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Synopsis The cost of su ppo rt ing t raits t hat incre ase mating o p po rtuni ties and maximize the p rod uctio n o f quali ty o ffsp ring 
is paid in energy. This currency of rep rod uctio n i s en abled by bioener g etic ada pta tions tha t un der lie th e flexi ble chan g es in 
energy ut i lizat ion that occur with r epr oduction. This r e vie w co nsiders the trai ts that co ntribu t e t o var iation in t he c apacit y of 
a n orga n to p rod uce ATP. Further, i t synth esizes fin dings from studies th at h ave eva luate d bioener g etic ada pta tio ns to the p ro- 
d uctio n o f sexua l ly sele cte d t ra its a nd perf orma nce d uring rep rod uctio n and the role of chan g e in mit oc h on drial respiratory 
per for mance in t he t rade off betwe en r epr od uctio n and lo n g ev it y. Cumul ati vel y, these wo rks p rov ide ev idence that in sele ct ing 
for re dder ma les, fema le fin ch es wi l l li kely m ate with a m ale wi th high mi t oc h on drial resp irato ry perfo rma nce a nd , pot ent ia l ly, 
a higher p robab ili ty o f mi to nuclear co m pa tib ili ty. Females fro m diverse taxa a l locat e more t o r epr oduc tion w h en th e respira- 
to ry perfo rmance o f mi t oc ho ndria o r densi ty o f th e inn er mit oc h on drial m embran e in the liver or s ke letal muscle is higher. 
Fina l ly, r epr o duction do es no t ap p ear to have p er sist en t nega t ive effe cts o n mi t oc h on drial resp irato ry perfo rmance , count ering 
a role for mit oc h on dr ia in t he t rade-off betwe en r epr oduction and lon g ev it y. I close by noting that adaptations that improve 
mit oc h on drial respiratory per for mance appe ar vit al for o p timizing r epr oduct ive fit ness. 
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ntroduction 

s eu karyot ic life gaine d co mplexi t y, evolv ing from sin-
le cells to simple mu lt icel lu la r orga nisms t o bilat erian
nim al s with design ated germ lines, r epr o duction b e-
am e in creasingl y comp lex an d in creasingly en er g eti-
a l ly dema nding ( La ne 2006 ; Wa l lace 2010 ; Gao et al.
022 ). Consequent ly, t he race to contri bute descen dants
o th e n ext gen eration gave rise to an in credi b le di versity
 f rep rod uct ive st rateg ies. In these co mplex fo r ms, t he
ha l len g e of me et ing the ener g etic dem and s of r epr o-
 uctio n r equir es flexible variation in the expression of
 raits that a l low for g rea ter n utrien t in ta ke, g rea ter n u-
rient and oxygen delivery to su ppo rt ing t is s ues, a nd a n
ncre ase in t he c apacit y of tis s ues to p rod uce aden osin e
rip hosp h ate (ATP) ( A nder son et al . 1970 ; Speakman
nd McQ ue enie 1996 ; Selman et a l. 2012 ; St ier et a l.
019 ). Furt her, because t her e ar e limits to th e am ount of
TP an indiv idu al c an p rod uce o r energy i t can expend
 Hamm on d an d Diam on d 1994 ; Hamm on d et al. 1996 ;
peakma n a nd K ro l 2005 ), anim al s are tho ught to o p-
 dvance A ccess publication May 21, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
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 imize a l locat io n to rep rod uctio n by reducing support
or oth er en er g et ica l ly deman ding processes, in cluding
 hose t hat su ppo rt lo n g ev it y ( Kirkwo o d 1990 ). 
Over the last two decades, the search for traits that
n der lie in div idu al vari atio n in fitness h a s led inves-
igat or s inside the cell to focus on mit oc h on dria. Th e
easo ns fo r this a re two-f old: (1) mit oc h on dria are the
e y s our ce of ATP r equir ed to su ppo rt rep rod uctio n and
urvival and (2) mit oc hondr ia are t he pr imary source
f fre e radica ls in the b o dy that are thought to have a
ega tive im pact on the perf orma n ce of th e mit oc hon-
ria and oth er ce l lu lar com ponen ts ( Murphy 2009 ). Nu-
er ous r e vie ws have synthesized what we have le ar ned

ro m studies eval uating oxi d ativ e s tres s as a cost of re-
ro du cti on ( Se lman et a l. 2012 ; Spea kman et a l. 2015 ;
 lount et al . 2016 ; A lonso-A lvarez et al. 2017 ), but n on e
ave simu ltane ously considere d mit oc h on drial respira-
io n. Wi t h t his re vie w, I wi l l not reconsider whether
xidat ive st ress is a cost of r epr oduc tion. But, w hen
vail able, I w ill di scu ss oxi d ativ e d a ma ge ma rk ers when
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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p aire d with mit oc h on dria l respirat ion m easurem ents,
n oting wh eth er th ere could be a n egative o r posi tive in-
teract ion betwe en mit oc h on dria l respirat ion and oxida-
tiv e damag e. This re vie w aims to descr ibe t h e n ew in-
sights we gained qu antify ing how anim al s h ave adapted
to m eet th e en er g etic dem and s o f rep rod uctio n an d th e
co nsequences o f th at dem and. 

Mechanisms for increasing ATP 

production 

Rep rod uct ive anima ls t ypic a l l y disp lay greater fo o d in-
t ake bot h in r esponse to gr eater en ergy deman d an d in
ant icip at io n o f such demand ( Illi us et al . 2002 ; St ephens
et al. 2009 ). Grea ter n utrien t in take or mobi lizat ion
incre ases nutr ient delivery to active tis s ues, provid-
ing s ubs t rate for increase d ATP p rod uctio n and u ti-
lization by single or mu lt iple or gan system s within
the r epr oduct ive adu lt. Increase d nut rien t in ta ke a lso
provides the building blocks for anabolic processes
that su ppo rt any mo rp ho logy chan g es in the ad ul t
a nd f o r the p rod uctio n o f ga metes a n d deve loping
y oun g. These chan g es ar e r efle cte d in wel l-re cog nize d
increases in b asa l metabolic rate and daily energy ex-
pendi ture ( Gi ttlema n a n d Th o mpso n 1988 ), which typ-
ica l ly exce e d t hose of t h eir n o n-rep rod uctive counter-
p arts. Whi le our un derstan ding of the cost of specific
trai ts that su ppo rt rep rod uctio n is limi t ed , it is expect ed
t hat t h e en er g etic cos ts of s upporting some t raits vita l to
the r epr oduction effort wi l l be t rivia l whi le others wi l l
be high. 

Nu trients are mob ilized thro ugho ut the b o dy, where
they are metabolized to OXPHOS s ubs trat es that u lt i-
m ately don ate ele ct rons (NAD H a nd FAD H 2 ) to the
ele ct ron t rans port sys tem o f the mi t oc h on dria to sup-
port oxi d ativ e p hosp ho ryl ati on (OXPH OS). W hen an
organ is at rest, the mit oc h on dria use a minimum level
o f nu tr ients and, t hus, ele ct ro n do no rs and oxygen to
ma inta in the p roto n motive fo r ce acr oss th e inn er m em-
bran e. Furth er, a limited am ount of ATP wi l l be use d to
su ppo rt h ouse keeping fun ctions ( Willis et al. 2016 ). The
amount of oxygen used to ma inta in the p roto n motive
force is quant ifie d as s t at e 4 res pirat ion . Thi s i s mea sured
un der th e con dition s of a bundant oxyg en an d su bstrate
but no ADP. State 4 respiration a l lows the mit oc h on dria
to overcome both the passive and active leak of protons
across th e inn er m embran e, an d t hus, st ate 4 resp iratio n
i s al so r eferr ed t o as le ak r espir ation ( Koch et al. 2021 ).
Wh en th e ce lls n e e d m ore ATP, oxygen an d su bstrate
ut i lizat ion incr ease. Mor e pr otons ar e pum ped in to the
interm embran e space, an d th ose p roto ns are used to
power the synthesis of ATP from AD P a n d in organic
p hosp hate by the ATP synth a se . Yet, eac h mit oc hon-
drion displays a limit to its c apacit y to produce ATP.
The maxim um ca paci ty o f mi t oc h on dria to use oxygen
when provided abundant s ubs trates a nd AD P is ref erred
to as s t at e 3 r espir at ion ( Bra nd a nd Nichol ls 2011 ; Wi l lis
et al. 2016 ). 
Bot h st ate 3 and state 4 resp iratio n ar e measur es of

oxygen ut i lizat ion by the cell ex vivo . Im portan tly, an
increase in oxygen ut i lizat ion by th e el ect ron t rans port
chain (ETC) is commonl y coup led to an increase in
ATP p rod uctio n, wi t h t h e E T C pumpin g protein s into
t he inter membrane space t hat cre at e a prot on gradient
an d th e potent ia l en ergy to fue l th e synth esis of ATP
from ADP ( Stryer 1999 ). It is im portan t to note that
co u p l i n g effici ency , or th e ratio o f ATP p rod uctio n rela-
tiv e to oxyg en ut i lizat ion, is variable ( Bra nd 2005 ), a nd
in ra re insta n ces, th e p rod uctio n o f ATP can be by-
p asse d a lt ogether (i .e ., brown adipose tis s ue using un-
cou pling p rot ein-1 t o p rod uce heat, Wi l liamson et a l.
1970 ). Thu s, an increa se in oxygen ut i lizat ion may not
be coupled with an e qua l ly high increase in ATP pro-
d uctio n ( Brand 2005 ). Neverth e less, I wi l l interpret an
incre ase in t he number o f mi t oc h on dria an d an in crease
in state 3 resp iratio n a s h av ing the potenti al to increase
ATP p rod uctio n. Furth er , ex viv o m easurem ents of mi-
t oc h on dria l respirat ion provide information about the
relativ e chan g es tha t occur under differen t co ndi tio ns
but do not provide measures of absolut e c han g e in oxy-
gen use or ATP production in a cell or or gan, giv en that
ex viv o con ditions do not mat c h the endogenous condi-
t ions experience d by mit oc h on dria in viv o . 
Or gan system s hav e mu lt iple processes, which can

be used when the energy dem and s of r epr oduction ar e
high ( Somero et al. 2016 ). F or exam ple, across female
m amm al s, t he liver appe ar s t o play a n importa nt role in
p roviding gl ucose an d fatty acids n e e de d by the uterus
a nd ma mma ry gla nds durin g g estation and lactation
( Ro ok 2000 ; Schlumb ohm a nd Ha rmeyer 2008 ; Zha ng
et al. 2017 ; Wuyts et al. 2021 ; Ra mos-Roma n et al. 2022 ;
Arlt et al. 2023 ). During r epr oduction, the liver of mam-
m al s co mmo nly increases in size ( Hollister et al. 1987 ;
Parra et al. 2014 ; Bartlett et al. 2021 ). As s uming mito-
ch on drial volum e an d coupling efficien cy by th e mito-
ch on dria are h e ld const ant, t hi s ch an g e in liv er size can
incre ase t he o rgan’s capaci ty fo r ATP p rod uctio n and,
in some spe cies, cou ld even be sufficient to su ppo rt the
liver’s increased demand for ATP during r epr oduction.
In addi tio n to increasing mi t oc ho ndrial vol ume, the ef-
ficiency o f p rocesses t hat car ry an d m odify nu tri tio nal
s ubs tra tes tha t u lt imate ly de liver e le ct rons to the elec-
t ron t rans po rt sys t em (ETS) as NADH or FAD H 2 ca n
also be modified, as can the per for mance of t he ETS
( Stucki 1976 ) ( Fig. 1 ). 
Chan g es in the perf orma n ce of th e E TS are m ost

co mmo n ly eva luate d by c haract erizing prot on leaks and
th e consequen ces of e le ct ron lea ks ( Koch et al. 2021 ).
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Fig. 1. Organs vital to producing products or behaviors necessary for successful reproduction (including those shown on the right of the 
figure) may act synergistically or even trade off resources. Within any given organ, several processes can interact to alter the capacity of 
the organ to produce sufficient ATP to support the change in demand during reproduction. These processes are listed in organ C (mito. = 

mitochondria). 
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h e m ovem ent o f p roto ns fro m t he inter m embran e
p ace b ac k int o t he matr ix, in depen dent of ATP syn-
h a se, increa ses state 4 resp iratio n ( Bra nd 1990 ). P ro-
on lea k re duces the proton motive f orce a nd, thus,
h e am ount o f ATP p rod uced fro m a given amount o f
AD H or FAD H 2 . Such a loss o f memb rane poten-

 ia l can result from the passive leak of protons across
h e inn er mit oc h on drial m embran e or from the active
ra nsf er of protons out of the inner membrane space
y uncou pling p roteins and adenine nucle ot ide t ranslo-
a se ( Ja st roch et a l . 2010 ; Koc h et al . 2021 ). In con-
 rast, lea ke d ele ct rons c an interact w i th oxygen, ni tro-
 en, halog en s, or su lfur. Yet, interact ion with oxygen is
 ost comm on, for ming re act ive oxygen spe cies (ROS)

 Murphy 2009 ; Ha l liwel l and Gutt eridge 2015 ; S hields
t al. 2021 ). R OS can giv e rise to oxidativ e s tres s, which
cc urs w hen ROS p rod uctio n exceeds the cel l’s cap acity
o p rod uce a ntioxida nts that can quench it ( Costantini
014 ; Skrip and McWi l liams 2016 ). The oxidative dam-
ge is a co nsequence o f oxidative s tres s. ROS that are
 ot quen ch e d by ant ioxid ants c an d amage li p ids, p ro-
 eins, and nuc leic acids and have the potent ia l to dam-
ge mole cu les thro ugho ut th e ce l l, p art icu larly in mito-
h on dria, due to their proximity to a key (but not exclu-
iv e, Zhan g and Won g 2021 ) source of ROS and, thus,
re thought to co ntribu t e t o re duce d mit ocho ndrial res-
 irat o ry perf o rm an c e and re duce d ATP product ion ( Cui
t al. 2011 ). 
While R OS hav e the c apacit y to c ause d amage, it

s im portan t to re alize t h at a ch an g e in p rod uctio n o f
OS can sig na l the u p regu lat io n o f a ntioxida nts that
rev ent damag e and potent ia l ly oxidat ive st r ess, r epair
rocesses that m en d damaged m ole cu les, mitophagy
hat removes damaged mit oc h on dria, an d mit oc hon-
rial biogenesis that p rod uces new mit oc h on dria ( Ray
t al . 2012 ; Rist ow and Sc hm eisser 2014 ). Furth er, an
xidativ e ev ent may lower base lin e R OS lev el s ( Zh ang
t al. 2018 ; Yap et al. 2022 ). As a co nsequence o f these
ig na ling pro cesses, mo dest levels o f ROS p rod uctio n
ave been s h own to have proximate benefits on the res-
 irato ry perfo rmance o f mi t oc hondria and have been
roposed to have ul timate benefits o n the fitness and
on g ev it y of anim al s ( Zh ang and Ho o d 2016 ; Ho o d
t al. 2018 ; Zhang et al. 2018 ). Th e th eory that mod-
st levels of ROS are beneficial w hile hig h levels of
OS ind uce red uced mi t oc h on dr ial per for man ce an d
on g ev it y associ ated w ith per sist en t oxida tiv e damag e
 a s be en terme d mit oc h on drial h orm esis ( Tapia 2006 ;
istow and Schmeisser 2014 ). By me asur ing mit oc hon-
rial or cellular fun ction an d oxidative damage simul-
an eous ly, it is possible t o det ermine if the damage that
 a s accum ula ted h a s altered t he per for mance of t he cell
 r o rgan e lle. 
It i s al so im portan t t o not e t hat ot h er m ech ani sms

an also be u p- o r down-regu late d to alter mito-
h on dria l respirat ion, in cluding th e enzymat ic act iv it y
 f mi t oc h on dria l complexes ( St ra m a n d Payn e 2016 ;
ath ers an d Staples 2019 ), mit oc h on dr ial fission, f u-

ion, and rate of mitophagy (i.e., mi tocho ndri al dy nam-
cs) ( Benard et al. 2011 ; Wai and Lan g er 2016 ), various
spects of mit oc h on drial m orph ology ( Hein e an d Ho o d
020 ), mit oc h on drial m embran e composition an d flu-
di ty ( Scho n 2018 ), a nd cha n g es in th e re lat ive port ion
 f ETC co mplexes fo rming su perco mplexes ( D ud kina
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et al . 2010 ; Hut c hinson et al . 2022 ). Most o f these p ro-
ces ses are uns tudied in the co ntext o f th e en er g etic de-
m and s and consequences of r epr oduction. 

Bioenergetics and sexual selection 

Through sexual sele ct ion, many spe cies hav e ev o l ved
traits that indicate the qu alit y of the indiv idu al to ri-
vals and potential mates. While r esear c her s have iden-
t ifie d which traits have been selected as a rma ments a nd
orn aments in m any species, it h a s been more challeng-
ing to identify why many of these traits are indicat or s of
indiv idu al qu alit y. F or exam ple, fem ale Hou se Fin ch es
( Ha em orh ous m exic anus ) have been s h own to prefer
mates with breast feathers th at di splay a redder hue and
a more intense re d colorat ion ( Hi l l 1991 ). De cades of
r esear ch h a s s h own th at m ales wi th mo re int ense , red-
der carotenoid-b ase d colorat ion outper for m males wit h
du l ler re d o r o ran g e-to-y ellow h ues in m u lt iple ways.
Re dder ma les ar e mor e r esista nt to a nd r ecover fr om
infe ct io n mo re quickly, p rovisio n o ffsp ring mo re fre-
quently, a nd a r e mor e likely to survive the winter than
less re d ma les ( Hi l l 2002 ). The key question i s: wh at i s
th e m ech ani sm th at links the redness of fe at her s t o in-
div idu al qu alit y? 

Th e m ost p ro min ent th eo ry fo r how sexua l ly se-
le cte d t ra its a re link ed to ener g etically demandin g ac-
t ivit ies is the r esour ce t rade off hypothesis ( Ha l liday
1987 ; Zera a nd Ha rshma n 2001 ; Koch and Hi l l 2018 ),
which posits that energy a l locat ion to sexua l sele ct ion
necessitates a tradeoff between allocating r esour ces to
the sexua l ly sele cte d t ra it a nd self-ma intena nce. Yet,
th e fin dings of Hi l l’s la b sugg est that vital mainte-
nance processes appeared to be positi vel y, not nega-
ti vel y, correl ated w it h t he exp ressio n o f sexua l ly se-
le cte d t raits. Hi l l and col leagues gaine d g reater sup-
po rt fo r t his patter n by direct ly examining t h e re lation-
ship between mit oc h on dr ial respiratory per for mance
and colo ratio n. They found that the liver mit oc hon-
dria of redder m ales di splayed a higher resp irato ry co n-
t rol rat io when provide d complex I s ubs trates (pyru-
vat e , malat e , and gl u tamate), higher mi tocho ndrial
m embran e potent ia l (MMP), and lo wer pero xisome
p roliferato r-act ivate d re ceptor gamma co act ivator 1-
alpha (PGC-1 α)—which stim ula t es mit oc h on drial re-
placement ( Hi l l et a l. 2019 ). Co mb in ed, th ese data sug-
gest t hat t he mit oc h on dria of redder anim al s h ave the
potent ia l to p rod uce mo re ATP (high er RCR an d high
MMP) and mit oc ho ndria o f higher quali ty, given that
they have a re duce d ne e d for replacement (lower PGC-
1 α). Th ese fin din gs sugg est that mit oc h on drial res-
p irato ry perfo rmance lies at the heart of condition-
dependent sig na ling. A posit ive t ie to the perf orma nce
o f mi t oc h on dria supports a n ew m ode l—th e s hared
path way h ypothesis—which s ugges ts that the p rod uc-
tio n o f colo r f ul or na ments a ri ses a s h on est sig na ls of
male co ndi tio n because of their p hysio logical links be-
t ween v i tal cell ular p rocesses and colo ratio n ( Hill 2011 ;
Weav er et al. 2017 ; Pow ers and Hi l l 2021 ) . Whi le mito-
ch on dria are m atern a l ly in herite d, the nucleus p rod uces
∼1200 nuclear genes (mt-N genes) that function in the
mit oc h on dria ( Hi l l 2019 ). Thus, sele ct ing ma les with
high-qu alit y mt-N genes would incre ase t he p robab ili ty
that a female would p rod uce y oun g w ith simil ar high-
qu alit y alle les an d display a mor e r o bus t ph en otype
( Hi l l and Johnson 2013 ). 
This wor k spar ke d addit iona l studies that s ugges t mi-

t oc h on drial respiratory per for m ance m ay un der lie th e
different ia l exp ressio n o f other sexua l ly sele cte d t raits.
Focusing on an oth er bird that displays r ed-car otenoid-
b ase d colorat ion, Ca nta r er o et al. (2020) evaluated the
re lations hip b etween mito ch on drial ph en otype an d red
colo ratio n in male red crossbills ( Loxia cu rvi r ostr a ) by
inj e ct ing the birds with mimetics of u biquin on e (an
OXPHOS ele ct ron car r ier) (mi toQ) o r su peroxide dis-
mutase (a n a ntioxida nt) (mitoTEMPO), or a control
sol u tio n. Th ey foun d th at m ale bird s exposed to mi-
toQ re duce d circu lat in g y e llow caroten oids, while mi-
toTEMPO incr eased cir culating r ed car otenoid can-
t haxant hin, which is im portan t in red pigmen ta tion.
The mitoTEMPO males that had redder colo ratio n be-
fore the onset of this study were able to take advantage of
th e in cr eased cir cul ating c a nthaxa nthin a nd tra nsf er it
into their feather s t o display a redder color, while birds
th at h ad be en du l ler before th e study did n ot express
gr eater r ed colo ratio n. The au tho rs spe cu late d that im-
p roved mi t oc h on drial resp irato ry perfo rmance in red-
der males ma y ha ve a l lowe d those indiv idu a ls to beg in
ketolatin g y e llow caroten oids in to can thaxan thin more
quickly than the du l ler bird s. Thi s would h ave a l lowe d
the r edder bir d s to m a inta in hig h circ u lat ing canthax-
a nthin f o r lo n g er than du l l birds, which wou ld have
given them a greater o p po rtuni ty to tra nsf er the pig-
men ts in to t heir fe at hers bef ore f e at h er deve lopm ent
ended ( Ca nta r er o et al . 2020 ); unfortunat ely, this was
n ot m easur ed dir ectly. 
Crino et al. (2022) showed that the development en-

viro nment o f zeb ra fin ch es ( Taeni opygi a gutt at a ) im-
p acts both ma le song qua lity and mit oc h on drial res-
p irato ry perfo rmance o f who le red b lo o d cells (RBC).
Spe cifica l ly, th ey s h owed th at m ale ze bra fin ch es ex-
pose d to cort icostero ne d urin g dev elopment hav e mi-
t oc h on dri a w ith a lower maximum c apacit y and dis-
play high er-frequen cy ca l ls. These resu lts sug gest t hat
mit oc h on dr ial per for m ance m ay modulate thi s sexu-
a l ly sele cte d t rait, a lthough it remains unclear what
co mpo nents o f the ma le ca l l ar e pr eferr e d by fema les
( Crino et al. 2022 ). 
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ioenergetics and offspring provisioning 

h e en er g etic dem and s o f rep rod uctio n are best stud-
ed , and oft en mos t cos tly, among s pe cies with extende d
 arenta l c are. R ese arch on t he mit oc h on dria l st rategy
o r su ppo rting th at dem and h a s lar g ely be en biase d
oward en doth erms, which comm only have extended
 arenta l care and relati vel y lar g e b o dy sizes. Wit h t his, I
rovide examples of how r epr oduct ive anima ls su ppo rt
h e n e e d for g re ater ATP t han virgin no n-rep rod uctive
ndiv idu als. I descr ibe t he role that differences in the
b ili ty to su ppo rt mi t oc h on dria l respirat ion ne e de d for
TP p rod uctio n may un der lie in div idu al vari ation in
 epr o ductive p er for m ance. Fin a l ly, I refer to evidence
h at ch an g e in the resp irato ry perfo rmance o f a female’s
it oc h on dria before rep rod uctio n may have per sist ent
ffe cts, both imp act in g her a b ili ty to a l locat e t o r epr o-
 uctio n and the co ndi tio n o f her mi t oc h on dr ia af ter re-
 rod uctio n h a s ended. 
In m amm al s, th e daily en er g etic dem and s of lacta-

io n typ ica l ly exce e d those o f p regnancy. Fo r females
f many species, ener g etic dem and s pe ak when t he
ol ume o f mi l k p rod uce d is highest ( Ofte da l 1984 ).
 uant ificat io n o f the b ioener g etic ada pta tio ns su ppo rt-
ng mi l k synthesi s h a s be en limite d to ext ra-m amm ary
r gan s, wh ere th e m ech ani sm s respon si ble for m eet-
ng th e deman d for fue l appea r to va ry by species.
wo in depen den t studies evalua t ed mit oc h on drial res-
 iratio n in the liver of lactating house mice derived
r om differ ent wild po p u lat io ns. In co mpanio n papers
y Garratt et al. (2013) and Pichaud et al. (2013) ,
it oc h on drial volum e (b ase d on cit ra te syn th a se ac-

iv it y), mit oc h on dria l respirat ion, and oxidat ive st ress
er e compar ed between the livers of no n-rep rod uctive
ice , mice that suc kled two, and mice that suc kled
ight y oun g. D at a were col le cte d at pea k lactat ion. They
ound that the liver mit oc ho ndria o f both groups of re-
 rod uct ive fema les displaye d higher mit oc h on drial vol-
m e an d a tren d to ward lo wer maximum mit oc hon-
rial resp irato ry capaci ty (state 3) when presented on
 n orga n m a s s-s pe cific b a si s an d n orma lize d to cit-
a te syn th a se activ it y ( Pic haud et al . 2013 ). Further,
h ere was n o differen ce in oxid ative d amage to pro-
 eins (prot ein carb onyls) b etwe en g roups ( Garratt et a l.
2013 ). 
In an oth er study, Mowry et al. (2017) foun d n o signif-

ca nt difference in liver mit oc h on dria’s r espir atory con-
r ol r atio (RCR, state 3/state 4) or leak (state 4) in age-
at c he d lactat ing an d n o n-rep rod uctive mice. These
al ues were no rmalized to mi tocho ndrial p rotein co n-
ent, but they were not pr esented r elative to the m a ss
 f the liver. W hile n o mar kers o f mi tocho ndrial vol ume
ere eva luate d, PGC-1 α, which st imu lat es mit oc hon-
rial biogenesi s, wa s not u p regu late d. Neverth e less, th e
i  
ize of the liver itself was more than double that of non-
 epr oductive mice ( Mowry et al. 2017 ). 
Compar ing t hese studies, we can as s ume t hat t he re-

 rod uctive mice in Pichaud’s s tudy dis playe d en lar g ed
ivers, a s wa s found b y Mo wry et a l. (2017) , g iven that
ncrea sed liver m a ss i s a consi st ent c hange observed
i th rep rod uctio n in wild-derived and labo rato ry
trains of Mu s mu sculu s ( Speak ma n a nd McQ ue enie
996 ; Mowry et al . 2017 ). S in ce th e en er g etic dem and s
n the liver are undo ub te d ly high for t he lact atin g v er-
us no n-rep rod uctive mice in both studies, these obser-
ation s sugg est that th e in creased en er g etic dem and s
laced on the liv er durin g lactation in wild-derived
ice are pr imar ily met by increasing the size of the liver,
at her t han wit h a lar g e chan g e in t he per for mance of
he OXPHOS system. 
Hyatt et al. (2018) evaluated chan g es in the bioener-

et ic cap aci ty o f labo rato ry rats across pregnancy and
actation. Th ey foun d that the m a ss of the liver was
 reater in fema les wh o experien ce d preg n ancy th an
h ose wh o did n ot an d was g reater st i l l in th ose wh o
xper ienced lact ation, s h owing that a chan g e in liv er
 a ss i s al so im portan t to m eet th e m etabolic deman ds
laced on the liver d uring p regna ncy a nd lactation in
h e rat. Th ey s h owed t hat t he liver of lact ating mice dis-
layed a higher PGC-1 α than the o ther gro u ps. W hile
itra te syn th a se activ it y, a ma rk er o f mi t oc h on drial vol-
m e, was n ot reported direc tly, hig her PGC-1 α s ugges ts
here is a sig na l to p rod uce mo re mi t oc h on dr ia dur ing
actatio n. In co ntrast, the RCR o f liver mi t oc h on dria
i th co mplex I s ubs trat es (pyruvat e and malat e) was
ow est durin g pregna ncy a n d high est dur ing lact ation.
CR wa s al so lower d uring p regnan cy wh en provided a
omplex II s ubs trate (s uccinate), but s uccin ate wa s not
levate d fol lowing p arturit ion for either gr oup. Ther e
as no difference between groups in oxidative dam-
ge to li p ids (4HNE) o r p roteins (p rotein carbo nyls)
 Hyatt et al. 2018 ). These results indicate that, un li ke
 he wild-der ived mice, t he liv ers of la b rats display a
ix of st rateg ies for support ing preg na ncy a nd lacta-

 ion. Spe cifica l ly, a re duct ion in mit oc h on drial respira-
o ry perfo rmance d uring p regn ancy m ay h ave h e lped
ed uce li po l ysis an d in crease li p id sto rage as adipose,
hic h is lat er mobi lize d dur ing lact ation ( Stuebe and
ich-Edward s 2009 ). Fem ales su ppo rt the ener g etic de-
 and s of the liver during lactation by increasing liver
 a ss, mit oc h on dr ial tur n over, an d RCR, which are ex-
e cte d to increase the c apacit y of the mit oc h on dria to
 rod uce ATP. While it is possible that art ificia l sele ct ion
o r imp r oved r epr o ductive p er for mance contr ibut ed t o
he mu lt i-pron g e d appro ac h t o supportin g ener g etic de-
 and s, we do not hav e la b mouse or wild rat data avail-
ble for comparison. G iv en that art ificia l sele ct ion h a s
ncr eased r elat ive a l locat ion to r epr oduction in outbr ed
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labo rato ry mice and rats relative to their wild counter-
p arts, a comp arison betwe en these po p u lat io ns o f ani-
m al s would provide interestin g in sigh t in to h ow se lec-
tion can impact bioener g etic c apacit y. 

Va riation a m ong in div idu als in the processes that
un der lie th e c apacit y to p rod uce ATP by o r gan s sup-
port ing p arenta l ca re appea r s t o b e an imp ortant deter-
minant of r epr o ductive p er for ma nce. For exa mple, in
a p redato ry wasp, Europ ean b e ewolf, fema les provide
th eir deve lop ing o ffsp ring wi th ho neybees as a source
o f nu tri tio n. Female beewo l ves h un t for bees on flow-
ers, sting their prey to p ara lyze it, an d th en car ry t he bee
while in flight back to its nest to its offspring ( Strohm
a nd Da niel s 2003 ). Fem a le be ewo l ves disp lay high vari-
ation in hunting and r epr oductive s ucces s, a nd this va ri-
a tion a ppear s t o be det ermine d in p art by the cap aci ty o f
fligh t m usc le mit oc h on dri a. More specific all y, Stro hm
a nd Da niels (2003) showed t hat t he density of the ETS-
h osting inn er mit oc h on dria m embran e in beewolf flight
musc le mit oc h on dria is positive ly corre l ated w ith h un t-
ing s ucces s, as in dicated by th e ou tco me o f i ts p rovi-
sio ning effo rts, the number o f b ees p er bro o d cell. From
this, we can deduce that inner mit oc ho ndria memb rane
density like ly in cre ases t he c apacit y of the fligh t m uscles
to p rod uce ATP and, in turn, the r epr o ductive p erfor-
mance in this species. 

I n dairy co ws, an increase in th e re lative m a ss of the
liver ( R ey nolds et al. 2004 ) and the relativ e v ol ume o f
mit oc h on dria in the liver ( La uben thal et al. 2016 ) are
im portan t fo r transi tio ning fro m the ener g etic dem and s
o f p reg nancy to lactat ion. As was f ound in f ema le be e-
wo l ves, however, variation in traits that have the poten-
t ia l to su ppo rt greater ATP p rod uctio n in the cow, that
is, mi l k syn thesis, a ppear s t o b e resp onsible, at least in
pa rt, f o r individ ual differences in per for mance. Specif-
ica l ly, Favo ri t et al. (2021) found that the RCR of liver
mit oc h on dria is pre dict ive of the volume of mi l k pro-
duced by the indiv idu al. Thi s i s p art icu larly interest-
ing in dairy cows, where art ificia l sele ct ion h a s m axi-
mize d mi l k yields. Desp i te an increase in ROS p rod uc-
tion in mid- to l ate-l act ation, t her e wer e no differ ences
in oxidative damage (MDA and protein carbonyls) to
the liver with the s ta ge of lactatio n ( Favo ri t et al. 2021 ).
An im portan t mis sing o bservation in the s tudy of how
m amm al s su ppo rt th e en ergy deman ds of th eir y oun g
is an eva luat ion of mit oc h on dria l respirat ion in mam-
m ary ti s s ue, wh ere th e fina l steps in mi l k synthesis are
complet ed , and milk is tra nsf err ed dir ectly fr om the
m oth er to the y oun g . Such d ata would be in credi b l y
valuable in un derstan ding th e mit oc h on drial response
to sele ct ion. 

There is s ubs tant ia l eviden ce s h owing that the ex-
ogen ous con dit ions fema les exp erience b efor e r epr o-
d uctio n can have last ing effe cts on th eir su bsequent re-
p rod uctive perfo rmance ( Cl u tto n-B rock 1988 ; B ron son
1989 ). Yet, the extent to which bioener g etic processes
un der lie such effects is almost entirely unstudied. To de-
termine if processes known to st imu late a mi tocho n-
dr ial hor metic response could impact subsequent re-
p rod uctive perfo rm ance, Zh ang et al. (2018) evaluated
the impact of relative activ it y befor e r epr oduction on
subsequent r epr o ductive p er for mance b y pro v iding l ab
mice with a running wh ee l or n ot for on e m ont h pr ior
to bre e ding. After one month, anim al s provided the op-
po rtuni ty to run volunt ar ily had a greater volume of
mit oc h on dr ia in t h eir s ke letal musc le , liver, an d h eart,
b ut no t bra in, a n d n o differen ce in oxid ative d amage
to li p ids (4HNE) o r p roteins (p rotein carbo nyls) rela-
tive to mice that did not have a wh ee l. Furth er, s ke letal
musc le mit oc h on dri a displ ayed a higher RCR in mice
that ran versus those that did n ot. Wh ee ls were then
rem oved, an d th e rep rod uctive fitness o f anim al s with
access to a running wh ee l an d th ose with out was com-
p are d. Mice th at h ad access to a running wh ee l for 1
mo nth befo r e r epr od uctio n gave b irth to a lar g er litter,
and desp i te a sta nda rdizatio n o f li tt er size t o 8, m oth ers
th at h ad access to a running wh ee l befor e r epr oduction
wean ed a h eavier litter than those that did not have a
wh ee l. Finally, 1 wee k after w eanin g, m oth ers were sac-
rifice d to eva l uate mi tocho ndr ial per for man ce, an d it
was found that the liver of females that had a running
wh ee l befor e r epr oduction r etaine d a g reater vol ume o f
mit oc h on dria, high er PGC-1 α leve l s th a t stim ula te mi-
t oc h on drial biogen esis, an d high er mit oc h on drial RCR.
As a consequence of these differences, it was pre dicte d
t hat t hese fema les wou ld display a higher per for mance
during a subsequent bre e din g ev ent if giv en the o p por-
tunity ( Zhan g et al. 2018 ), imp l ying t hat t h e bioen er g etic
co nsequence o f rep rod uctio n can impact future perfor-
m ance, a s di scu ssed in the next se ct ion. 

Bioenergetics and the costs of 
reproduction 

The cost of r epr o duction hyp ot hesis sug gests t hat in-
div idu al s th a t alloca te more towar d r epr oduct ion wi l l
have a re duce d cap acity for future rep rod uctio n and
re duce d lon g ev it y ( Wi l liams 1966 ). Th e m ech ani sms
proposed to un der lie this t rade o ff have incl uded differ-
ent ia l use of r esour ces and somatic stores that would
reduce those available to su ppo rt fu tur e r epr oductive
events and self-m ainten ance, a s well as an accumula-
tio n o f damage d uring rep rod uctio n that could impact
f uture per for mance ( Reznick et al . 2000 ; S ha nley a nd
Kirkwo o d 2000 ; Zera and Ha rshma n 2001 ; Zha ng a nd
Ho o d 2016 ). G iv en that acros s s p ecies, mito ch on drial
resp irato ry perfo rman ce declin es wit h age, t he mito-
ch on dria are a valuab le p lace to loo k fo r evidence o f
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 t rade off betwe en r epr od uctio n and lon g ev it y ( Zhang
nd Ho o d 2016 ). 
B iog erontologi sts h ave ident ifie d the re duct ion in
it oc h on drial respiratory per for ma nce a nd mit oc hon-
rial m embran e poten tial tha t occurs with age, known
s mit oc h on dr ial dysf unction, as a key ha l lmark of ag-
ng ( Lópe z-O tín et a l. 2013 , 2023 ; M i wa et al. 2022 ). In
um ans, it h a s been s h own that RCR an d th e ATP/O ra-
io of liver mit oc h on dria declin e lin ear ly betw een ag es
1 and 76 ( Yen et a l. 1989 ), whi le cap aci ty fo r ATP p ro-
 uctio n and m tDNA con ten t declin es lin ear ly between
ges 18 and 89 in skeletal musc le mit oc hondria ( S hort et
l. 2005 ). While a gradual decline may have limited im-
acts on human survival thro ugho ut their lives, main-
aining high muscle function to support foraging and to
vade p redato rs is pa ra mount f or a ny free-ra n gin g ani-
 al ( Au stad 1993 ). 
Sev eral inv estigat or s have searc hed for mech ani sms

espo nsible fo r the t rade off betwe en r epr oduction and
on g ev it y by eva luat ing the p hysio logy of anim al s dur-
ng r epr oduction. Wh at i s observed i s th at r epr oduction
 s often a ssoci ated w i th co n sidera b le p hysio log ica l flex-
b ili t y. Thus, my l ab h a s argued th at th e consequen ces of
 r epr oductiv e ev ent are bes t meas ured af ter t he r epr o-
uctiv e ev ent h a s en ded an d r epr oduct ive t is s ues have
 egr essed ( Zha ng a nd Ho o d 2016 ). B y takin g this ap-
ro ach, invest igators can determine if the b asa l physi-
logy of a n a nim al h a s be en a ltere d in a m anner th at
ou ld imp act fu ture fitn ess an d lon g ev it y. I w i l l bias pa-
er s present e d in this se ct ion toward studies th at h ave
 aken t his approach. 
In a study on female lab ra ts, Hya tt et al. (2017) com-

 are d thre e g rou ps: o ne that did not r epr oduce, one
hat did not suckle their y oun g, and a third that com-
lete d lactat ion. Th ey th en eva luate d the per sist ent im-
act of trea tmen t o n mi t oc ho ndrial resp irato ry func-
 ion and oxidat iv e damag e in the liver and skeletal mus-
le 15 weeks after p arturit ion or 12 weeks after wean-
ng. Th ey foun d that liver mit oc h on dr ia in t he lact ating
 roup displaye d higher state 3 and state 4 resp iratio n v i a
omplex l (pyruvat e , malat e , and gl u tamate s ubs trates)
han in the other gr oups. Inter estingl y, comp lex ll res-
 iratio n (succin ate) wa s significantly lower in s ke letal
usc le , but there was n o differen ce in oxidative dam-
ge t o prot eins (prot ein carbonyls) or lipids (4HNE) be-
we en g r oups. These r es ults s ugges t t hat lact ation may
ro tect a mo ther’s co ndi tio n, p resumab l y improving the
 apacit y of the liver to su ppo rt i ts b asic funct ions, such
s gl uco n eogen esis an d lipogen esis ( Hyatt et al. 2017 ).
ower activ it y i s a ssoci ated w ith a lower maximum res-
 irato ry perfo rman ce in s ke letal musc le mit oc h on dria
 Krieger et al. 1980 ), and increase d t ime spent running
training) increases running spe e d and d uratio n ( Kemi
t al. 2005 ). Th us, lower com plex II respira t ion cou ld
 e asso ci ated w i th red uced muscle perfo rma nce a nd put
em ales th a t lacta ted a t grea ter risk fo r dep re dat ion. 
Park et al. (2020) evalu ated vari ation in mit oc hon-
rial resp irato ry perfo rmance in the liver and skeletal
uscle of age-mat c hed ou tb red lab mouse females that
id not r epr oduce, fem ales th at r epr oduced on ce, an d
em ales th at r epr oduce d four t imes. Tis s ues were col-
e cte d at least two weeks after r epr oduct ion had ende d.
n these mice, b o dy m a ss varied s ubs tant ia l ly among in-
iv idu als, an d th e re lations hip b etween b o dy m a ss and
it oc h on dria l respirat ion in the liver varied with re-
 rod uctiv e status. R CR decre ased wit h incre asing b o dy
 a ss in no n-rep rod uct ive fema les, an d RCR in creased
it h incre asing b o dy m a ss in fem ales th at r ear ed four
itt er s ( Park et al. 2020 ). A significan t in teraction be-
ween b o dy m a ss and RCR in the liver indica ted tha t
CR was greatest for females with the highest b o dy
 a ss th at bre d four t imes but lowest in fema les that did
ot bre e d . In mice , fem ales th at h ave r epr oduced main-
ain a per sist ently lar g er liv er m a ss a nd la r g er blo o d
ol ume after rep rod uctio n h a s ended ( Speakm a n a nd
cQ ue enie 1996 ). Thus, higher b o dy masses in non-

 epr oductive mice ar e mor e likely to b e asso ci ated w ith
besity than in r epr oductive mice . Int erestingly, within
he fo ur-bo ut t reat ment g roup, fema les wit h t he high-
st a l locat io n to rep rod uctio n al so h ad th e high est liver
it oc h on dr ial respiratory per for m ance, a s indicated by

 nea r-significa n t cum ula tive m a ss of a l l y oun g w eaned
nd liver RCR. Further, females th at h ad a l locate d more
o r epr oduct ion a l so di splaye d g rea ter oxida tive dam-
g e to liv er protein s, sugg estin g t hat t he det ect ed dam-
ge did not hinder the relative mit oc ho ndrial resp ira-
o ry perfo rmance o r the r epr o ductive p er for mance of
hese females ( Park et al. 2020 ). With high RCR af-
er r epr oduct ion had ende d, it is li kely t hat t he per for-
ance of these fema les wou ld a lso have been greater
ur ing f utur e r epr oductiv e ev ents. Th ese fin dings pro-
ide d st ro ng su ppo rt fo r t he ide a t hat t h e n egative con-
equences o f p rio r rep rod uctio n are lowest in high-
o ndi tio n females ( Reznick et al. 2000 ) and that high
a ria n ce in con dition am ong in div idu als c an obscure
otent ia l t rade offs betwe en r epr od uctio n and so matic
 ainten ance ( van Noo rdwi jk and de Jong 1986 ). 
When anim al s are exposed to environmental stres-

o rs d uring rep rod uctio n, th e balan ce between r epr o-
 uctio n an d se lf-m ainten ance i s a ltere d ( Roff 1992 ;
te ar n s 1992 ; Heg emann et al. 2013 ). To determine
f chan g es in mit oc h on dria l respirat ion and oxidat ive
amage un der lie th ese s hifts, Yap et al. (2022) com-
 are d wi ld-derive d house mice ( Mu s mu sculu s do-
esticus ) p rovided co rticostero ne daily d uring mid-

actat ion to fema les that on ly re ceive d th e ve hicle an d
va luate d the impact of trea tmen t on mit oc h on drial
esp irato ry perfo rmance in liver an d s ke letal muscle
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after r epr oduct ion had ende d . Despit e exper iment al ad-
justment of litter size at birth so that it was consis-
tent between groups, females that received the corticos-
ter one tr ea tmen t weaned litt er s that weighed less than
t hose t hat did not re ceive cort icost erone , s ugges ting
that co rticostero ne-trea ted females alloca ted less n utri-
ents to their y oun g durin g lactatio n o r their y oun g did
not grow as efficient ly dur ing t he suck ling p erio d ( Yap
et al . 2022 ). Int erestingly, the maximum mit oc hondrial
resp irato ry capaci ty (state 3) and leak resp iratio n (state
4) of liver and skeletal mit oc ho ndria p rovided co mplex I
an d complex II su bstrates were compara ble betw een the
co rticostero n e an d ve hic le groups t en days aft er r epr o-
d uctio n had en ded. Furth er, oxid ative d amage to li p ids
(4HNE) and proteins (protein carbonyls) was also sim-
i lar. These resu lts sug gest t hat t her e wer e no per sist ent
differences in the cost of r epr o duction b etwe en t reat-
ment groups ( Yap et al. 2022 ). 

Conclusions and future direction 

Her e, I have r e vie wed a handful of studies that evaluated
th e bioen er g et ic me ch ani sms th at un der lie th e p rod uc-
tio n o f s exually s e lected traits, th e en ergy deman ds of
o ffsp ring p rod uctio n, an d th e per sist ent consequences
of energy a l locat ion to r epr oduction. Fr om these works,
w e hav e le ar ned t h at a s ses sment of a sexua l ly sele cte d
t rait displaye d by ma les m ay provide fem ales with in-
fo rmatio n abou t the resp irato ry perfo rmance o f a male’s
mit oc h on dria an d, th er efor e, info rmatio n abou t the
qu alit y of th e mt-N gen es that a prospe ct iv e mate w ould
co ntribu t e t o her o ffsp ring ( Hi l l and Johnson 2013 ). We
le ar ned t ha t differen t species, differen t lineages of an-
im al s, a nd different orga n systems lik ely va ry in the
mech ani sms they u se to su ppo rt th e in crea sed dem and
fo r ATP d uring rep rod uctio n. Furth er, in div idu al dif-
ferences in the ATP p rod uctio n capaci ty o f o r gan s vi-
tal to r epr o duction app ear to un der lie in div idu al vari a-
tio n in rep rod uctive perfo rm ance. Fin a l ly, studies have
found little evidence that r epr oduct ion negat i vel y im-
pacts the bioener g etic per for mance o f o r gan s vital to the
r epr oduct ive effort. Inde e d, the findings by Park et al.
(2020) s ugges t th at fem ale mice wit h t h e high est life-
t ime a l locat io n to rep rod uctio n co n tin ue to have the
high est fun ctionin g liv er mit oc h on dr ia af ter four re-
p rod uctiv e ev ents, desp i te be ar ing any potent ia l burden
of grea ter oxida tiv e damag e. Th ese fin dings su ppo rt a
broader a pplica tio n o f the share d p ath way h ypothesis
( Hi l l 2011 ), where g reater cel lu la r—a nd, in thi s ca se,
mit oc h on dr ial—per for m ance i s a ssoci ated w it h gre ater
a l locat ion to r epr oduction. 

Much of what we know about th e m ech ani sms th at
un der lie variation in mit oc h on dria l respirat ion that im-
p acts the cap aci ty fo r ATP p rod uctio n h a s co me fro m
studies of exercise p hysio logy a nd va r ious met abolic
di sea ses. These studies provide valuable insight but lit-
t le infor mation on the bioener g etic ada pta tions tha t
su ppo rt the diversi ty o f life-histo r y patterns obser ved
a mong a nim al s today. Yet, r esear ch acr os s taxa is s tart-
ing to provide strong evidence that bioener g etic adap-
tatio ns su ppo rt m any a spe cts of variat io n in individ ual
per for man ce, in cl uding variatio n in g rowth rates ( Sa lin
et a l. 2019 ), cap acity t o hibernat e ( Staples 2014 ), av i an
mig rat ion ( Rhodes et al. 2024 ), and c apacit y to survive
un der con ditions of p erio dic a noxia ( Sok olova 2018 ),
am ong oth ers. While th e papers re vie wed herein have
improved our un derstan ding of th e role o f b ioener g et-
ics in r epr o ductive p er for mance, t here is muc h t o le ar n
about how evol u tio nary p rocesses have acted on and are
const raine d by the ab ili ty o f anim al s to su ppo rt the en-
er g etic dem and s o f rep rod uctio n. 
Studies to date p rovide li ttle evidence for a mito-

ch on dria l b a si s for a t rade off betwe en r epr oduction
and lon g ev it y. Whi le this fai lure to support r epr oduc-
t ive t rade o ffs fro m a mi t oc h on dria l respirat ion p ersp ec-
t ive may refle ct the cha l len g e o f uncou pling the effect
o f individ ual co ndi tio n a nd lif e history t rade offs ( van
Noo rdwi jk and de Jo ng 1986 ), i t is impo rtant to remem-
ber that for many species, including the mice and rats
hig hlig hted h erein, ear ly life r epr o ductive p er for mance
is pa ra moun t. Th us, sele ct io n o n p rocesses that o p ti-
mize, if not maximize, r epr o ductive p er for m ance mu st
be stron g. G iv en that amon g those studies completed
t o dat e , we fin d eviden ce th at fem ale fin ch es se lect for
males w ith high-qu alit y mit oc h on dr ia, processes t hat
imp rove mi t oc h on dr ial per for mance before rep rod uc-
tion in mice improve fitnes s, was ps, mice, rats, and cows
wi th higher mi t oc hondr ial per for mance a l locate more
to r epr oduction, mice that previously a l locate d the most
to r epr oduct ion cont inue to have th e high est mit oc hon-
drial resp irato ry perfo rman ce we ll after r epr oduction, I
s ugges t that where sele ct io n o n mi t oc ho ndrial b ioener-
get ics rea l l y comes into p l ay is in improv ing r epr oduc-
t ive fit ness. Thu s, I propose th at mit oc h on drial respi-
rato ry perfo rm ance i s vit al to var iance in r epr oductive
per for man ce am ong in div idu als. 
One of the major limitations of our ability to un-

derstan d h ow anim al s m eet th e bioen er g etic dem and s
o f rep rod uctio n is that we often compare relative dif-
ferences between grou ps. Quanti tative as ses sments of
how much ATP is ne e de d or use d to su ppo rt a specific
pr ocess ar e l acking , and thus, a l l we ca n do is look f or
pa tterns in rela ted but complex va riables a nd predict
h ow th ey int eract t o influence ATP p rod uctio n a nd a n-
imal per for mance. Furt her, much of t he work that has
be en complete d h a s be en limite d to sma l l labo rato ry an-
im al s a nd a nim al s of agricul tural impo rta nce. Ma ny of
these anim al s h ave be en subj e ct to art ificia l sele ct ion.
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o mpariso ns o f fre e-living spe cies within a closely re-
ated taxo no mic grou p that varies in r epr o ductive p er-
 orma nce would be pa rticula rl y valuab le in un derstan d-
ng how different bioener g etic ada pta tion s ev o l ved to
 p timize r epr oduct ive fit ness. O ther proces ses, s uch as
he qu alit y and qu antit y of ga metes a nd pa rental ca re
hat are not descri bed h ere, s h ould also be considered
 Fig. 1 ). 

lossary of terms 
os t of rep ro du cti on hypoth esis s ugges ts that individu-
ls who allocate more toward rep rod uctio n will have a
e duce d cap acity for future rep rod uctio n and red uced
on g ev it y ( Wi l liams 1966 ). 
Co u p l i n g effici ency is th e ratio o f ATP p rod uced rela-

ive to oxygen used. 
Elect ron t rans port chain (E TC) vers us elect ron t rans-

o rt sys t em (ETS) . The ETC spe cifica l ly r efer ences the
le ct ron-t ransport ing enzymes that contribut e t o ox-
dati ve p hosp ho rylatio n in the mit oc hondria, inc luding
omplex I (NADH dehy drog en a se), complex II (succi-
ate dehy drog enase), complex III (cyt oc hrome c reduc-
ase), and complex IV (cyt oc hrom e c oxidase). Th e term
le ct ron t rans port sys tem i s u sed when r efer en cing th e
le ct ron t ra nsport cha in plus t he ATP synt hase (com-
lex V), which is necessary to complete OXPHOS. 
Mit ocho ndrial resp irat o ry perf o rm an c e is the effi-

iency of oxygen ut i lizat ion by th e E T C. (I hav e inten-
 iona l ly use d t his ter m rat her t han more specific termi-
 ology in som e instan ces because th e con ditions un-
er whic h mit oc h on dria l respirat ion is quant ifie d of-
en vary with the instrument used f or qua ntifying mi-
 oc h on dria l respirat ion). 
Oxi d ativ e d a ma ge is a consequence of oxidative

 tres s. ROS that are not quenched by a ntioxida nts ca n
amage li p ids, p rot eins, and nuc leic acids ( Cui et al.
011 ). 
Oxi d ativ e p hosp ho ryl ati o n (OXPH OS) is the primary

ource o f ATP fo r eu karyot ic cel ls. D uring OXPHOS,
h e E T C complex es couple th e m ovem ent e le ct ro ns wi th
he p rod uctio n o f a p rotein gradien t tha t powers the
 hosp ho rylatio n o f ADP to ATP by the ATP synth a se,
a king ATP avai lable as a source of fuel for the organ-

sm ( Stryer 1999 ; Box 1). 
Oxi d ativ e s tres s occurs when reactive oxygen species

 rod uctio n exceeds the cel l’s cap acity to p rod uce an-
ioxidan ts tha t can quench ROS ( Cost antini 2014 ; Skr ip
nd McWi l liams 2016 ). 
OXPHOS s ubs trat e or s ubs trat e . In the co ntext o f OX-

 HOS, a s ubs trate is a n orga nic mole cu le use d to induce
AD H or FAD H 2 production th at don ates ele ct rons
o the ETC. In vivo , in g ested or stored macro nu trients
re catabolized to provide mit oc h on dri a w ith s ubs trates
o supp l y t he citr ic acid cycle and t h e E TC. In vitro ,
 esear c her s can use a variety of s ubs tra tes. Pyruva te,
alat e , and gl u tamate are o ften su pplied to mi tocho n-
ria to su ppo rt the p rod uctio n o f NADH, and succinate
 s u se d to provide FADH 2 . Pa lmi toylcarni tine is also
ften used in av i an studies because of the high use of
atty acid s a s fue l by m embers of t his t axo no mic grou p.
t is a fatty acid attached to a car r ier protein t hat al-
ows the fatty acid to be t ransporte d into the mi tocho n-
r ia, where t he fatty acid must go through β-oxidation
 efore b ein g supplied to the T CA cy c le , wh ere th e
le ct ro n do no rs are p rod uce d ( St ryer 1999 ; Kuzmia k et
l. 2012 ). 
Reac tive oxy gen sp eci es (ROS) are a type of reac-

 ive spe cies generate d by the re duct ion of an oxygen-
ontaining mole cu le by a fre e ele ct ron. The lea k of ele c-
r ons fr om th e E TS is comm on ly react iv e with oxyg en
o fo rm su p eroxide. Reactive sp ecies include all prod-
cts o f red uctio n by a free e lectron, in cludin g reactiv e
xygen spe cies, react ive nit rogen spe cies, react ive ha lo-
en species, and reactive sulfur species ( Halliwell and
 utteridge 2015 ). I m portan tly, the p rod uctio n o f ROS
s th e m ost im portan t (b ut no t necess ar il y exclusi ve) re-
ct ive spe cies p rod uced as a p rod uct o f ele ct ron lea ks
rom the ETS ( Murphy 2009 ). 
Resp irat o ry co ntro l rati o (RCR) is th e ra tio of sta te 3

nd state 4 resp iratio n. A high RCR indicat es that mit o-
h on dria have the c apacit y for high s ubs tra te oxida tion
hile ma inta ining low p roto n leak. A low RCR is con-
idere d a sig n of dysfunct ion in a biome dica l context
 Bra nd a nd Nicholls 2011 ). 
St at e 3 r espir ati on is th e maximum per for mance

 f cou pled mi t oc h on dria wh en su bstrat e , oxygen, and
D P a re not limit ed . 
St at e 4 r espir ation (i .e ., l eak ) is a me a sure of ba sal res-

 irato ry perfo rmance o f the mi t oc hondria when ADP
 a s be en deplete d an d is gen era l ly considere d a mea-
urement of leak resp iratio n ( Koch et al. 2021 ). Specifi-
a l ly, (p roto n) leak is the passive or induced movement
 f p roto ns fro m t he inter m embran e sp ace b ac k int o the
it oc h on dria l mat rix. To com pensa te for the leak, the
le ct ron t rans port sys tem mus t con tin uou sly u se sub-
trate and oxygen to ma inta in the p roto n gradient be-
ween the interm embran e space and the matrix and,
hu s, m a inta in a minimum p roto n motive fo rce. Thus,
tate 4 resp iratio n measures the amount of oxygen used
o com pensa te for leak ( Koch et al. 2021 ). Note that
h en th e term leak i s u sed, it i s almost invariab l y used

 o describe prot on leak, but ele ct rons lea k from th e E TS.

unding 
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