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Abstract Adapting to stress, including cold environ-
mental temperature (eT), is crucial for the survival of
mammals, especially small rodents. Long-lived mutant
mice have enhanced stress resistance against oxidative
and non-oxidative challenges. However, much less is
known about the response of those long-lived mice
to cold stress. Growth hormone receptor knockout
(GHR-KO) mice are long-lived with reduced growth
hormone signaling. We wanted to test whether GHR-
KO mice have enhanced resistance to cold stress. To
examine the response of GHR-KO mice to cold eT,
GHR-KO mice were housed at mild cold eT (16 °C)
immediately following weaning. Longevity results
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showed that female GHR-KO and wild-type (WT)
mice retained similar lifespan, while both male GHR-
KO and WT mice had shortened lifespan compared to
the mice housed at 23 °C eT. Female GHR-KO and
WT mice housed at 16 °C had upregulated fibroblast
growth factor 21 (FGF21), enhanced energy metabo-
lism, reduced plasma triglycerides, and increased
mRNA expression of some xenobiotic enzymes com-
pared to females housed at 23 °C and male GHR-
KO and WT mice housed under the same condition.
In contrast, male GHR-KO and WT mice housed at
16 °C showed deleterious effects in parameters which
might be associated with their shortened longevity
compared to male GHR-KO and WT mice housed at
23 °C. Together, this study suggests that in response to
mild cold stress, sex plays a pivotal role in the regula-
tion of longevity, and female GHR-KO and WT mice
are more resistant to this challenge than the males.

Keywords GHR-KO mice - Longevity - Cold
stress - FGF21 - Energy metabolism

Introduction

Genetic extension of longevity in laboratory mice is
associated with enhanced stress resistance, includ-
ing both cellular and whole-animal responses to a
variety of oxidative and non-oxidative challenges
[1]. Growth hormone receptor knockout (GHR-KO)
mice are long-lived with reduced growth hormone
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signaling [2, 3]. In vitro experiments with dermal
fibroblasts isolated from GHR-KO mice showed that
they have enhanced resistance to multiple forms of
stress, including paraquat-induced oxidative stress,
hydrogen peroxide, and ultraviolet light, compared
to cells isolated from control wild-type (WT) mice
[4]. However, it was reported by others that in vivo
response of GHR-KO mice to paraquat challenge was
sexually dimorphic, with WT males surviving longer
than male GHR-KO mice and mean survival of
GHR-KO females not differing from that of WT mice
[5]. Moreover, the available reports indicate that the
female long-lived mutant mice have enhanced oxida-
tive stress resistance compared to the males [1].

There is little information about the response of
these long-lived growth-hormone (GH)-resistant mice
to the stress from alterations of ambient environmen-
tal temperature (eT). Our previous study showed that
the longevity of female GHR-KO mice housed at
thermoneutral eT (30 °C) was extended compared to
male GHR-KO mice housed at the same condition [6].
While the longevity of male and female WT mice did
not differ from those of the control littermates housed
at 23 °C (unpublished data). The response of GHR-KO
mice to cold stress remains to be elucidated. Adapting
to cold stress is crucial for the survival of mammals,
especially small rodents [7]; thus, we set up experi-
ments to examine whether GHR-KO mice could be
more resistant to cold stress than WT mice at eT 16 °C.
To study the impact of GH signaling on responses to
life-long cold stress, GHR-KO and WT mice were
housed in mild cold eT (16 °C) starting immediately
after weaning. This avoided combining the impact on
the pups and the impact on the dam (such as altered
milk production or maternal behavior). The results
showed a sexually dimorphic response to mild cold
stress associated with upregulated fibroblast growth
factor 21 (FGF21), enhanced energy metabolism,
reduced plasma triglycerides, and increased mRNA
expression of some xenobiotic enzymes that may con-
fer beneficial effects on longevity in female mice.

Methods
Mice maintenance and longevity study

All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee of
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Mice were group-housed (five animals per cage)
under temperature and light-controlled conditions
(23 °C/16 °C+1 °C, 12-h light/dark cycles) with
ad libitum access to food (Chow 5001 with 23.4%
protein, 5% fat, and 5.8% crude fiber; LabDiet PMI
Feeds) and water.

Our breeding colony was developed by crossing
male GHR-KO mice with 129 Ola/BALB/c back-
ground generated in Dr. John J. Kopchick’s laboratory
[2] with female WT mice derived from the crossing
of C57BL/6 and C3H strains and thereafter breeding
of the resulting animals in a closed colony without
brother X sister mating. Thus, the animals have a het-
erogeneous genetic background.

Immediately postweaning (3 weeks of age), mice
were group-housed according to sex and genotype (five
animals/cage) and randomly assigned to either 23 °C
or 16 °C eT. For the longevity study, animals remained
at 23 °C or 16 °C eT until natural end of life. Animals
that appeared near death were euthanized, and the date
of euthanasia was considered the date of death. A sepa-
rate cohort of group-housed mice was sacrificed after
exposure to 23 °C or 16 °C eT for 8 months and used
for tissue and plasma collection.

Core body temperature (Tb) was measured by rec-
tal thermometry, as described by others [8], for mice
housed at 23 °C or 16 °C eT at age of 7 months.

Indirect calorimetry

Indirect calorimetry was performed as previously
described [9] using AccuScan Metabolic System
(AccuScan Instruments) at age of seven and a half
months. In this system, mice are housed individually in
metabolic chambers at 23 °C or 16 °C eT with ad libi-
tum access to food and water. After a 24-h acclimation
period, gas samples were collected and analyzed every
10 min per mouse and averaged each hour for measure-
ment of oxygen consumption (VO,), energy expendi-
ture (EE), and respiratory quotient (RQ).

Assessment of blood chemistry

Plasma was collected from isoflurane-anesthetized
animals by cardiac puncture at sacrifice. The blood
was mixed with EDTA, followed by centrifugation
at 10,000 g for 15 min at 4 °C for plasma collec-
tion. As per the manufacturer’s protocol, FGF21 was



GeroScience (2023) 45:1081-1093

1083

measured with a Mouse FGF21 ELISA Kit (BioVen-
dor R&D, Cat# RD291108200R), triglycerides (TG)
with Pointe Scientific Triglycerides Liquid Reagents
(Pointe Scientific, Cat# 23-666-410), a non-esterified
fatty acids (NEFA) test (Roche, Ref# 11 383 175
001), testosterone with a Mouse Testosterone ELISA
Kit (Crystal Chem, Cat# 80,552), corticosterone with
a Corticosterone ELISA Kit (Cayman chemical, Cat#
501,320), and adrenocorticotropic hormone (ACTH)
with a Adrenocorticotropic hormone Enzyme Immu-
noassay Kit (RayBiotech, Cat# EIA-ACTH).

RT-PCR

The mRNA expression was analyzed by quantitative
RT-PCR as previously described [9] using the Ste-
pOne Real-Time PCR System (Thermo Fisher Scien-
tific) and SYBR Green MasterMix (Applied Biosys-
tems). RNA was extracted using RNeasy mini kits or
RNeasy Lipid Tissue Mini Kits (Qiagen) following
the manufacturer’s instructions. Relative expression
was calculated as previously described [10].

Statistical analysis

Differences between two groups were assessed with
unpaired two-tailed Student’s ¢-tests. The significance
of area under the curve was analyzed using the two-
way ANOVA. A log-rank test followed by a Tukey
post-hoc analysis between animals at 23 °C and 16 °C
eT was used for the longevity study. Maximum lifes-
pan was estimated by calculating average longevity
of the oldest surviving 20% of animals in each group
and comparing them using conditional Student’s
t-tests between the group at 23 °C and the group at
16 °C. Significance was set at p <0.05. Data are pre-
sented as means=+SEM. All statistical analyses and
graphs were completed using Prism 9 (GraphPad Inc,
La Jolla, CA, USA).

Results
The longevity of GHR-KO and WT mice was
impacted in a sex-specific manner in response to

housing under mild cold stress (16 °C eT)

To examine whether a mild reduction of eT could
affect the longevity of GHR-KO and WT control

littermates, the animals were transferred to 16 °C
eT at 21 days of age (immediately postweaning).
The data showed that the overall longevity of female
GHR-KO and WT mice chronically housed at 16 °C
was similar to genotype-matched females housed
at 23 °C (Fig. la and b), despite some increased
early life mortality of female GHR-KO mice. In
contrast, the longevity of male GHR-KO (Fig. 1c)
and WT (Fig. 1d) mice chronically housed at 16 °C
was reduced compared to genotype-matched males
housed at 23 °C. The longevity of male GHR-KO and
WT mice chronically housed at 16 °C was shortened
by 16% (»p<0.0001) and 11% (p<0.01) (Table 1)
respectively, compared to 23 °C housing conditions.
The results indicate that in the examined range of eT,
female GHR-KO and WT mice were resistant to mild
cold stress compared to the males. As a result, the
longevity of female GHR-KO and WT mice housed
at 16 °C since weaning was similar to females housed
at 23 °C. Male GHR-KO and WT mice were sensitive
to mild cold stress, since their longevity was reduced
compared to males housed at 23 °C.

Female mice chronically housed at 16 °C had higher
levels of FGF21 and increased energy metabolism

To analyze parameters associated with the response
of GHR-KO and WT mice to mild cold eT, another
cohort was transferred to 16 °C immediately post-
weaning, and tissues and plasma were collected
after 8 months. FGF21 is a stress hormone that is
upregulated by cold exposure in mice [7], and a
growing number of publications indicate the regu-
lation of circulating FGF21 in response to cold in
humans [11-13]. FGF21 is also a potent longev-
ity factor that coordinates interactions between
energy metabolism and stress responses [14]. To
determine whether chronically housing at reduced
eT could affect FGF21, the hepatic mRNA expres-
sion and circulating plasma levels of FGF21 were
measured. The results showed that the induction of
FGF21 by mild cold stress was also sex-dependent.
After exposure to 16 °C for 8 months, the hepatic
mRNA expression (Fig. 2a) and plasma concentration
(Fig. 2b) of FGF21 were increased in both female
genotypes, particularly in WT mice. No differences
were observed in the males. It has been reported
that increased FGF21 levels improved mitochondrial
function by increasing the expression of peroxisome
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Fig. 1 The longevity of GHR-KO and WT mice had sexually
dimorphic response to mild cold stress at 16 °C eT. a Survival
plots for female GHR-KO mice at 16 °C eT (n=30) or 23 °C

eT (n=30). b Survival plots for female WT mice at 16 °C eT
(n=22) or 23 °C eT (n=35). ¢ Survival plots for male GHR-KO
mice at 16 °C eT (n=31) or 23 °C eT (n=35). d Survival plots

Table 1 The analysis of longevity for GHRKO and WT mice
at 16 ‘Cand 23 CeT

Mice Treatment n Median
Female WT 16 CeT 22 822+153
23CeT 35 812+198
Female GHRKO 16 CeT 30 945 + 167
23 CeT 30 972+134
Male WT 16 TeT 26 T81*%* +214
23 CeT 32 873+163
Male GHRKO 16 TeT 31 876 *** + 179
23 CeT 35 1044 +173

Data represented as mean+SEM. p values for lifespan were
calculated by a log-rank test followed by a Tukey post-hoc
analysis of groups at 16 °C and 23 ‘C €T

“p<0.01, ¥¥+%p <0.0001

proliferator-activated receptor-gamma  coactivator
(PGC)-1a [15-17], a major transcription factor that is
strongly induced by cold exposure and plays a cen-
tral role in the regulation of energy metabolism [18].

@ Springer
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for male WT mice at 16 °C eT (n=26) or 23 °C eT (n=32). The
mice were group-housed (five animals/cage) at 23 °C or 16 °C
eT immediately postweaning (3 weeks of age). For the longevity
study, animals remained at 23 °C or 16 °C eT until natural end
of life. p-values based on the log-rank test

Thus, the mRNA expression of PGC-1a and energy
metabolism was examined. The mRNA expression of
PGC-1a in interscapular brown adipose tissue (BAT)
was increased in female GHR-KO and WT mice
chronically housed at 16 °C (Fig. 2¢), which was con-
sistent with the increased hepatic and plasma levels
of FGF21. Cold exposure did not alter PGC-1a BAT
gene expression in males, which was also consistent
with their FGF21 levels.

Energy metabolic results showed that in both
sexes of GHR-KO and WT mice chronically housed
at 16 °C, oxygen consumption (VO,) (Fig. 2d-g),
energy expenditure (EE) (Fig. 2h-k), and res-
piratory quotient (RQ) (Fig. 2l-o0) significantly
increased compared to the mice housed at 23 °C.
Additionally, there were some differences in energy
metabolism between sexes. First, female WT mice
chronically housed at 16 °C were the only animals
to maintain a respiratory quotient diurnal rhythm
that was similar to female WT mice housed at
23 °C (Fig. 2I). Second, there was a difference in
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Fig.2 Female mice chronically housed at 16 °C eT had
increased levels of FGF21 and energy metabolism. Abbrevia-
tions: mWT, male WT mice; fWT, female WT mice; mKO,
male GHR-KO mice; fKO, female GHR-KO mice. a mRNA
levels of FGF21 in the liver. b Concentration of FGF21 in
plasma. ¢ mRNA levels of PGC-1a in interscapular BAT. Oxy-
gen consumption (VO,) in WT mice (d and e) or in GHR-KO
mice (f and g). Energy expenditure (EE) in WT mice (h and i)

energy metabolism between GHR-KO females and
GHR-KO males chronically housed at 16 °C. GHR-
KO females had enhanced VO, (Fig. 2f and g) and
EE (Fig. 2j and k), but similar RQ (Fig. 2n and o),
compared to male GHR-KO mice housed under
the same condition. The lower energy metabo-
lism in male GHR-KO mice chronically housed at
16 °C may have been associated with lower mRNA
expression of uncoupling protein 1 (UCP1), a key
regulator of thermogenesis [19, 20], in their inter-
scapular BAT (Fig. 2p). When chronically housed at
16 °C, the improved energy metabolism observed in
female WT and GHR-KO mice could be driven by

or in GHR-KO mice (j and k). Respiratory Quotient (RQ) in
WT mice (1 and m) or in GHR-KO mice (n and o). p mRNA
levels of UCPI in interscapular BAT. Data are means +SEM
(n=8-20). A two-way ANOVA was used to determine p-val-
ues for the categorial variables (G =genotype and T=eT) and
their interaction (G X T), which are shown for each bar graph.
*p<0.05, ¥**p<0.01, **¥p <0.001 based on a two-tailed Stu-
dent’s r-test

increased FGF21 and PGC-la. These adaptations
might provide some of the beneficial effects on the
females compared to the males.

Beneficial alterations in lipid metabolism induced
by housing GHR-KO and WT mice at reduced
temperature were greater in females

Serum triglycerides (TG) were reported to be lower
in transgenic mice overexpressing FGF21 [21].
Given that female GHR-KO and WT mice chroni-
cally housed at 16 °C had higher hepatic and plasma
FGF21 levels (Fig. 2a and b), TG in plasma were

@ Springer
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Fig. 2 (continued)

measured. The results revealed that plasma TG con-
centration was lower in female GHR-KO and WT
mice chronically housed at 16 °C compared to gen-
otype-matched females housed at 23 °C (Fig. 3a).
These findings are consistent with elevated levels
of FGF21 in females chronically housed at 16 °C
(Fig. 2a and b). FGF21 decreases plasma TG levels
via a dual mechanism that involves reducing plasma
non-esterified fatty acids (NEFA), while con-
comitantly increasing CD36 (facilitates fatty acid
uptake) and lipoprotein lipase (LPL) mediated-TG
disposal [22]. The examination of these potential
mechanisms showed no differences in plasma NEFA
from the mice housed at different eT (Fig. 3b).
Next, the mRNA expression of CD36 and LPL was

@ Springer

measured in subcutaneous white adipose tissue
(WAT), since this is a target organ of FGF21 action
[22]. In subcutaneous WAT, the mRNA expression
of LPL was higher in both female and male GHR-
KO mice housed at 16 °C, but not in either sex of
WT mice (Fig. 3c). Conversely, the mRNA expres-
sion of CD36 was reduced in both female and male
WT mice, but not in either sex of GHR-KO mice
(Fig. 3d) chronically housed at 16 °C. The NEFA,
LPL, and CD36 levels suggest they might not asso-
ciate with lower TG in female GHR-KO and WT
mice chronically housed at 16 °C, even though these
mice had elevated FGF21 (Fig. 2a and b). Neverthe-
less, a reduction in the levels of TG could be benefi-
cial for the females under mild cold stress at 16 °C.
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Fig. 2 (continued)

The impact of reduced €T on xenobiotic metabolism
is greater in the females

Xenobiotic metabolism has been linked to the rate
of aging. For example, the expression of xenobi-
otic metabolizing enzymes (XME) was increased in
GH-deficient and GH-resistant long-lived mutant
mice, including GHR-KO mice [23]. However, it
was unknown whether chronically exposing GHR-
KO mice to mild cold eT had any effects on XME.
Thus, we measured hepatic cytochrome P450 fam-
ily 4 (Cyp4) expression, since enzymes in the CYP4

EE -WT mice f=
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family are involved in the metabolism of fatty acids,
xenobiotics, therapeutic drugs, and signaling mol-
ecules [24]. The mRNA expression of Cyp4al0O and
Cyp4al4 was elevated in female WT animals and
in both sexes of GHR-KO mice housed at 16 °C
(Fig. 3e and f). Cyp4 enzymes contribute to the
w-hydroxylation of fatty acids in the liver and kidney
[25, 26]. During periods of cellular stress, the con-
tribution of the w-hydroxylation pathway to overall
fatty acid oxidation is increased. The w-oxidation of
fatty acids can decrease the accumulation of free fatty
acids and reduce the potential for lipotoxicity [25].
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However, no differences in plasma NEFA in the cur-
rent study (Fig. 3b) suggest that elevated Cyp4al0
and Cyp4al4 expression did not affect the levels of
free fatty acids in circulation and thus might not have
an impact on the reduction of the potential for lipo-
toxicity. Alteration in these two Cyp4 enzymes could
involve other functions [24], which warrants further
investigation.

The mRNA expression of Flavin-containing
monooxygenase 4 (Fmo4), one of the XME enzymes
that is a conserved regulator of stress resistance and
metabolism [27], was increased only in female WT
mice chronically housed at 16 °C (Fig. 3g). This indi-
cates that WT females have an additional mechanism
to enhance resistance to mild cold stress. In general,
female WT and female GHR-KO mice chronically
housed at 16 °C had higher levels of XME than the
mice housed at 23 °C (Fig. 3e—g), and that could pro-
vide protective roles under mild hypothermic condition.

Potentially detrimental effects on male mice
chronically housed at mild cold eT

In mammals, lower core body temperature (Tb) is
associated with increased longevity [28, 29], and
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increased secretion of FGF21 was reported to reduce
Tb [14]. The measurement of the Tb in all groups of
mice showed that male WT mice chronically housed
at 16 °C had elevated Tb. The other groups of mice
had similar Tb, regardless of housing conditions
(Fig. 4a).

Body composition analysis revealed that both male
GHR-KO and WT mice chronically housed at 16 °C
had increased relative kidney (Fig. 4b) and liver
(Fig. 4c) mass compared to genotype-matched males
housed at 23 °C. Higher mass of the kidney or liver
could be associated with higher circulating testoster-
one levels [30, 31]. Thus, we examined plasma tes-
tosterone levels. The results revealed that the concen-
tration of plasma testosterone was significantly higher
in male GHR-KO mice, and an increasing trend was
observed in WT males chronically housed at 16 °C
(Fig. 4d). The large variations in plasma testosterone
levels in WT males may be attributed to fluctuations
in plasma testosterone levels in mice [32]. To exam-
ine whether the mild cold temperature could also
affect corticosterone and adrenocorticotropic hor-
mone (ACTH) (hormones responding to environmen-
tal challenges), the concentration of corticosterone
and ACTH in plasma was measured. Consistent with
a previous report [33], plasma levels of corticosterone
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Fig. 3 Beneficial alterations induced by housing GHR-KO and
WT mice at 16 °C eT were greater in females. Abbreviations:
mWT, male WT mice; fWT, female WT mice; mKO, male
GHR-KO mice; fKO, female GHR-KO mice. a Concentration
of triglycerides (TG) in plasma. b Concentration of non-ester-
ified fatty acids (NEFA) in plasma. ¢ mRNA levels of lipopro-
tein lipase (LPL) in subcutaneous WAT. d mRNA levels of
CD36 in subcutaneous WAT. e mRNA levels of cytochrome

in male GHR-KO mice were higher than in male WT
mice housed at 23 °C (Fig. 4e). Moreover, at mild
cold stress (16 °C), the plasma levels of corticoster-
one were further elevated in male GHR-KO mice
chronically housed at 16 °C compared to male GHR-
KO mice housed at 23 °C (Fig. 4e). The plasma con-
centration of corticosterone in both GHR-KO and WT
female mice was higher than in the male mice housed
at 23 °C, but mild cold stress did not affect plasma
levels of corticosterone in females of either genotype
(Fig. 4e). Interestingly, plasma levels of ACTH in
male WT mice were higher than in female WT mice
at both housing conditions, and mild cold stress led to
the increased levels of ACTH only in male GHR-KO
mice chronically housed at 16 °C (Fig. 4f). Together,
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Gene Expression (fold) ; v

0.0

P450 family 4 (Cyp) 4al10 (Cyp4alO) in the liver. f mRNA lev-
els of Cyp4al4 in the liver. g mRNA levels of Flavin-contain-
ing monooxygenase 4 (Fmo4) in the liver. Data are represented
as means+SEM (n=8-10). A two-way ANOVA was used to
determine p-values for the categorial variables (G = genotype
and T=eT) and their interaction (GXT), which are shown for
each graph. *p<0.05, *¥p<0.01, ****p<0.0001 based on a
two-tailed Student’s z-test

the elevated Tb in male WT mice, increased testoster-
one in both male GHR-KO and WT mice and raised
levels of corticosterone and ACTH in male GHR-KO
mice, could negatively impact the longevity of male
mice chronically housed at 16 °C.

Discussion

Based on the results from the current study, the
response of GHR-KO and WT mice to mild cold
stress showed sexual dimorphism with female GHR-
KO and WT mice being more resistant to mild cold
stress at eT of 16 °C. Although numerous phenotypic
characteristics differ greatly between GHR-KO and
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Fig. 3 (continued)

WT mice [3, 34, 35], the responses to reduced eT
examined in the present study were influenced more
strongly by sex than by the genotype of the animals.
Sexually dimorphic responses to the mild cold stress
were consistent with the whole-animal response to
paraquat challenge, in which the survival of GHR-KO
and WT females was similar to control GHR-KO and
WT females [5].

Some physiological and biochemical traits of
GHR-KO and WT mice chronically housed at 16 °C
were also altered in a sex-dependent manner. When
GHR-KO and WT mice were chronically housed
under mild cold eT condition, FGF21 was upregu-
lated in females of both genotypes. It was reported
by others that in female mice, estrogen (one of main
female sex hormones) acting on hepatocytes increases
FGF21 transcription and production, which pro-
motes energy expenditure [36]. Thus, it is reasonable
to speculate that in our study, female sex hormones
could play a role in higher FGF21 production in
female GHR-KO and WT mice than in the male mice
under mild cold stress. Higher FGF21 levels in female
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mice may have accounted for the improvements in
energy metabolism (Fig. 2d—o) and the reduction in
TG concentration in plasma (Fig. 3a). Additionally,
the increased mRNA expression of some XME genes
in the female mice was also found when chronically
housed at 16 °C (Fig. 3e—g). These alterations may
have provided protective effects for the females under
mild cold stress conditions.

In mammals, core body temperature (Tb) is
inversely correlated with longevity, and higher Tb
is associated with decreased longevity [28, 29]. The
Tb response to increased levels of sex hormone has
opposing effects depending upon the animal’s sex
[29]. For example, the reduced levels of testosterone
resulted in reduced Tb in male C57B1/6 mice, while
the reduced levels of progesterone led to increased Tb
in female C57B1/6 mice [29]. In our study, male WT
mice chronically housed at 16 °C had elevated testos-
terone and Tb (Fig. 4a), which could be a contribut-
ing factor for their reduced longevity. The increased
testosterone, corticosterone, and ACTH levels in
male GHR-KO mice chronically exposed to mild cold
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Fig. 4 Potentially detrimental effects on male mice chroni-
cally housed at mild cold eT. Abbreviations: mWT, male WT
mice; fWT, female WT mice; mKO, male GHR-KO mice;
fKO, female GHR-KO mice. a Body temperature (Tb) meas-
ured by rectal thermometer. b Percentage of kidney mass
((kidney mass/body weight)x 100) at sacrifice. ¢ Percentage
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Concentration of testosterone in plasma. e Concentration of

stress suggest a chronically elevated stress response
that has negative impacts on overall health [37-39].
Together, these alterations might have negatively
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tropic hormone (ACTH) in plasma. Data are represented as
means +SEM (n=10-20). A two-way ANOVA was used to
determine p-values for the categorial variables (G = genotype
and T=eT) and their interaction (GXT), which are shown for
each graph. *p<0.05, **p<0.01, ***p<0.001 based on a
two-tailed Student’s z-test

impacted the longevity of male mice chronically
housed at 16 °C, which warrants further examination
in future studies.
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Our study suggests that under conditions of mild
cold stress, sex plays a pivotal role in the regulation
of longevity, and females are more resistant than
males to this challenge. Based on these findings,
future research will examine differences in gonadal
hormones, sex chromosome genes, or additional met-
abolic factors. However, genotype, presumably acting
via its effects on the strength of GH and insulin-like
growth factor 1 signals, also influenced some of the
responses to reduced eT. For example, changes in
the expression of genes related to xenobiotic metab-
olism in male GHR-KO mice were absent in male
WT (Fig. 3e and f), and elevated Tb detected in WT
males was absent in male GHR-KO mice (Fig. 4a).
Although both GHR-KO and WT female mice were
more resistant to mild cold eT, as shown through
elevated FGF21, they could use different mechanisms
to adapt to these conditions. These combined effects
induced by mild cold €T could cause the sexually
dimorphic impact on lifespan.

Compared to global GHR-KO mice, adult-onset
GHRKO (aGHRKO) and various tissue-specific
GHR knockout mice also showed sexual dimorphism
in some physiological and biochemical parameters.
For instance, aGHRKO females, not males, have
an increased maximal lifespan when compared to
female controls [40]. The body weights of muscle
GHR knockout (MuGHR-KO) mice were decreased
in the male mice and increased in the female mice
[41]. The males, not females, of liver-specific GHR
(LiGHR-KO) knockout mice did not increase in rela-
tive fat mass percentage after 6 months of age when
compared to their control males. Male LiGHR-KO
mice had increased TG concentration and lipid accu-
mulation in the liver compared to their control males
[42]. In an adult-onset, hepatocyte-specific, GHR
knockdown (aLivGHRkd) mouse, hepatic de novo
lipogenesis (DNL) was enhanced in both males and
females, but hepatosteatosis developed only in males
[43], which was consistent with the observation in
LiGHR-KO mice [42]. In intestine epithelial cell-
specific GHR knockout (IntGHR-KO) mice, occludin
level was increased in males, and fecal albumin was
decreased in females [44]. It seems that the effects of
GHR knockout, either in various tissues or globally,
showed sex-dependent responses of various physi-
ological and biochemical parameters. Our current
study added more information on the sexually dimor-
phic response of global GHR-KO mice to mild cold

@ Springer

stress, which provides an important reference on the
relationship of sex to mild cold resistance.
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