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TO THE EDITOR: Fitzgerald et al. (1) recently reported that
markers of mitochondrial function and oxidative metabo-
lism do not exhibit intrinsic circadian regulation in female
mouse skeletal muscle. Their careful sampling across multi-
ple hind limb muscles and the inclusion of several mito-
chondrial indices represent a valuable contribution to the
discussion of sex-specific chronobiology. Together with pre-
vious work, their null findings build a clear case that mito-
chondrial transcripts, proteins, and enzymatic activity do
not display 24-h rhythmicity in female mice. However, sev-
eral aspects of the article’s interpretation of the circadian lit-
erature on mitochondrial respiration warrant clarification.
In particular, some prior studies—including our own—were
cited incorrectly or in ways that understate the presence of
24-h rhythms in mitochondrial respiration, whereas a foun-
dational recent study central to this field was not referenced.
Therefore, we think that the results of Fitzgerald et al. (1)
suggest an interesting sex difference in circadian physiology,
instead of a total absence of circadian rhythmicity in mito-
chondrial physiology.

Foremost, it is important to be strict on terminology. A
physiological or metabolic process repeating in cycles of
~24h is only then regulated by the circadian clock, if this
process is generated endogenously, that is, self-sustained in
the absence of external stimuli such as ambient lighting,
temperature conditions, and the timing of physical activity
and food availability (2, 3). Although the authors controlled
for the influence of feeding time by regular recurring feeding
across 24 h, they did not keep ambient lighting conditions
constant (e.g., mice were Rept under a 12-h light/12-h dark
cycle). Therefore, we believe it would be more justified to
instead conclude that mitochondrial markers did not display
diurnal, daily, or 24-h rhythmicity, instead of circadian.

Although not our principal concern, two features of the
setup could dampen or obscure rhythms in the current
study. First, female mice were not staged according to the
estrous cycle, potentially mixing phases with distinct hormo-
nal milieus that influence mitochondrial biogenesis and oxi-
dative metabolism; thus, a phase-specific rhythm could be
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diluted in group averages. Second, liquid meals were admin-
istered before every sampling point, including during the
animals’ rest/fasting period by gavage, an inherently stress-
ful procedure. Although this feeding design resembles a con-
stant routine, other zeitgebers were not kept constant, so
that the presence of endogenous circadian rhythmicity can-
not be derived. Moreover, this feeding design should have
been performed for a longer duration to install a condition of
constant feeding. Instead, in the current setup, the feeding
and acute stress occurring during the rest and fasting period
might act as potent modulators of peripheral clocks and
mitochondrial function, and together might phase-shift or
flatten 24-h oscillations that otherwise could have been
detected under light/dark, as shown in male rats fed only
during the dark active period (4).

More substantively, the authors inconsistently refer to
some prior work that could give the impression that skeletal
muscle mitochondrial function is generally arrhythmic. Our
own study in male rats is cited as “no effect of time-of-day”
in ad libitum-fed animals, which is strictly correct for statis-
tical significance. However, we observed a clear trend toward
diurnal variation in mitochondrial respiration when animals
were fed ad libitum, significant diurnal variation when ani-
mals were fed in the dark phase, and a markedly reduced
amplitude when fed in the light phase. Thus, we interpret
those data as diurnal rhythms in mitochondrial respiration,
whose amplitude depends on feeding-activity alignment,
and as evidence that time-restricted feeding can enhance
the diurnal rhythm (4).

In addition, the authors miss an important study relevant to
the article’s discussion: in myotubes derived from healthy
older male donors, Gabriel et al. (5) demonstrated robust cell-
autonomous oscillations in gene expression and mitochon-
drial metabolism. These myotubes displayed a rhythmic oxy-
gen consumption rate with an approximate 16-h period in
vitro, accompanied by cycling expression of numerous genes
involved in mitochondrial oxidative metabolism, inner-mem-
brane structure, and lipid handling. These oscillations coin-
cided with rhythmic activity of mitochondrial enzymes and
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coordinated expression of clock-regulated transcription fac-
tors, suggesting that mitochondrial metabolism is intrinsically
rhythmic in human skeletal muscle cells. In contrast, myo-
tubes from age-matched male donors with type 2 diabetes
(T2D) exhibited markedly blunted or absent oscillations, show-
ing fewer rhythmic genes, reduced amplitude, and altered
phase distribution. Importantly, T2D cells lacked rhythmicity
in oxidative capacity. Collectively, these findings provide
mechanistic evidence that skeletal muscle mitochondria are
circadian-regulated under healthy conditions but that this
temporal organization becomes disrupted upon metabolic
disease.

In support, rhythmic skeletal muscle mitochondrial respira-
tion in intact human muscle fibers has also been demon-
strated using experimental designs that allowed entrainment
through tightly controlled feeding/fasting and activity/rest
cycles. First, van Moorsel et al. (6) observed a significant 24-h
rhythm in human muscle oxidative capacity under standar-
dized real-life conditions (e.g., 3 subsequent meals and physi-
cal activity during daytime and sleep during the night) in
young men. In contrast, this 24-h rhythm in oxidative capacity
was absent in older men with insulin resistance subjected to
the same real-life conditions (7). Secondary analyses of these
two cohorts, Gemmink et al. (8) reported 24-h oscillations in
mitochondrial network connectivity only in young men but
not in the older men. Noteworthy also, Harmsen et al. (9)
found most skeletal muscle metabolites associated with the
TCA cycle to be rhythmic in both cohorts. These studies were
partly not correctly cited or omitted, yet are directly relevant
to the question under investigation. However, as highlighted
by Fitzgerald et al. (1), all the studies we refer to in this letter
focused exclusively on males.

For the finding of absent rhythmicity in maximal respira-
tion, only a predominantly fast-twitch glycolytic muscle was
tested (e.g., tibialis anterior), which does not exclude the pos-
sibility that predominantly slow-twitch oxidative muscle
would display rhythmicity also in female mice. The fact that
the authors found much greater rhythm amplitude in Bmall
expression in the slow-twitch muscle (e.g., soleus)—a novel
and important finding—compared with the two fast-twitch
muscles seems supportive of this possibility.

We appreciate Fitzgerald et al. (1) for advancing sex-specific
chronobiology and agree that rigorous control of behavioral
zeitgebers is essential. For future studies we would suggest:
1) estrous staging or ovariectomy with hormone control;
2) behavior-congruent feeding also in females versus full con-
stant-routine protocols; 3) higher-frequency sampling and
constant-condition ex vivo assessments; and 4) inclusion of
more posttranslational and functional endpoints sensitive to
clock output. In conclusion, we commend the authors for
stimulating renewed discussion of this topic and hope that
integrating overlooked literature will refine future hypotheses
about sex-specific and tissue-specific clock control of mito-
chondrial physiology.
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