2 
levels are over twice as high in sperm as in the gut (t70.88 = 20.45, adjusted  
p < .0001). See text for full statistical analysis.
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adjusted p < .0005, d  =  1.40 [0.65, 2.14]; post hoc t-test, gut: 
t40.00 = −2.06, adjusted p = .045, d = −0.64 [−1.28, 0.00]; ANOVA 
main age effect SS = 12.46, df = 1, F = 1.572, p =  .214; residual 
SS = 594.65, df = 75).

The across-male coefficient of variation in metabolic rate was 
2.76 times as high in the gut as in the sperm (Tubulin-mito-roGFP2-
Orp1 flies, 0.13 vs 0.05, asymptotic test for cv equality, adjusted p 
< .0001), but did not differ between male ages in either tissue type 
(sperm: adjusted p =  .59; gut: adjusted p =  .98). There was no re-
lationship within males between metabolic rate and mitochondrial 
H2O2 levels in either tissue (sperm: Pearson’s r = −.01, p = .95; gut: 
r = −.07, p = .65).

Within-Male Variation in Sperm Metabolic Rate 
Increases With Age
Within males, the coefficient of variation in sperm metabolic 
rate was higher in old males in all three lines. Specifically, it was 
17% higher in old versus young Tubulin-mito-roGFP2-Orp1 flies 
(U  =  323, adjusted p < .0001, d  =  1.67 [0.90, 2.45]), or 14% 
higher when one outlier was removed (Grubb’s test for outliers, p 
< .0001; t31.13 = 7.57, adjusted p < .0001, d = 2.52 [1.62, 3.43]). In 
Tubulin-cyto-roGFP2-Orp1 flies, it was 21% (or 12%) higher in 
old versus young males when one (or two) outliers were removed 
(Grubb’s test, p < .0001 [or 0.001], U  =  75, adjusted p  =  .013, 
d = 1.10 [0.06, 2.14] [or t15.58 = 2.57, adjusted p = .021, d = 1.16 
[0.08, 2.25]; if no outliers were removed, there was no age dif-
ference [U  =  75, adjusted p  =  .06, d  =  −0.29 [−1.23, 0.65]). In 
wild-type Dahomey flies, it was 26% higher in old versus young 
males (t12.26  =  5.98, adjusted p < .0005, d  =  2.67 [1.38, 3.97]). 
The within-male coefficient of variation did not change with age 
in the gut (t34.19 = 1.08, adjusted p = .57, d = 0.33 [−0.30, 0.96]), 
nor did it differ across tissues (U = 857, adjusted p = .57, d = 0.15 
[−0.30, 0.60]).

Discussion

Aging is associated with increased oxidative damage in a variety of 
cells, including sperm. In our study, sperm from aged Drosophila 
males had a higher level of mitochondrial H2O2 (Figure 1), as pre-
dicted. However, we show that this increased ROS level was not 
caused by a higher rate of ROS production; on the contrary, sperm 
from older males actually produced ROS at a 15% lower rate than 
sperm from young males (Figure 2). Rather, the increased H2O2 level 
in old males’ sperm was accompanied by an increase in metabolic 
rate (Figure 3).

This study is, to the best of our knowledge, the first to show a 
decrease in the rate of ROS production with increased age. Aging is, 
across taxa, typically associated not only with elevated mitochon-
drial ROS levels but also with faster rates of superoxide produc-
tion by the mitochondria (30,31). The age-related increase we found 
in metabolic rate in sperm was also unexpected: Generally, cellular 
metabolic rate declines with age across tissues, in Drosophila (32), as 
in rodents (33) and humans (34,35). However, our findings, though 
seemingly atypical, are consistent with the redox-optimized ROS 
balance hypothesis.

Relationships between sperm metabolic rate, ROS production 
rate, and mitochondrial ROS levels are consistent with the redox-
optimized balance hypothesis

The redox-optimized ROS balance hypothesis (15) postulates 
that ROS levels depend on the redox state of the cell, specifically the 
ratios of the redox couples involved in electron transport (NADH/
NAD+) and in ROS scavenging (NADPH/NADP+, GSH/GSSG [gluta-
thione/glutathione disulfide]; Figure  4). Mitochondrial ROS levels 
(solid line) are lowest at an intermediate redox state and elevated 
under conditions of both extreme oxidation and extreme reduction. 

Figure 2. In situ production rate of reactive oxygen species (ROS) in sperm 
as measured by time-resolved microfluorimetry. Relative production rate is 
inversely proportional to the lifetime of the ROS probe 1-Pyrene butyric acid. 
Sperm from old males (36 days, n = 49) produce ROS at a 15% lower rate than 
sperm from young males (10 days, n = 51; t96.89 = -3.65, p < .0005).

Figure 3. Relative oxidative phosphorylation rate as measured by the 
percentage of total NAD(P)H that is bound to proteins rather than free in 
solution. Metabolic rate increases with male age (9–12 vs 35–42  days) in 
sperm (by 6%, n = 37; t34.32 = 4.25, adjusted p < .0005) but decreases with male 
age in gut epithelial tissue (by 8%, n = 42; t40.00 = −2.06, adjusted p = .045). 
Metabolic rate is 37% lower in sperm than in the gut (t45.80 = −17.38, adjusted 
p < .0001). See text for full statistical analysis.
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Under extreme oxidation, the rate of ROS production (dashed line) 
is decreased, since fewer ETC subunits are reduced and thus capable 
of reacting with oxygen to generate ROS. However, oxidation also 
corresponds to low intracellular levels of NADH, a molecule that 
is required to regenerate NADPH, which itself is required to regen-
erate GSH (14). The resulting shortage of these two ROS scavengers 
(dotted line) leads to high levels of ROS despite a low ROS pro-
duction rate. Under extreme reduction, when NADH is abundant, 
increased ROS scavenging activity fails to offset the increased rate of 
ROS production, again resulting in high ROS levels.

Under the redox-optimized ROS balance hypothesis, the 
age-related increase we observed in sperm metabolic rate corres-
ponds to a pro-oxidative shift in cellular redox potential. That is, 
while sperm from young males are operating in the optimal range 
of the redox continuum (Figure  4, middle zone), sperm from old 
males are operating in the oxidative range (Figure 4, left-hand zone). 
Consistent with this hypothesis, the higher metabolic rates in sperm 
from aged males corresponded to lower rates of ROS production but 
higher levels of mitochondrial ROS (Figures 1 and 2). This interpret-
ation of our findings is also consistent with other studies showing a 
pro-oxidative shift in cellular redox potential with increasing age. 
Such a shift that has been shown to occur in whole-body homogen-
ates of D melanogaster (36) and houseflies (37), and across tissue 
types in mice (38).

Metabolic Rate Increases with Age in Sperm But 
Decreases in the Gut
We found that, whereas old males showed higher metabolic rates 
in their sperm compared to young males, the opposite was true in 

the gut epithelial tissue (Figure 3). The increased metabolic rate and 
concomitantly decreased ROS production rate we observed in older 
males’ sperm could be due either to a heightened ATP demand or to 
a proton leak, both of which would accelerate oxidative phosphor-
ylation but diminish the concentration of reduced, ROS-producing 
ETC complexes (12,13). In contrast, the lower metabolic rates in 
aged males’ gut tissue may reflect diminished electron transport chain 
activity resulting from age-related damage to the mitochondria. Age-
related mitochondrial damage has been shown to be greater in tis-
sues with low rates of cellular turnover (39). However, the difference 
we observed in the age-related metabolic shifts in sperm and in gut 
tissue is unlikely to be due to their rates of regeneration. Sperm are 
constantly produced over the course of the lifetime (though the rate 
of production slows (40)); and, unusually for a somatic tissue, the 
gut epithelium is also continuously regenerated via stem cells, both 
in Drosophila and in humans. Nevertheless, our results demonstrate 
that the patterns of somatic and germline aging can differ. While 
aging was associated with increased mitochondrial H2O2 levels in 
both sperm and gut epithelial cells, consistent with previous results 
in mitochondria from whole-body homogenates of D melanogaster 
(41), the metabolic changes accompanying this increase were clearly 
distinct.

Regardless of male age, mitochondrial H2O2 levels were over 
twice as high in sperm as in the gut. This difference is unsurprising 
given the limited antioxidant capabilities of sperm cells (6), though 
it is possible that sperm cells also have a higher rate of ROS pro-
duction. Developing a protocol for measuring gut ROS production, 
as well as measuring antioxidant levels in both tissue types, would 
help to distinguish between these explanations. Aside from having a 
higher metabolic rate and lower mitochondrial ROS levels compared 
to sperm, gut tissue also showed markedly higher variation both in 
H2O2 levels (within and across males) and in metabolic rate (across 
males) in the gut. The heterogenous nature of the gut epithelium, 
which is comprised of two distinct cell types, enterocytes and endo-
crine cells, may explain the within-male difference, and possibly also 
the across-male differences, if males vary in their relative representa-
tions of the two cell types.

Sperm metabolic rate was not only higher in old than in young 
males but also 10%–20% more variable. This difference could be due 
to a more heterogeneous age structure in the sperm stores of old males, 
if some aged sperm are retained while new sperm are being produced. 
Alternatively, sperm produced by old males may be more physiologic-
ally variable to begin with, perhaps due to age-related damage to the 
germinal stem cells’ DNA or cellular machinery (see below).

Surprisingly, little is known about metabolic pathways in insect 
sperm in any environment (22). The localization of H2O2 to the 
sperm mitochondria reported here is, to the best of our knowledge, 
the first evidence that D melanogaster sperm undergo oxidative 
phosphorylation. We were unable to detect any H2O2 signal in the 
cytoplasm of the Tubulin-cyto-roGFP2-Orp1 sperm, indicating that 
the ROS we found in the Tubulin-mito-roGFP2-Orp1 mitochondria 
was indeed endogenously rather than exogenously produced.

Potential Mechanisms of Age-Related Changes 
in Sperm
Several mechanisms may underlie the age-related differences in meta-
bolic rate and ROS generation we observed in sperm. A high rate of 
cell division in the male germline as sperm cells are continuously pro-
duced leads to a marked accumulation of deleterious mutations (2). 
These mutations could result in sperm with impaired mitochondria 

Figure 4. The redox-optimized reactive oxygen species (ROS) balance 
hypothesis. ROS levels (solid line) are a function of mitochondrial ROS 
production (dashed line) and ROS scavenging (dotted line). Under extremely 
oxidative conditions (left), fewer electron transport chain subunits are 
reduced and ROS production is low. However, the low availability of the 
main electron carrier NADH leads to a shortage of the NADH-dependent ROS 
scavengers NADPH and glutathione (GSH) and correspondingly high levels 
of ROS. Under extremely reductive conditions (right), more electron transport 
chain subunits are reduced and ROS production is high, leading to high ROS 
levels despite abundant ROS scavengers. ROS levels are minimized at an 
intermediate redox state when electron transport proceeds at a moderate 
pace. Modified with permission from (15). Copyright ©2010, Elsevier.
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or other cellular machinery. They could also impact sperm perform-
ance directly if the haploid genome is expressed (42). In addition, 
the testes of aging D melanogaster males undergo a range of cellular 
changes that diminish the rate of spermatogenesis and could also im-
pact sperm function. These changes include increased misalignment 
of centrosomes and decreased expression of cell-cycle regulators in 
the stem cells themselves, as well as altered RNA and protein com-
positions in the postmitotic hub cells to which they adhere (43).

Age-related differences in sperm metabolism and ROS produc-
tion could also be due in part not to male age per se, but rather to 
the age of the sperm itself. Although there is some evidence that D 
melanogaster males can reabsorb or discharge aged sperm (44), the 
timeframe over which this may occur is unclear. The young males 
used in our study were approximately 10 days old. If mature sperm 
are retained for more than 10 days, which seems likely given that 
spermatogenesis takes approximately that long (45), then the sperm 
stores of old males should on average be older than those of young 
males. As sperm cells age, they may undergo changes in various 
physiological and performance-related traits, such as velocity and 
fertilization capacity (46). These changes could be driven or accom-
panied by a change in metabolic rate or ROS accumulation.

Whether attributable to male age or sperm age, the age-related 
increase in mitochondrial H2O2 levels in sperm demonstrated here 
is likely to underlie many of the negative effects of age on male fit-
ness that have been documented in D melanogaster. For example, 
the decline in offspring survival with increased paternal age (47) 
may be caused by oxidative damage to sperm DNA, either pre- or 
postmeiosis. The decline with male age in sperm competitive ability 
(48) and viability (R. Guo and K. Reinhardt, in preparation) could 
likewise be due to a variety of ROS-induced damages to the male 
germline or to functionally important components of the mature 
sperm cell, such as the mitochondria or the lipid membrane.

Potential Applications
Our finding that sperm from old males metabolize more rapidly and 
have more mitochondrial ROS has the potential to inform human 
infertility treatments. Elevated ROS levels and oxidative stress in 
sperm have been widely implicated in male infertility (49). If sperm 
from older men have a diminished pool of the ROS scavenger gluta-
thione (GSH) as a result of a pro-oxidative shift in the cellular redox 
environment, then older men in particular may benefit from supple-
mentation with this molecule. Support for this idea comes from a 
study in which the production of GSH was experimentally inhibited 
in young and old mice (9): sperm velocity decreased in both age 
classes, but to a greater extent in the old group. While the success of 
antioxidant supplementation in treating human male infertility has 
in general been mixed, several studies focusing on GSH in particular 
have reported significant improvements in sperm motility, velocity, 
longevity, and membrane and DNA integrity (50).

In conclusion, we found that mitochondrial H2O2 levels increase 
with male age in D melanogaster sperm despite a concomitant de-
crease in the rate of ROS production. Together with the observed 
increase in metabolic rate, these findings match the relationship be-
tween ROS production, ROS levels, and metabolic rate predicted 
by the redox-optimized ROS balance hypothesis (15). Our results 
do not support the mitochondrial free radical theory of aging, 
which postulates that aging is a consequence of mitochondrial ROS 
production and accumulation during aerobic metabolism (51). 
Specifically, the age-related decrease we observed in ROS produc-
tion rate is inconsistent with that theory’s prediction that the rate 

of ROS production is either constant or in fact increases with age, 
as mitochondria accumulate oxidative damage and begin to mal-
function (the “vicious cycle hypothesis” (11)). Nor does our finding 
of increased mitochondrial H2O2 levels in both the sperm and the 
gut tissue of old males match the prediction of the disposable soma 
theory that investment in germline and somatic tissues will trade off 
with one another (52). However, our results are partially consistent 
with other theories of aging, including the redox-stress hypothesis, 
which postulates that an age-related pro-oxidative shift in the cel-
lular redox state leads to a disruption of redox-regulated signaling 
mechanisms (5); and the stress response hypothesis, which postu-
lates that ROS levels increase with age because they help mediate 
the stress response to age-related damage (53). Further work is re-
quired to distinguish between these hypotheses as they relate to the 
effects of aging on sperm.
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