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Environmental enrichment (EE) is a promising therapeutic strategy in improving metabolic

and neuronal responses, especially due to its non-invasive nature. However, the exact

mechanism underlying the sex-differential effects remains unclear. The aim of the

current study was to investigate the effects of EE on metabolism, body composition,

and behavioral phenotype based on sex. Long-term exposure to EE for 8 weeks

induced metabolic changes and fat reduction. In response to the change in metabolism,

the level of βHB were influenced by sex and EE possibly in accordance to the

phases of estrogen cycle. The expression of β-hydroxybutyrate (βHB)-related genes

and proteins such as monocarboxylate transporters, histone deacetylases (HDAC), and

brain-derived neurotrophic factor (BDNF) were significantly regulated. In cerebral cortex

and hippocampus, EE resulted in a significant increase in the level of βHB and a significant

reduction in HDAC, consequently enhancing BDNF expression. Moreover, EE exerted

significant effects on motor and cognitive behaviors, indicating a significant functional

improvement in female mice under the condition that asserts the influence of estrogen

cycle. Using an ovariectomized mice model, the effects of EE and estrogen treatment

proved the hypothesis that EE upregulates β-hydroxybutyrate and BDNF underlying

functional improvement in female mice. The above findings demonstrate that long-term

exposure to EE can possibly alter metabolism by increasing the level of βHB, regulate

the expression of βHB-related proteins, and improve behavioral function as reflected by

motor and cognitive presentation following the changes in estrogen level. This finding

may lead to a marked improvement in metabolism and neuroplasticity by EE and

estrogen level.

Keywords: environmental enrichment (EE), sex, beta-hydroxybutyrate (β-HB), estrogen, female, functional

improvement, brain derived neurotrophic factor (BDNF), neuroplasticity
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FIGURE 4 | Effects of EE on the expression of βHB-related proteins under the influence of estrogen by western blot. (A1–H1) Cerebral cortex and (A2–H2)

hippocampus protein levels for βHB-related proteins measured using western blot (n = 4 per group). Two-way ANOVA with Tukey multiple comparison test. Significant

sex effect, significant housing effect, and the significant interaction between sex and housing were noted with p-value. Data represented are means ± SEM.

demonstrating that the raw number of alternation and total

entries were significantly decreased in EE mice compared to
control mice regardless of gender. Significant housing effect
was observed in the percentage of alternation, indicating that

EE mice have higher percentage of alternation than control
mice regardless of gender (Figure 6F). These data indicated that

exposure to EE improves cognitive function. These combined
data indicate that long-term exposure to EE improves motor and
cognitive function.

EE and Estrogen Treatment Can Induce
Lipolysis and Metabolic Changes in OVX
Mice
To produce an estrogen-deficient model, OVX was conducted
at 6 weeks of age (Supplementary Figure 1C), and the
experimental scheme for OVX models is shown in Figure 7A.
Body weight measurement for OVX group, OVX + E2 group,
OVX + EE group, and OVX + E2/EE group is noted in
Figure 7B, and the body weight was significantly decreased by
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FIGURE 5 | Effects of EE on the uptake of βHB in cerebral cortex and hippocampus under the influence of estrogen. Representative IHC images of (A1,A2)

GFAP+MCT4+ in cerebral cortex and hippocampus and (B1,B2) MAP2+MCT2+ in the cerebral cortex and hippocampus (n = 4 per group). (C1–F1) Quantification of

GFAP+MCT4+ and MAP2+MCT2+ in the cerebral cortex and hippocampus. (C2–F2) Raw intensity of GFAP and MAP2 in cerebral cortex and hippocampus.

Two-way ANOVA with Tukey multiple comparison test. Significant sex effect, significant housing effect, and the significant interaction between sex and housing were

noted with p-value. Data are means ± SEM.

exposure to EE and the synergistic effect of EE and E2. The
level of 17β-estradiol was significantly increased by estrogen
treatment and exposure to EE (Figure 7C). The representative
DEXA images from each group are shown in Figure 7D,
and significant fat reduction following estrogen treatment
and exposure to EE was observed (Figure 7E). Moreover, in
blood biochemical analysis, the synergistic effect of estrogen
and exposure to EE was observed in serum TG (Figure 7F),

decreasing the level of TG compared to OVX group but
not in serum TCHO (Figure 7G). In indirect calorimetry,
exposure to EE and estrogen treatment significantly increase
RER (Figure 7H) and heat (Figure 7I) in OVX mice, indicating
that both treatments can change body composition and induce
metabolic changes. Collectively, exposure to EE and estrogen
treatment can synergistically increase lipolysis, alter body
composition, and metabolic changes in OVX mice.
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FIGURE 6 | Effects of EE on functional improvement in normal models. Behavioral test assessments conducted for the normal groups. (A) Rotarod accelerating from

4 to 80 rpm. (B) Rotarod at constant 48 rpm. (C) Rotarod at constant 64 rpm (n = 26 per group). *F-EE vs. M-EE, #F-EE vs. F-CON, $F-EE vs. M-CON, %M-EE vs.

M-CON, and &M-EE vs. F-CON. (D) Number of alternative behaviors, (E) number of entries, and (F) percent alternation of Y-maze test (n = 10 per group). Two-way

ANOVA with Tukey multiple comparison test. Significant sex effect, significant housing effect, and the significant interaction between sex and housing were noted with

p-value. Data represented are means ± SEM. *p < 0.01, #p < 0.01, $p < 0.01, %p < 0.01, and &p < 0.01.

EE and Estrogen Treatment Can Reduce
Abnormal Lipid Accumulation in Liver and
Various Brain Regions in OVX Mice
To examine lipid accumulation in the liver and various
brain regions of OVX mice, Oil Red O (ORO) staining,
and H&E staining were conducted. The representative
images of ORO-stained livers for each group are shown
in Figure 8A, and the abnormal lipid accumulation was
significantly decreased by the synergistic effect of EE and
estrogen treatment (P = 0.0194, Figure 8B). Moreover,
hepatic steatosis was observed in the OVX group and was
diminished by exposure to EE and/or estrogen treatment
(Figure 8C). The representative images of ORO-stained
cerebral cortex, pia-mater, and subventricular zone (SVZ) are
shown in Figures 8D–F, respectively. The quantification of
ORO-stained cerebral cortex, pia-mater, and SVZ are shown
in Figures 8G–I. Exposure to EE and estrogen treatment
significantly reduced the abnormal accumulation of lipid
droplets in cerebral cortex and SVZ. These data indicate that
exposure to EE and estrogen treatment can induce lipolysis and
reduce abnormal lipid accumulation in the liver and various
brain regions.

EE and Estrogen Treatment Can Increase
the Level of βHB in OVX Mice
βHB ELISA analysis indicated a significant increase in serum
βHB after estrogen treatment and exposure to EE (Figure 9A).
The synergistic effect of estrogen and EE was observed
on the βHB level in the cerebral cortex and hippocampus
(Figures 9B,C). In response to the increased rate of lipolysis,
the level of βHB was significantly increased by EE and estrogen
treatment in serum and the brain regions. Particularly, in female
mice with EE and estrogen treatment, the level of βHB in cerebral
cortex was significantly increased compared with OVX mice (P
= 0.0319, Figure 9B), and the level of hippocampal βHB was
significantly increased compared with OVX mice (P = 0.0014,
Figure 9C).

EE and Estrogen Treatment Exerts
Synergistic Effects on the Expression of
βHB-Related Genes and Proteins in OVX
Mice
To examine the expression of βHB-related genes, qRT-PCR
was conducted in the cerebral cortex (Figures 10A1–G1) and
hippocampus (Figures 10A2–G2). The significantly synergistic
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FIGURE 7 | Differential metabolic change following estrogen treatment and exposure to EE in OVX models. (A) Experimental scheme for OVX models. (B) Body

weight of OVX groups after the treatments (E2 and/or EE) (n = 10–18 per group). (C) Measurement of serum 17β-estradiol (n = 10–18 per group). (D) Representative

DXA image from each group. (E) Percentage body fat (n = 6–8 per group). (F) Serum triglyceride (n = 7–9 per group). (G) Serum total cholesterol (n = 7–9 per group).

(H) Respiratory exchange ratio (n = 5–6 per group). (I) Heat (n = 5–6 per group). One-way ANOVA with Tukey multiple comparison test. Data represented are means

± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

effect of EE and estrogen treatment was noted in MCT2,
MCT4, HDAC1, HDAC2, HDAC3, and BDNF in both cerebral
cortex and hippocampus. To examine the expression of
βHB-related proteins, western blotting was conducted. The
representative western blot images of βHB-related proteins in
cerebral cortex and hippocampus are shown in Figures 11A1,A2,
respectively. The significantly synergistic effect of EE and
estrogen treatment was noted in MCT2, MCT4, HDAC2,

HDAC3, and BDNF in cerebral cortex (Figures 11B1–H1).
Moreover, the significantly synergistic effect of EE and estrogen
treatment was noted in MCT2, MCT4, HDAC1, HDAC2,
HDAC3, and BDNF in hippocampus (Figures 11B2–H2).
Collectively, these data indicate that the expression of βHB-
related genes and proteins was significantly regulated by exposure
to EE and estrogen treatment. Particularly, the expressions
of BDNF genes and proteins were significantly enhanced in
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FIGURE 8 | Abnormal lipid accumulation was alleviated by exposure to EE and estrogen treatment in OVX mice. (A) The representative images of ORO-stained liver of

the OVX groups, and (B) quantification thereof. (C) The representative images of H&E-stained liver of the OVX groups. The representative images of ORO-stained (D)

cerebral cortex, (E) pia-mater, and (F) SVZ, and (G–I) quantification thereof, respectively (n = 4 per group). One-way ANOVA with Tukey multiple comparison test.

Data represented are means ± SEM. *p < 0.05 and **p < 0.01. White bars = 50 µm.

the cerebral cortex (P = 0.0004, Figure 10G1; P = 0.0342,
Figure 11H1) and hippocampus (P < 0.0001, Figure 10G2; P =

0.0025, Figure 11H2) of the female mice.

EE and Estrogen Treatment Exerts
Synergistic Effects on βHB Uptake of the
Brain by Both Astrocytes and Neurons in
OVX Mice
To examine the uptake of βHB in cerebral cortex and
hippocampus, histological assessments with GFAP, MCT4, MAP-
2, and MCT2 were conducted. The representative images of
GFAP and MCT4 in the cerebral cortex and hippocampus
are shown in Figures 12A1,A2, respectively. The representative
images of MAP-2 and MCT2 in the cerebral cortex and

hippocampus are shown in Figures 12B1,B2, respectively. The
colocalization percent of GFAP with MCT4 (P < 0.0001,
Figure 12C1) and MAP2 with MCT2 (P < 0.0001, Figure 12D1)
in the cerebral cortex was significantly increased in OVX+E2/EE
group compared to OVX group. In similar fashion, the
colocalization percent of GFAP with MCT4 (P = 0.0012,
Figure 12C2) and MAP2 with MCT2 (P < 0.0001, Figure 12D2)
in the hippocampus was significantly increased in OVX +

E2/EE group compared to OVX group (Figures 12C2,D2).
Raw intensity of GFAP and MAP2 for cerebral cortex and
hippocampus are shown in Figures 12E1,F1,E2,F2. These
combined data indicate that long-term exposure to EE and
estrogen treatment can synergistically induce the higher βHB
uptake in cerebral cortex and hippocampus by astrocytes and
neurons in OVX mice.
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FIGURE 9 | Exposure to EE and estrogen treatment can increase the level of βHB in OVX mice. (A) Serum βHB (n = 6–9 per group). (B) Cerebral cortex βHB (n = 6

per group). (C) Hippocampus βHB (n = 6 per group). One-way ANOVA with Tukey multiple comparison test. Data represented are means ± SEM. *p < 0.05, **p <

0.01, and ***p < 0.001.

EE and Estrogen Treatment Synergistically
Improve Motor, Emotional, and Cognitive
Functions in OVX Mice
To examine motor, emotional, and cognitive function of OVX
mice, hanging wire test, open-field test, and Y-maze test were
conducted. Significant improvement in motor function following
estrogen treatment and exposure to EE was observed in the
hanging wire test (P < 0.0001, Figure 13A). Moreover, a
significant reduction in anxiety level (P = 0.0036, Figure 13B)
and cognitive improvement (P = 0.0001, Figure 13E) were
observed in OVX mice after treatment with estrogen and EE.
Raw number of alternative behaviors and number of entries
in Y-maze are shown in Figures 13C,D, respectively. Using an
OVX model, these data indicate that EE and estrogen treatment
synergistically regulate the expression of βHB-related genes and
proteins, thereby improving motor, cognitive, and emotional
functions in female mice.

DISCUSSION

EE intervention is a non-invasive strategy for improving
metabolic and brain function (Briones et al., 2013; Seo et al., 2018;
De Souza et al., 2019; Queen et al., 2020). However, despite its
therapeutic potential, many previous studies have reported that
a large amount of variation exists in the effects of EE by sex, sex-
related differences are observed in metabolic pathways, especially
lipid metabolism, under nutrient stress (Mittendorfer et al., 2001;
Soeters et al., 2007). Since females generally have more body
fat than males do, females have a propensity for the increased
oxidation of adiposity, and have more enzymes responsible for
β-oxidation (Blaak, 2001; Maher et al., 2010). Since estrogen and
exposure to EE are two of the most significant lipolysis factors
that influence body composition and metabolism, it is important
to consider the interrelated interactions of these factors.

In this study, we investigated metabolic responses after the
long-term exposure to EE based on sex. DXA and blood
biochemical analyses of fat content indicated that fat reduction
occurred after the long-term exposure to EE regardless of sex.
Analyses of indirect calorimetry indicated that exposure to EE
and estrogen levels can change body composition, consistent
with previous studies demonstrating young females have overall
higher core temperature than males, which is also influenced by
estrogen levels (Heled et al., 2001; Kaciuba-Uscilko and Grucza,
2001; Sanchez-Alavez et al., 2011). Previous results also showed
that long-term exposure to EE or prolonged exercise can reduce
the fat content in the whole body (Cao et al., 2011; Swift
et al., 2014). Although the exact mechanism of EE-induced fat
reduction is not clear, enhanced fat oxidation and improved
glucose tolerance are responsible for the underlying mechanism
(Goodpaster et al., 2003; Solomon et al., 2008). In the estrogen-
deficient model, abnormal fat accumulation was observed in
liver and brain regions (Supplementary Figures 2A,B). This
accumulation was significantly alleviated by estrogen and
EE exposure.

In response to the fat reduction in both models, the level of
βHB was significantly upregulated in both the serum and brain
regions by estrogen and EE exposure in this study. Moreover, the
expression of βHB-related genes and proteins was significantly
modulated by estrogen levels and exposure to EE. This alteration
may induce behavioral improvements in motor, cognitive, and
emotional functions.

It is important to note that young females utilize larger
amounts of fatty acids to produce ketone bodies than their
male counterparts under nutritional stress (Marinou et al.,
2011; Ballestri et al., 2017). Moreover, in rodent model studies,
there were sex-specific and strain-specific effects of calorie
restriction on circulating βHB (Mitchell et al., 2016). Our
result indicated that circulating βHB concentrations were
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FIGURE 10 | Synergistic effects of estrogen and EE on the expression of ketone-related genes by qRT-PCR. (A1–G1) Cerebral cortex and (A2–G2) hippocampus

mRNA levels for βHB-related genes measured using qRT-PCR (n = 4 per group). All samples were run in triplicate. One-way ANOVA with Tukey multiple comparison

test. Data represented are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

higher in females than in males, regardless of the housing
conditions. Interestingly, further subgroup analysis based on
estrus cycle in the female group indicated that significantly

higher circulating βHB levels following EE exposure at the
D/M stage was observed compared to that in female control
mice at the D/M stage. Previous studies have shown that
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FIGURE 11 | Synergistic effects of estrogen and EE on the expression of ketone-related proteins by western blot. (A1–H1) Cerebral cortex and (A2–H2)

hippocampus protein levels for βHB-related proteins measured using western blot (n = 4 per group). One-way ANOVA with Tukey multiple comparison test. Data

represented are means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.

estrogen levels are closely associated with mitochondrial β-
oxidation of fatty acids (Oliveira et al., 2018), and estrogen
regulates the level of histone acetylation associated with
memory consolidation and increases BDNF promoter acetylation
(Fortress et al., 2014). These combined results may suggest
the synergistic effect of estrogen and exposure to EE on the
utilization of βHB and BDNF, contributing to the effects of
EE on metabolism and brain function under the influence
of estrogen.

MCTs are solute carrier transporters of alternative
metabolites, such as lactate, pyruvate, and ketone bodies
(Vijay and Morris, 2014). MCTs are responsible for brain
energy metabolism, and three MCT isoforms have been
identified in the brain: MCT1, MCT2, and MCT4. MCT1,
MCT2 and MCT4 show prominent expression in brain
endothelial cells, neurons, and astrocytes, respectively (Pierre
and Pellerin, 2005). The expression of these transporters is
detectable in varying amounts in the cerebral cortex and
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FIGURE 12 | Synergistic effects of estrogen and EE on the uptake of βHB in cerebral cortex and hippocampus. Representative IHC images of (A1,A2) GFAP+MCT4+

in cerebral cortex and hippocampus and (B1,B2) MAP2+MCT2+ in the cerebral cortex and hippocampus (n = 4 per group). (C1–F1) Quantification of GFAP+MCT4+

and MAP2+MCT2+ in the cerebral cortex and hippocampus. (C2–F2) Raw intensity of GFAP and MAP2 in cerebral cortex and hippocampus. One-way ANOVA with

Tukey multiple comparison test. Data represented are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A white bar = 50µm.
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FIGURE 13 | Synergistic effects of estrogen and EE on functional improvement in OVX models. Behavioral test assessments conducted in the OVX groups. (A)

Hanging wire test, hippocampus (n = 8–15 per group). (B) Open field test (n = 6–12 per group). (C) Number of alternative behaviors, (D) number of entries, and (E)

percent alternation of Y-maze test (8–15 per group). One-way ANOVA with Tukey multiple comparison test. Data represented are means ± SEM. *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001.

hippocampus (Halestrap, 2012; Halestrap and Wilson, 2012).
In this study, the higher colocalization of MCT2+MAP2+ and
MCT4+GFAP+ was observed with exposure to EE and estrogen,
and the higher magnification of these images is presented in
Supplementary Figure 2B. Previous studies have shown a close
interrelationship among the levels of βHB, MCTs, HDACs, and
BDNF (Robinet and Pellerin, 2011; Halestrap and Wilson, 2012;
Takimoto and Hamada, 2014; Sleiman et al., 2016; Achanta and
Rae, 2017; Puchalska and Crawford, 2017; Li et al., 2020). Our
qRT-PCR and western blotting analyses indicated the synergistic
effects of estrogen and EE on the expression ofMCT2 andMCT4.
Similarly, the expression of HDAC1, 2, and 3 was significantly
lower, and the expression of BDNF was significantly higher. The
physiological significance of MCT2 and MCT4 on brain energy
metabolism and neuroplasticity has been noted in the murine
model (Pierre et al., 2002; Pellerin et al., 2005). The inhibition of
MCT2 can impair long-term memory, and MCT4 knockout can
kill various cancer cells (Newman et al., 2011; Benjamin et al.,
2018; Fang et al., 2022).

An estrogen deficient model can be created using ovariectomy
(Yokose et al., 1996). Estrogen-deficiency can induce spatial

memory impairment, anxious, and depressive behaviors
(Lagunas et al., 2010; Djiogue et al., 2018). Short-term estrogen
treatment can address these physical and psychological stress-
induced cognitive impairments (Khayum et al., 2020; Khaleghi
et al., 2021), and prolonged regular (involuntary) exercise can
improve estrogen levels in various brain regions and motor
coordination performance (Rauf et al., 2015). Exercise also
exerts the similar effects of estrogen in terms of lipid oxidation,
fat reduction, and inflammation regulation in OVX mice
(Jackson et al., 2011; Pighon et al., 2011; Gorres-Martens et al.,
2018; Fuller et al., 2021). Moreover, functional locomotor
improvement following estrogen treatment was observed in
OVX mice. Cognitive deficits induced by decreased BDNF levels
can be alleviated by voluntary exercise and estrogen therapy,
which regulate the expression of histone deacetylases (Pedram
et al., 2013; Rashidy-Pour et al., 2019). These data indicate
that estrogen and exercise can improve behavioral functions
by enhancing the metabolic phenotype. Using an OVX model
in this study, the effect of EE and estrogen treatment proved
the hypothesis that EE upregulates βHB and BDNF underlying
functional improvement in female mice.
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This study has several limitations that some inconsistencies
exist in the normal model due to a small size sample, and
complexity in defining an absolute EE, which contains complex
inanimate and social stimulations. Many components within
a complex definition of EE make it difficult to discern which
stimulation contributes most to the improvements. Since this
study only focused on the effect of EE and estrogen on
metabolism, further studies with orchidectomized mice should
be conducted to see the holistic sex-specific effect.

In conclusion, this EE exerts an effect on both males and
females. However, females have shown significantly differential
results in MCT2, HDAC2, and BDNF in cerebral cortex and
MCT2, MCT4, HDAC1, HDAC2, BDNF in hippocampus. The
level of MCTs, HDACs, and BDNF in the cerebral cortex and
hippocampus were regulated by exposure to EE and influenced
by the estrogen level. In response to the changed level of
βHB, the behavioral improvements in motor and cognition
were observed in normal and OVX mice. These combined
events showed that EE induces metabolic, molecular, and
behavioral changes under the influence of sex, partially by the
estrogen level. These findings may be applied to the sex-specific
modification of EE and neuroplasticity in female mice from the
EE treatment.
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