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Synopsis Gl ucoco rtico ids and leptin are two im portan t h orm on es that regulate metabolic homeosta si s by controlling ap- 
petite and energy expenditure in adult m amm al s. Al so, glucocorticoid s and leptin strongly coun terregula t e eac h other, suc h 

that chr onic str ess-ind uced gl ucoco rtico ids u p regulate the p rod uctio n o f lep tin and lep tin sup pr esses glucocorticoid pr oduc- 
t ion dire ctly v i a actio n o n en docrin e or gan s an d in directly v i a actio n o n fo o d intake . Alt ered gl ucoco rtico id o r leptin levels 
durin g dev e lopm ent can impa ir orga n deve lopm ent an d in cre ase t he r isk o f chro nic di sea ses in ad ul ts, bu t there are limited 

studies depicting the significance of glucocort icoid-lept in interact ion durin g dev e lopm ent an d its impact on deve lopm ental 
progra mming. In ma mma ls, lept in-induce d s uppres sion of glucocorticoid production is crit ica l during deve lopm ent, wh ere 
leptin prevents s tres s-ind uced gl ucoco rtico id p rod uctio n by inducing a p erio d of s h ort-hyp oresp on siv en ess wh en th e adrenal 
gla nds fa il t o respond t o certain mild t o moderat e s tres so rs. Co nversely, red uced o r absent lept in sig na ling increases gluco- 
co rtico id le vels be yond what is ap pro pr iate for nor mal or ganog enesis. The coun terregula tory in teraction s betw een leptin and 

gl ucoco rtico ids s ugges t the potent ia l sig nificant invo l vement of leptin in disorders that occur from s tres s durin g dev e lopm ent. 
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bbrev i at ions GCs glucocort icoids 
R gl ucoco rtico id recepto r 
RF cort icot r opin r eleasing factor 
CTH adrenocort icot rop ic ho rmo ne 
H thyro id ho rmo ne 
HRP s h o rt-hypo respo n siv eness 
OMC p roop io m e lan ocortin 

ART coca ine- a nd a mpheta mine-regu late d t ran-
script 

PY neuro pep tide Y 

agrp agout i-relate d protein 

mc2r m e lan o cortin typ e 2 receptor 
s t ar c holest erol transport er 
cyp21a2 21-hydroxylase 
450SCC side-c hain c leavage enzyme 
BR p eripheral-typ e b enzo diazep ine recepto r 
RC arcua te n ucleus 
VN p aravent ricu lar nucleus 
MN vent rome dia l nucleus 
PA hypothalamic p i tui tary adrenal 
i  
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. Introduction 

l ucoco rtico ids (GCs) and leptin are two h orm on es
h at h av e w ell-esta blis h ed roles in appetite regulation,

et abolism, growt h, rep rod uctio n, immun e fun ction,
 nd orga nogenesi s (Ahim a et a l. 2000 ; Cout in h o an d
h apm an 2011 ; Ch an et al. 2014 ; Procaccini et al.
017 ; Whir ledge an d Cidlows ki 2017 ; Swarbrick et al.
021 ). GCs are steroid h orm on es wh ose p rod uctio n
r om adr en al gland s i s st imu late d by cort icot ropin-
eleasing factor (CRF) produced by the paraventricu-
ar nucleus of the hypoth alamu s, fol lowe d by adreno-
ort icot rop ic ho rmo ne (ACTH) p rod uced by the ante-
io r p i tui tary ( Vale et al . 1981 ; Ant o ni 1986 ; To no n et
 l. 1986 ; Laugero et a l. 2002 ; Kühn et a l. 2004 ; Kühn
t al . 2005 ; Mccormic k an d Brads haw 2006 ; Prun et et
l. 2006 ; Bury and Sturm 2007 ; Denver 2009 ). GCs
egulate their own p rod uctio n through negative feed-
ac k t o t he hypot halamic p i tui tary adren al (HPA) axi s,
 y do w nregul ating the p rod uctio n o f CRF and ACTH

n the bra in, a nd certa in steroidogenic enzym es in th e
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

https://orcid.org/0000-0001-7745-3022
mailto:bidisha.paul.770@gmail.com
mailto:journals.permissions@oup.com


2 B. Paul and D. R. Buchholz 

Fig. 1 Counterregulatory interaction between GCs and leptin in 
regulating hormone levels and food intake. Solid black lines: 
stim ulatory eff ect; dashed black lines: inhibitory effect; solid gray 
line: apparent/hypothesized inhibitory effect (lacks adequate 
evidence); PVN: paraventricular nucleus; VMN: ventromedial 
nucleus; ARC: arcuate nucleus; AGRP: agouti-related protein; NPY: 
neuropeptide Y; POMC: proopiomelanocortin; CART: cocaine- and 
amphetamine-regulated transcript; CRF: corticotropin-releasing 
factor; ACTH: adrenocorticotropic hormone; GC: glucocorticoid; 
CRF 1 R: CRF receptor 1; and CRF 2 R: CRF receptor 2. 
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adren al s ( Gesin a et al. 2004 ; For h ead an d Fowden 2009 ;
De Guia et al. 2014 ; Nicolaides et a l. 2014 ; Pau l et a l.
2022 ). This negative feedback loop is crucial to ma inta in
base lin e GC leve ls to protect the b o dy from the harm-
fu l effe cts of GC over exposur e ( Fig. 1 ). Leptin is a cy-
tokin e h orm on e se crete d main ly by adipose t is s ue regu-
la ting a ppetite an d en ergy b a la nce ( Ta rtaglia et al. 1995 ;
Heiman et a l. 1997 ; C lément et a l. 1998 ; Da l lon g evi l le et
al. 1998 ). Circulating lep tin sup presses ap pet ite dire ctly
by incre asing t he activ it y of anorexigenic proopiome-
la nocortin (POM C) a nd coca ine- a nd a mpheta mine-
regu late d t ranscri pt (CART) neuro ns, an d in directly by
decre asing t he activ it y o f the o rexig enic ag out i-relate d
protein (AGRP) an d n euro pep tide Y (NPY) neurons
in the arcuate nucleus of t he hypot hal amus ( Fig . 1 ;
O stlund et al . 1996 ; Elias et al . 1998 ; Minocci et al . 2000 ;
Cowley et a l. 2001 ; Fla k and Myers 2016 ). Also, through
a negat ive fe e db ack loo p, lep t in downregu lates its own
p rod uctio n directly by reducing leptin mRNA and in-
direct ly t hrough t he bre akdown of adipose tis s ue de-
posits releasing fatty acids and gl ycero l ( Frühbe ck et a l.
1997 ; Wang et a l. 1999 ). Ap ar t f ro m the adi pose tis-
sue, leptin is p rod uced in small quantities by the brain,
placenta, s ke letal mu scles, m amm ary glan d, bon e mar-
row, and st omac h ( O bradov ic et al. 2021 ). In addi tio n to
in depen den tly regula ting a ppetite an d m etabolism, for
more than two decades w e hav e known that leptin and
GCs coun terregula te e ach ot h er to fin e-tun e en ergy in-
tak e a n d expen di ture in ad ul ts ( Bo rnst ein et al . 1997 ; De
Vos et al. 1998 ; Solano and Jacobson 1999 ; Askari et al.
2000 ; Nye et al. 2000 ). 

Fetal deve lopm ent is associ ated w i th dramatic mo r-
p ho log ica l and p hysio log ica l chan g es coordinated by a
n etwor k of autocrin e, paracrin e, an d en docrin e factors
an d th e h orm on es with we ll-establis h ed roles in fetal
deve lopm ent in clude GCs, thyroid h orm on e, an d in-
sulin. F or exam ple, GCs a re necessa ry f or efficien t ma t-
uratio n o f mul ti ple o r gan s, mainly lun gs, brain, heart,
liver, an d kidn eys ( Tur kay et al. 2012 ). Lack of GC sig-
na ling in t is s ue-s pecific o r co nsti tu tive gl ucoco rtico id
recept or (GR) knoc k out ma mma ls resu lts in a ran g e of
deb ili tating ph en otypes such as de at h at birt h, abnor mal
growth and development, and ad ul t di sea se ph en otypes
( Wyrwoll and Holmes 2012 ; Whirledge and Defranco
2018 ). Leptin is among the ho rmo nes wi th less recog-
nized roles in deve lopm en t. Our curren t un derstan d-
in g a bout th e significan ce o f leptin d ur ing fet al develop-
m ent m os tly s tems fr om r o dent mo del s, which h ave re-
po rted exp ressio n o f lept in re cep tor and lep tin synthesis
in t he placent a and s e vera l feta l or gan s lik e bra in, hea rt,
bone, cart i lag e, lun g, liv er, an d kidn ey ( Da l lon g evi l le et
al . 1998 ; Gór ska et al. 2009 ; Haggard et al. 1998 ). Lep-
tin a ntagonism ca n ad versel y a ffect the ma tura tio n o f
kidn ey, pan creas, b rain, l ungs, and ovary ( Steppan and
Sw ick 1999 ; Hu ang et a l. 2008 ; Att ig et a l. 2011 ; Briffa
et al. 2015 ; De Blasio et al. 2016 ). How ev er, the lack of
exper iment a l invest igat ions b ase d on primate and hu-
man m ode ls obscures our un derstan ding of the abso-
l u te necessi ty o f leptin fo r human o r ganog enesis and the
deve lopm ent of t herapeutics t ar g etin g disorders arising
fro m ab no rma l lept in sig na ling. Ap ar t f rom their in-
dependent role in modu lat ing feta l deve lopm ent, GCs
and leptin frequently interact wit h e ach ot her to effi-
cien tly regula te or ganog enesis. ( Bern stein et al. 1983 ;
De Groef et al . 2013 ; Sac hs and B uchho lz 2019 ). For
example, de crease in lept in lev els durin g dev e lopm ent
res ults in exces sive GC p rod uctio n, which c an c ause ir-
rev ersible damag e to ne onata l or gan s ( Teg ethoff et al.
2009 ; Rog-Zie lins ka et a l. 2013 ; Ma laeb an d Ston est re et
2014 ). Im portan tly, it is not clearly known whether the
ph en otyp ic effects o f ab no rma l lept in or GC sig na ling
durin g dev e lopm ent is due to one ho rmo ne alo ne o r
incl ude al tered amounts o f sig na ling by the oth er h or-
m on e as well. 

In this minire vie w, we summar ize our cur rent knowl-
edg e a bout th e m ech ani sms of GC–leptin counterreg-
u lat ion and the potent ia l ne cessi ty o f suc h int eraction
f or ma intena nce of adult metabolic homeosta si s and
fo r no rmal develop ment in verteb rates. We wi l l f urt her
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i scu ss how in terpreta tions of the indiv idu al develop-
enta l effe cts of GCs and lept in s h ou ld be exp ande d in

ight of the interactions between GCs and leptin. 

. GC-induced leptin upregulation and 

eptin-induced suppression of GC 

roduction 

Cs can elevate leptin levels directly by increasing the
 ranscript ion of lept in mRNA. GCs directly induce lep-
in p rod uctio n v i a a GC response e lem ent in th e pro-

oter regio n o f the human leptin gene ( De Vos et al.
998 ). GC-me diate d dire ct increase in leptin mRNA is
bserved in vitro in rat adipose tis s ue ( Mas uza ki et a l.
997 ). GC t reat m ent in cr eases leptin pr otein synthe-
is in vitro in adipose tis s ue fro m p regna nt a n d n on-
regnant mice and cu lture d human adip o cytes an d e l-
vates pla sm a leptin level s in vivo in hum a ns a nd rats
 Wab i tsc h et al . 1996 ; Masuzaki et al . 1997 ). GC action
n lept in re quires gl ucoco rtico id recepto r because (1)
iRNA-me diate d si lencing o f gl ucoco rtico id recepto r in
uman adip o cytes inhib i ted GC-ind uced leptin mRNA
nd p rotein p rod uctio n ( Rh odes an d Yamada 1995 ;
e al-Cer ro et al. 2001 ; Lee et al. 2014 ; Madison et al.
015 ), and (2) dexameth a sone (a GR a gonis t) increased

eptin mRNA levels in rat adip o cytes ( Murakami et al.
995 ; S lieker et al . 1996 ). How ev er, the effect of leptin on
C ind uctio n al so depend s on wh eth er su bj e cts a re f ed
r fast ed . GC/dexam ethason e-in duce d upregu lat ion of

ept in is on ly observe d wh en su bj e cts ar e appr opriately
 ed a n d n ot wh en th ey are fas ted ( Da g og o-Jack 1997 ;
a f errère et al. 1998 ). GCs possib l y sy nergize w ith in-
ulin (which is high only under fed co ndi tio ns) to ele-
ate pla sm a leptin level s ( La f errère et al. 2002 ). Increase
n ano rexigenic activi ty d ue to leptin p rod uctio n in a
as ted s tate is likely not fav ora ble for survival , whic h

ight be the reason why GCs induce leptin production
nly under a fed stat e . Leptin leve ls in crease only wh en
l ucoco rtico id levels are elevated as a result of the s tres s
esponse (e.g., low tem pera ture, carbon dio xide); ho w-
 ver, in s o me studies, p rolo n g e d chronic st ress does not
au se ch an g e in gl ucoco rtico ids, possib l y due to habit-
atio n o f the HPA axis a nd ma intena n ce of h om eosta-
is, an d h en ce does not result in increased leptin levels
 Ga ma ro et a l. 2008 ; Na ka hara et a l. 2010 ; Mace do et a l.
012 ; De Oliveira et al. 2014 ; Koelsch et al. 2016 ). 

Lept in re d uces GC p rod uctio n directly by su pp ress-
ng s e veral co mpo nents o f the HPA axi s. Ba sal and
 tres s-ind uced HPA activi ty is induced by the activ it y
 f CRF recepto r typ e 1 (CRF 1 R). L eptin infusio n su p-
res ses s tres s-ind uced u p regu lat io n o f CRF 1 R in the
 aravent ricu lar nucleus (PVN) of rats subj e cte d to 1-
our t readmi l l runnin g ( Huan g et al . 2006 ; St en g e l an d
achã 2014 ). Thus, leptin shuts dow n HPA activ it y ini-
 ia l ly by re d ucing CRF 1 R exp ressio n in t he hypot hala-
 us. In terest ingly, lept in has comp letel y o p posite effect
 n CRF recepto r type 2 (CRF 2 R). High leptin infusio n

n mice brain increases expression of CRF 2 R in the ven-
 rome dia l nucleus of the hypoth alamu s (VMN; Makino
t al. 1998 ; Huang et al. 2006 ). CRF 2 R can induce
 norexia a nd the exp ressio n o f CRF 2 R is low in obese,
o o d-depriv ed, and dia betic rats (w ith low pl a sm a lep-
in levels or impaired leptin sign aling; Rich ard et al.
996 ; Timof eeva a nd Richa rd 1997 ). Thus, leptin’s CRF-
e diate d anore ct ic act iv it y inv olv es the u p regu lat ion

f CRF 2 R in the VMN. Although there are conflict-
ng repo rts o n lept in’s effe ct on dire ct CRF p rod uctio n
rom the PVN, the different ia l regu lat io n o f CRF re-
ept or s explains leptin’s role in regu lat in g hun g er and
PA activ it y ( Fig . 1 ; Costa et al. 1997 ; Heiman et al.

997 ; Raber et al. 1997 ; Huang et al. 1998 , 2006 ; Inui
999 ; Yamagata et a l. 2013 ). Lept in can de crease st ress-
nduced pla sm a ACTH level s but there h a s been no ev-
dence of direct actio n o f leptin o n p i tui tary ACTH in
 amm al s, altho ugh lep tin and lep tin recep t or s are ex-

ressed in ACTH-producing cells in the anterior pitu-
tary ( Trottier et al . 1998 ; Oat es et al. 2000 ; Lloyd et al.
001 ; Howe and Gertler 2002 ; Yuen et al. 2004 ). In the
drena l gland, lept in downregu lates m e lan o cortin typ e
 receptor (MC2R) mRNA expression in the zona fas-
icu lata. MC2R binds spe cifica l ly to ACTH to induce
C synth esis, an d MC2R inhi b i tio n impedes GC p ro-
 uctio n ( Go r r igan et a l. 2011 ; Su et a l. 2012 ). Leptin re-
u lte d in a dose-dependent decrease in ACTH-induced
o rtisol p rod uctio n in vitro in human adrenocort ica l
ell s ( G la sow et al. 1998 ). L eptin kno ckout mice were re-
ort ed t o have 85% high er GC leve l s th an ba sal, and lep-
 in inj e ct ion into th ese kn ockou ts red uced GC levels by
0% ( Davis et al. 2015 ). Leptin f urt her reduces adrenal
C synthesis by reducing expression of the steroid pre-

ur sor c holest erol transport er (StAR) and st eroid syn-
h esizing enzym es 21-hydroxylase ( cyp21a2 ) an d side-
 hain c leavage enzyme (P450SC C) in c u lture d bovine
drenocort ica l cel l s ( Kru se et a l. 1998 ). Lept in does not
ave a local au tocrine o r paracrine action on adrenal
land s a s hum an adren al gland s do no t express lep tin
RNA but possib l y expr ess leptin r eceptor mRNA be-

au se adren al glan d ce lls obtain e d from lept in re ceptor
n ockout (d b/d b) mice do n ot s h ow inhi b i to ry actio n
f leptin ( Pralong et al. 1998 ; G la sow et al. 1998 ). 

. GC–leptin counterregulation during 

ood intake and energy expenditure 

Cs and leptin each regulate fo o d intak e a n d en ergy
 a lan ce m ostly in o p p osing ways. With resp ect to fo o d

ntake , acut e s tres s (within hours) s uppres ses appetite
hroug h ac t ivat io n o f th e an orexigenic CRF 2 R in th e
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Fig. 2 Counterregulatory interaction between GCs and leptin in 
regulating lipid metabolism. Solid black lines: stimulatory effect; 
dashed black lines: inhibitory effect. 
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VMN but high levels of GCs as a result of prolon g ed
chr onic str ess have been s h own to induce hyperpha-
gia (by increasing activ it y of orexigenic neurons AGRP
and NPY), consequently increasing b o dy weight and
th e suscepti b ili ty to obesi ty ( Fig. 1 ; Da l lman et a l.
2006 ; Somins ky an d Spen cer 2014 ). Leptin i s prim arily
known to su pp ress appeti t e and t erminat e GC-induced
hyperphag ia in thre e ways: (1) by increasing act iv it y of
anorexigenic CRF 2 R, and POMC and CART neurons;
(2) by decreasing activ it y of orexigenic AGRP and NPY
neurons in the hypoth alamu s; and (3) by su pp ressing
HPA axis activ it y ther eby r educing f urt her GC p rod uc-
t ion ( Fig. 1 ; Ma kino et a l. 1998 ; Huang et a l. 2006 ; Perry
et al . 2019 ). Hence , the GC-induce d dire ct upregu la-
tio n o f th e an orexigenic h orm on e leptin is a potent ia l
mech ani sm to counterb a lan ce GC-in duced hyperpha-
g ia. Simi larly, re duct ion in fo o d intak e a nd depletion
of fat reserved results in a fall in leptin levels, which
f urt her a l lows GC levels to increa se. Ri se in GC lev-
e ls would th en st imu late appet ite an d in crease in lep-
t in levels post fe e ding, ensuring efficient h orm onal, an d
en ergy h om eosta si s. 

Besides n egative ly regu lat ing appet it e , leptin and
GCs also coun terregula te lipo l ysis and lipogenesis,
which eventua l ly modu lates en ergy expen diture an d
indire ctly cont rols e ach ot her’s pla sm a level s. During
acute s tres s, GCs in crease available en ergy by e levating
pla sm a glucos e le vels by st imu lat in g gly cog en and pro-
tein catabolism in the liver and muscle and by lipo l ysis
in adip o cytes, how ev er, durin g chronic s tres s GCs de-
crease lipo l ysis ( Rebuffé-Scri ve et al . 1992 ; Pant oja et al .
2008 ; Xu et al. 2009 ; C ampb el l et a l. 2011 ; St imson et al.
2017 ). In viv o an d in vitro experim ents s h ow that GCs
increase lipo l ysis when t reate d for 24–48 h at leve ls n or-
ma l ly found in the pla sm a ( Re buffé-Scrive et al. 1992 ;
D jurhuus et a l. 2002 ; C ampb el l et a l. 2011 ; St imson et a l.
2017 ; Mir et al. 2021 ). How ev er, GCs can decrease lipol-
ysis when t reate d at st ress-induce d levels and when the
t reat ment t ime exce e ds 48 h ( Fig. 2 ; Fa in a nd Saper st ein
1970 ; Sl av in et al. 1994 ; Xu et al. 2009 ; C ampb ell et
al. 2011 ). In addi tio n, GCs b o os t ins ulin-depen dent d e
nov o lipogen esis (th e p rocess o f li p id synthesis fro m
no nli p id s ubs trates s uch as glucose) in liver an d in crease
activ it y of lipo pro tein lipase in adip o cytes. Lip o pro tein
li pase p ro motes li pogenesi s by relea sing fatty acid s from
tr iglycer ides circu lat ing in the blo o d , whic h are obtain-
able fo r u ptake and sto rage in adip o cytes thereby en-
lar gin g adipose tis s ue deposits ( Fig . 2 ; Di a ma nt a nd
Sha frir 1975 ; Berda nier 1989 ; Frie d et a l. 1993 ; O ttosson
et al. 1994 ; Wang et al. 2004 ; Cai et al. 2009 ; Lee et
al. 2011 ). Thus, p rolo n g ed GC exposur e incr eases fo o d
intake which co mb ined wi th red uced li po l ysis and in-
crea sed lipogenesi s creates an overa l l posit iv e ener gy
b a lance which co ntribu t es t o GC-mediat ed weight gain
an d obesity. Th e overa l l higher posit iv e ener gy b a lance
in terms of higher adipose tis s ue con ten t poten t ia l ly fa-
ci litates lept in p rod uctio n which then su pp resses ap-
petite and s uppres ses GC production. By faci litat ing
lipo l ysis and reducing lip ogenesis, leptin p ossib l y an-
t agonizes t he anabolic actions of GCs on lipid s, there by
demonst rat ing addit iona l negat ive fe e db ack betwe en
GCs and lept in. Base d o n p ieces o f evidence fr om i n
vitro studies, leptin u p regulates li po l ysis and downreg-
ulates d e nov o lipogen esis in whi te adi p o cytes by ele-
vating th e yie ld of tr iglycer ides, restr icting bas al and
ins ulin-s tim ula ted d e nov o lipogen esis, an d by acce ler-
a ting oxida tio n o f gl ucose and free fatty acids ( Fig. 2 ;
Ba i et al. 1996 ; Wa ng et a l. 1999 ; Ce ddia and Curi 2002 ;
Har r is 2014 ; Koltes et a l. 2017 ). Resu l ts fro m in vivo
inj e ct io n o f leptin in r odents r einfor ce that leptin in-
fluences adi pose tis s ue m etabolism by e levating lipol-
ysi s, and by decrea sing the activ it y of lipo pro tein lipase
an d lipogen esis ( Sarmient o et al . 1997 ; Zhou et al . 1999 ;
Sou kas et a l. 2000 ). Lept in-induce d fat re duct ion may
also be accomplis h ed by apo p tosis in white adipose tis-
sue as su bcutan eo us lep tin trea tmen t to o b 

−/o b 

− mice
was reported to st imu late apo p tosis in different fat de-
pots ( Qian et a l. 1998 ; Del la-Fera et a l. 2003 ; Gu l licksen
et a l. 2003 ; Del la-Fera et a l . 2005 ; Hamric k et al . 2006 ).
In sum, increased lipo l ysis and re duce d lipogenesis by
lept in resu lt in a fa l l in li p id leve ls, which th en reduces
leptin p rod uctio n, resto res appeti t e , an d n ormalizes GC
p rod uctio n. 

4. GC–leptin counterregulation during 

life-history transitions 

The coun terregula to ry actio n o f GCs and leptin exists
durin g dev e lopm ent but occurs mainly in the context of
the sur g e in h orm on e leve ls. Feta l lept in an d GC leve ls
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ise and reach peak levels immediately before birth
n m amm al s and drop at p arturit ion ( C ampb e ll an d

urphy 1977 ; Jaquet et al. 1998 ; Yura et a l. 1998 ; Cet in
t al. 2000 ; L ep ercq et al . 2001 ; Mast orak os a nd Ilias
003 ; Bolten et al. 2011 ; Rog-Zie lins ka et al. 2013 ). High

evels of mat ernal progest erone act as the main source
f high fet al GC levels. Mater nal pr ogester one ent er s the
eta l circu lat ion and is convert ed int o GCs by steroido-
enic enzymes in fetal adrenal glands (only 10–20%
f m atern a l GCs enter feta l circu lat ion; Branchaud et
 l. 1986 ; Ing ram et a l. 1999 ; Is him oto an d Jaffe 2011 ;
agn er an d Quadros-Menn e lla 2017 ). High GC levels

h en like ly act to pus h leptin to re ach pe ak level s a s cor-
isol a nd dexa meth a sone infu sion increa ses pla sm a lep-
in levels in fetal s h eep ( For h ead et al. 2002 ). In turn,
his sur g e in leptin lev e ls like ly acts to su pp ress GC
evel s a s in ad ul ts t o ac hie ve a ne w ho rmo nal ho me-
sta si s during thi s deve lopm ental win dow. Th er e ar e
w o key function s o f such high ti ter o f ho rmo nes d ur-
n g dev e lopm ent. First, both leptin and GC sur g e are
rit ica l for the ma tura tion of s e v eral or gan s, espe cia l ly
 rain, l ungs, an d h eart. Secon d, th e leptin sur g e sup-
resses the HPA axis enough to prevent s tres s-induced
levatio n o f GCs beyo n d leve ls considered n o rmal fo r
he sur g e. Lept in-me diate d su pp ressio n o f the HPA axis
 a s an influent ia l r ole in pr ote ct ing ne onata l or gan s

rom t he har mf u l effe cts of ex cessiv e GCs by main-
aining a p erio d o f red uced adrenoco rtical respo nse to
 tres s called the s tres s-hypores pon siv e period (SHRP;
apols ky an d Mean ey 1986 ; Yi and Baram 1994 ; Dent
t al. 1999 ; Gunnar and Donzella 2002 ; Heinrichs et al.
002 ; Til brook an d Clar ke 2006 ; Schmidt et al. 2009 ;
elena et a l. 2011 ; Ra lph and Tilbrook 2016 ). SHRP

 s ch aracter ized by st able circu lat in g lev e ls of GC an d
he inab ili ty o f th e adren ocort ica l cel ls to p rod uce ad-
i tio nal GCs in response to certain mild to moderate
 tres sor s, whic h have been s h ow n to stimul ate p ro found
CTH and GC response in adults ( Damato 1992 ; Ciru l li

t al. 1994 ; Levine 1994 ; Schmidt et al. 2002 , 2003 ). In-
erestingly, S HRP co n tin ues beyo nd parturi tio n postna-
a l ly when leptin levels start rising at the beginning of
actat ion in ne onat es reac hin g peak lev e ls aroun d mid-
actation and reduces to non pregnan t levels at wean-
ng ( Ahima et al . 1998 ; Johnst one et al . 2000 ; S latt ery
 nd Neuma nn 2008 ). How ev er, GC lev e ls drop be low
o np regn ant level s fol lowing p arturit ion, ma inta in low
 asa l leve ls, an d do not start to rise to no np regnant lev-
ls unt i l a round wea ning when leptin levels start drop-
ing ( Voogt et al. 1969 ; Con cann on et al . 1978 ; Sc hmidt
t a l. 2003 ; Maest ri p ieri et al. 2008 ; Jos efs on an d Ski bie l
021 ). The reason why leptin levels remain high dur-
ng both prenatal and p ostnatal SHRP p erio ds, but GC
evels are low during post nata l SHRP is not known
learly but could invo l ve oth er m etabolic an d n euroen-
ocrine fact or s. Post nata l SHRP is not the result of
han g es in the HPA axis as the cause of SHRP could
ot be explained by reduced ACTH secr etion, impair ed
ig na ling through MC2R, re duce d act ivat ion of GC-
e cret ing adrenocort ica l cel ls, or c holest erol unavail-
b ili ty ( Proulx et al. 2001 ; Salzmann et al. 2004 ; Walker
t a l. 2004 ; Ma lendowicz et a l. 2007 ). How ev er, SHRP
as co nco mi tant wi th the dow nregul atio n o f stero ido-
enic acute regulato ry p rotein (StAR), 21-hydroxylase
 cyp21a2 ), an d periph eral-t ype benzodi azepine recep-
 or (PBR; whic h transports c holest er ol acr oss the outer

it oc h on drial m embran e; Wa l ker et a l. 2004 ). As men-
 ione d in the se ct io n “GC-ind uce d lept in u p regu lat ion
n d leptin-in d uced su pp ressio n o f GC p rod uctio nGC-
nduce d lept in u p regu lat ion and lept in-induce d sup-
 ressio n o f GC p rod uctio n,” leptin h a s been s h own
o dow nregul ate steroidogenic enzymes in the adrenal
land in ad ul ts. Hence, i t is likely that lept in-induce d
ow nregul atio n o f stero idogenic enzym es in n e onata l
dren al gland s co ntribu t es t o SHRP. The sur g es in lep-
in and GCs are con tem pora neous, a nd addi tio nal lep-
in does not decrease base lin e GC leve ls d uring p rena-
a l and post nata l p erio ds but do es act t o mitigat e s tres s-
n duced in creases in GC a bov e th e n ormal deve lopm en-
al sur g e lev el ( Sa lzmann et a l. 2004 ). 

So me exceptio ns where SHRP can be disrupted in-
lude exposure to extreme s tres sors in t he e arly post-
at al per iod , suc h as low tem pera ture, et her f umes, or
 rolo n g ed m atern al sepa ration ( > 12 h), a n d in crease

n gl ucoco rtico id p rod uctio n d uring S HRP ( Viveros et
l. 2010 ). Materna l sep arat io n o f post nata l rodents for
2–24 h causes a drop in leptin levels and removes lep-
 in’s in hib i to ry effect o n GC p rod uctio n leading to a
h arp ri se in GC an d aldosteron e ( Salzmann et al. 2004 ;
iveros et al. 2010 ). Materna l sep arat io n o f rat pu ps in
ost nata l day (PND) 10 increased protein exp ressio n o f
 l l steroidogenic enzymes in the adrenal glands (StAR,
 BR, 3 β-hydroxys teroid dehy drog en a se, P450C11B1,
n d P450C11B2) beyon d th e maximum val ue o f abou t
–4 g/d l (generate d by the maj o ri ty o f mild to mod-
rate s tres sors), t hus over r iding adr enal hypor espon-
iv it y ( Shanks et al. 1999 ; Vázquez and Levine 2005 ).
hu s, leptin termin ates ACTH-st imu late d or s tres s-

nd uced p rod uctio n o f GCs, by a rap id red uctio n in
xp ressio n o f StAR an d PB R proteins in th e n eona-
a l/post nata l adrena l gland. As ne onata l/post nata l lep-
in levels are modu late d mostly by m atern al diet, re-
 uctio n in neonatal leptin levels followed by mater-
a l sep arat ion is mostly due to lack of fe e ding. Lack
f fe e din g durin g m atern a l sep arat io n disru pts s e veral
etabolic sig na ls, includin g in sulin an d ghre lin lev-

ls, exp ressio n o f AGRP, POM C, CART, a n d NPY n eu-
ons, and in s e vera l instances a lso modu late BDNF ex-
 ressio n that can affe ct lept in p rod uctio n directly and
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indirectly ( Schmidt et al. 2006 ; Wang et al. 2020 ).
Restor ing t act i le st imu lat ion in addition to fe e ding the
pu ps d ur ing t he sep arat ion p erio d p revents most o f the
periph eral an d cent ra l conse quences of m atern a l sep a-
ration ( Van Oers et al . 1998 ; Sc hmidt et al. 2006 ). Nor-
ma lizing lept in lev els durin g m atern a l sep arat ion fai le d
t o rest o re no rm al GC level s otherwi se increa sed due
t o mat erna l sep arat io n bu t red uced ACTH-ind uced GC
se cret ion, a nd StAR a nd PBR protein expression during
m atern a l sep arat ion ( Sa lzmann et a l. 2004 ). These ob-
servation s sugg est that a ltere d metabolic sig na ling dur-
ing m atern a l sep arat ion resu lts in a sharp fa l l in lep-
tin level , whic h p artly cont ribut es t o increas ed le vels of
GCs. 

5. Implications of leptin–GC crosstalk on 

brain development 
Between GCs and leptin, GCs have more establis h ed
roles in brain deve lopm ent as evidenced from stud-
ies u sing rodents, prim ates, and hum a ns. GCs a re nec-
essa ry f or s e vera l crit ica l steps in b rain develop ment,
such as mye lination, n eurogen esis, gliogen esis, ce ll pro-
lif eration, a nd different iat ion ( C hamp ag ne et a l. 2009 ;
Moi siadi s an d Matth e ws 2014 ). Howe ver, high s tres s-
re lated leve ls are de let erious t o b rain develop ment,
wher e pr enata l st r ess befor e the onset of SHRP resu lte d
in a significant red uctio n in n eurogen esis in r h esus
monk eys a nd rodents and a significant red uctio n in
b rain cell p roliferatio n in rodents ( C hari l et a l. 2010 ;
Davis et al. 2013 ). In the ad ul t human brain, leptin re-
cepto r is exp ressed in the co rtex, amygd al a, hipp o cam-
pu s, and th alamu s, wit h t h e high es t expres sion levels
in the arcuate nucleus (ARC) and the PVN ( Couce et
al . 1997 ; Meist er 2000 ). Gray matter density increases
in regions associ ated w i th emotio n, awa reness, a nd
mot ivat ion, such as the an terior cingula te gyrus, infe-
r ior par iet al lobule, and the cerebellum when leptin-
deficien t h uma ns a re su pplemented wi th leptin d ur-
ing ad ul tho o d ( Mato chi k et a l. 2005 ). At birth, lept in
knock out a nd lept in re cept or knoc kout mice have aber-
rant levels of g rowth-associate d proteins and synaptic
prot eins, ext ensive neurotransmitt er-relat ed ab no rmal-
i ties, bl un ted myelina tio n, and red uced b rain weight,
cort ica l volum e, n euronal size, brain DNA con ten t, and
b rain p rotein co n ten t ( Ahima et al. 1999 ). Most of
t hese aber rat ions in lept in knockou t mice were co r-
re cte d when lept in t reat ment was init iate d at 4 weeks
an d n ot 9 wee ks af ter birt h, t h us indica ting tha t t he per i-
natal influence o f leptin o n b rain develop ment is age-
dependent ( Steppa n a nd S wick 1999 ). Ho w ev er, lack of
lept in resu lte d in an unpre ce dente d rise in GC levels
and p rolo n g ed ov er exposur e t o GCs (up t o 9 weeks)
possib l y causing extreme damage to the ne onata l brain
that cannot be re vers ed by subsequent leptin supple-
men ta tion ( Bouret and Simerly 2004 ; Lu 2007 ; Delahaye
et al. 2008 ; Lewis et al . 2019 ; St einbrekera et al . 2019 ).
How ev er, since leptin can strongly influence GC lev-
els during deve lopm ent, it is n ot clear if re duce d lep-
tin or increased GCs were responsible for the a ltere d
brain ph en otype in th e leptin-deficient mice m ention ed
a bov e. 

In depen dent of GC–leptin regulation of each other’s
pla sm a level s, GC and leptin may interact at periph-
eral levels in brain cells containing recept or s for both
h orm on es. In viv o an d in vitro studies in mice re-
porte d in hibit ion of leptin-dependent IL-1 β expres-
sion in the hypoth alamu s by dexameth a sone, possi-
b l y through modu lat ion of lept in re cepto r exp ressio n
( Smith an d Wadde l l 2002 ; Hosoi et a l. 2003 ). IL-1 β

f unctions t hr ough IL-1 r eceptor a nd IL -1 receptor sig-
naling does not mediate the p hysio log ica l effe cts of
b asa l lept in sig na lin g on ener gy b a lance. How ev er,
when leptin is administered at p harmaco log ica l levels,
IL-1 receptor signaling is r equir ed for leptin-induced
a norexia a nd weight loss ( Wisse et al. 2007 ). Future in-
vest igat ions s h ou ld focus on cent ra l as wel l as periphera l
effects of GC–leptin interactio ns o n fetal brain develop-
men t beca use the exten t t o whic h a n effe ct att ribute d to
on e h orm on e is actua l ly d ue to i ts role in al ter ing t he sig-
naling of the other ho rmo ne is not well under st o o d. For
exam ple, neona tal roden t m ode ls studying th e effect of
GC over exposur e o n b rain develop ment should incl ude
a co mb inatio n o f GC over exposur e and lep tin sup ple-
men ta tion to observe if leptin can over r ide t h e n egative
effects of GCs on ph en otypic an d be havio ral ou tco mes.

6. Implications of leptin–GC crosstalk on 

developmental programming 

A lar g e b o dy of r esear ch s h ows t hat t he r isk of de-
v elopin g di sea ses in later life is contin g ent u po n early
life co ndi tio ns ( Gl uc kman et al . 2008 ; Vai serm an 2011 ;
Hayward a et al. 2016 ; Macc ari et a l. 2017 ; Aceve do
et a l. 2021 ). E x cessiv e GCs (from m atern a l st ress
and/or ex og enous replacements) during the prenatal
a nd ea rly post nata l period are clearly lin ke d to debi l-
it ating met abolic ou tco mes in ad ul ts, s uch as o besity,
hyper gly cemia, in s ulin resis tance, leptin resis ta nce, a nd
diabetes m e l litus ( Gri lo et al . 2021 ; Monica S hih et al.
2021 ; S heng et al . 2021 ). GCs significantly g ov ern de-
ve lopm enta l prog ramming of t he fet al brain as s tres s-
in duced n eur ological disor ders d uring p regnancy such
as a nxiety a nd dep ressio n and expos ure to s tres sful
events such as a natural dis aster, incre ase t he suscep-
t ibi lity of the infant/c hild t o dev elopin g emot iona l, be-
haviora l, and cog nit iv e a bnorma lit ies in adu ltho o d ( Ilg
et al. 2018 ). With respect to leptin and developmental
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rogramming, s e vera l anima l m ode l s h ave demon-
t rate d that leptin antago nism o r over exposur e in
a rly lif e led to increa sed su scept ibi lit y to obesit y and
 etabolic an d deve lopm ental disorders in adultho o d

 Kirk et al. 2009 ; Granado et al . 2012 ; Vic ker s and
lob o da 2012 ). L eptin-kno ck out mice a nd pregna n t ra ts
ith low leptin levels due to prenatal undernu tri tio n
emonst rate d lept in resist ance, hyper insulin emia, an d
ypertr iglycer idemia in ad ul tho o d ( Krechowec et al.
006 ). Administ rat io n o f leptin re vers es a l l th ese ph e-
otypes in leptin-knockout mice ( Ch e hab et al. 1996 ;
teppa n a nd Sw ick 1999 ; Hu ang et al . 2008 ; Da S ilva et
l . 2017 ). Growth rat e , b o dy comp osi tio n, and o rgano-
 enesis w ere a mended f ollowing neonatal leptin supple-
en ta t ion to fema le rats from ma ln ouris h ed m oth ers

 Vic ker s et al . 2005 ; Attig et al. 2008 ). Leptin knock-
ut mice also demonst rate d re duce d locomotor act iv-

ty, and lept in re cept or knoc kout mice displayed neu-
obe havioral an oma lies simi lar to dep ressio n, anxiety,
n d psych osi s ( Sh arm a et al. 2010 ). Lept in re ceptor
nockout mice had elevated levels of immune and

nflammation-rel ated compounds in the hipp o campus
o nco mi tant wi th schizophrenia, au t ism-spe ct rum dis-
 rders, and b i polar diso rder. Leptin su pplemen ta tion a t
h arm acolog ica l doses dur ing t he first ten days of lacta-
ion in mice resulted in increase in a nxiety-lik e behavior
n ad ul ts ( Fraga-Marques et a l. 2009 ). Be c ause pl asma
evels of GCs and leptin are tightly cont rol le d by each
ther, studies on the development of adult metabolic
iso rders d ue to m atern a l st ress or g r owth r est rict ion
 h ould be con ducted both in light of leptin deficiency
nd gl ucoco rtico id over exposur e. Perhaps leptin sup-
lemen ta tion can override the harmful effects of GC
ver exposur e o r p renata l st ress on the develop ment o f
d ul t metabolic disorders. 

. Conclusion and future studies 

n this re vie w, w e hav e summarize d me chanisms of
C–lept in interact ions an d th e possi ble effects th ose in-

eractio ns o n develop ment. GCs and leptin are neces-
ary to regulate appetite and energy expendi ture, bu t
hr onic str ess-in duced GC leve ls ca n dera il metabolic
 om eosta si s. To m a inta in metabolic h om eosta si s, GCs
 p regu late lept in p rod uctio n that can su pp ress GC p ro-
 uctio n directly. Each h orm on e also antagonizes each
th er’s m eta bolic action s. This coun terregula tion be-
we en lept in and GCs to regulate metabolism is con-
erv ed across v ert ebrat es. We h ave al so s ugges ted the
mpo rtance o f GC–leptin interdepen den ce during fe-
al deve lopm en t. Adequa te levels of leptin and GC are
 equir ed fo r no rmal develop ment o f fetal o r gan s, es-
e cia l ly the brain. How ev er, ex cessiv e GC lev els from
 atern a l st ress and/or ex og enous t reat men ts nega ti vel y
mpact or ganog enesi s cau sing s e vera l neurolog ica l, be-
avioral, an d m etab olic disorders. L eptin plays a cru-
ial role in ma inta ining ap pro priate GC levels by reg-
 lat ing a p erio d of s tres s hypores pon siv eness (SHRP)
ur ing which t h e adrenal glan d is in sen sitiv e to most
 tres so rs. Wi thdrawal/red uctio n o f th e leptin leve ls dur-
n g dev e lopm ent due to m atern a l sep arat io n o r ma-
er nal under nutr i tio n may co ntribu t e t o loss of SHRP
nd thus exposure of fetal or gan s to ex cessiv e GCs. In
ivo studies tracking the long-term effects of mater-
al GC excess on th e deve lopm ent of adult disorders
id not fu l ly account for the possible effects of altered

eptin levels. Future studies s h ould in clude th e impact
f leptin sufficien cy/deficien cy wh en invest igat ing the
ech ani stic ba si s of GC excess on brain deve lopm ent

nd on the programming of adult di sea ses. Similarly,
nvest igat ions focuse d on un derstan ding leptin’s role
n organ ma tura tion an d deve lopm enta l prog ramming
 h o uld acco unt f or GC excess a n d deficien cy. Th e n eg-
t ive fe e db ack lo op b etwe en GCs and lept in h a s mostly
e en studie d with respe ct to appet ite regu lat ions and
 etabolic h om eosta si s. Fut ure st udies s h ould focus on

n derstan ding th e role of lep tin–GC co un terregula tion
n growth, rep rod uctio n, and immune function. 
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