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ABSTRACT 

 

Gender-specific metabolic effects of enriched environment 

on functional improvement of the brain 

 

Soonil Pyo 

 
Department of Medical Science 

The Graduate School, Yonsei University 

 

 (Directed by Professor Sung-Rae Cho)  

 

 

Enriched environment (EE) is a method of raising animals in a huge cage 

consisted of novel objects and running wheels and allowing large social 

interaction. The components of EE include enriched environment combined 

with voluntary exercise, which can improve cognitive function, and EE exerts 

beneficial effects on behaviors and emotion in various rodent models via the 

induction of synaptic plasticity and the improvement of brain energy 

metabolism. Moreover, these beneficial effects of EE are highly influenced by 

biological sex. The differential increase in various neurotrophic factors such as 

brain-derived neurotrophic factor (BDNF) after EE exposure may be 

responsible for neuroprotection and gender difference in these beneficial effects. 
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Among the endogenous ketone bodies, beta-hydroxybutyrate (βOHB) can 

act as an epigenetic regulator in brain by increasing acetylation of histones 

occupying loci related to BDNF. These mounting evidences imply that the 

altered level of circulating ketone bodies such as βOHB can regulate the level 

of BDNF in an epigenetic way, eventually leading to the modulation of 

behaviors and emotion.  

To examine the gender-specific effect of EE, metabolic phenotype was first 

examined by blood biochemical testing, metabolic cages, and dual energy x-

ray absorptiometry (DXA) for normal groups and ovariectomized groups. Oil 

red O staining was conducted to examine lipid accumulation in ovariectomized 

groups. Estrus cycle was determined by vaginal cytology in normal groups, and 

estrogen level was determined by an enzyme-linked immunosorbent assay 

(ELISA) in ovariectomized groups. The product of fatty acid oxidation, βOHB, 

was measured by an ELISA assay in serum and brain regions. The expression 

of βOHB-related genes and proteins were measured Quantitative reverse 

transcription-polymerase chain reaction (qRT-PCR) and western blotting, 

respectively. Immunohistochemistry was further conducted to confirm the 

expression of βOHB-related proteins in specific neuronal cell types. Lastly, 

various behavioral assessments such as rotarod test, ladder walking test, 

openfield test, cylinder test, hanging wire test, Y-maze test, and forced swim 

test were conducted to confirm the behavioral phenotype.  
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In normal groups, regardless of gender, fat reduction was observed in the EE 

groups as indicated by DXA and blood biochemical testing. Analysis of 

metabolic cage indicated that EE mice have higher respiratory exchange ratio 

(RER) than control mice, and female mice have higher heat than male mice. 

The βOHB ELISA indicated that significant gender and housing effects in 

serum, and further subgroup analysis in female groups based on estrus cycle 

indicated that EE significantly affect the female group in metestrus and dietsrus 

phases. In brain regions, the EE female group has higher βOHB level than the 

other group. qRT-PCR and Western blot analysis indicated βOHB-related 

genes and proteins were significantly regulated along with the higher βOHB 

level. Finally, Immunohistochemistry (IHC) analysis showed that higher co-

localization of moncarboxylate transporter (MCT) 2 with microtubule-

associated protein 2 (MAP-2) and MCT4 with glial fibrillary acidic protein 

(GFAP) in EE mice, and it was more notable in the female group. 

In ovariectomized (OVX) groups, EE and estradiol (E2) treatment can 

synergistically decrease body weight in the OVX model. The synergistic effect 

of EE and E2 on fat reduction was observed as indicated by DXA and blood 

biochemical testing. Oil Red O staining also indicated the synergistic effect of 

EE and E2 on fat reduction in liver and brain regions. Analysis of metabolic 

cage indicated that significant differences were observed on RER and Heat in 

the treatment groups compared to the OVX group. The βOHB ELISA indicated 

that significant differences were observed in the treatment groups in serum, and 
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the synergistic effect of EE and E2 on the βOHB level of cerebral cortex and 

hippocampus. qRT-PCR and Western blot analysis indicated βOHB-related 

genes and proteins were significantly regulated along with the higher βOHB 

level. Finally, IHC analysis showed that higher co-localization of MCT2 with 

MAP-2 and MCT4 with GFAP in OVX+E2/EE compared to the other groups. 

This study will give a better understanding of EE sex difference in EE 

intervention will provide a preclinical basis for novel sex-specific 

rehabilitations.  

 

 

 

 

 

 

 

 

 

 

 

 

Key words: enriched enrichment, gender, estrogen, metabolism, beta-

hydroxybutyrate, brain-derived neurotrophic factor
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Gender-specific metabolic effects of enriched environment 

on functional improvement of the brain 

 

Soonil Pyo 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

 

I. INTRODUCTION 

In the era of precision medicine, analysis of various definable factors such as 

sex and age can give valuable information to researchers and physicians to 

diagnose neurological diseases, treat those diseases, and predict disease 

progression. It has been known that the differences between men and women 

affect epidemiology, etiology and pathophysiology of neurological diseases.1-3  

Enriched environment (EE) is a method of raising animals in a huge cage, 

consisting of novel objects and running wheels and allowing large social 

interaction.4 The components of EE include enriched enrichment combined 

with voluntary exercise, which can improve cognitive function, and EE exerts 
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beneficial effects on behaviors and emotion in various rodent models4-6 via the 

induction of synaptic plasticity7 and the improvement of brain energy 

metabolism.8-10 Moreover, these beneficial effects of EE are highly influenced 

by biological sex.11-14 The increase in various neurotrophic factors such as 

brain-derived neurotrophic factor (BDNF) after EE exposure may be 

responsible for neuroprotection and gender difference in these beneficial 

effects.15-17 

Under nutrient stress after starvation or long periods of EE, the synthesis and 

utilization of ketone bodies in hepatic mitochondria can occur to provide 

necessary nutrient to extrahepatic tissues such as brain.8,18 Endogenous ketone 

bodies can easily across the blood-brain barrier (BBB).19 However, the BBB 

permeability of these ketone bodies is dependent on the expression of 

monocarboxylate transporters (MCTs).20,21 Among the endogenous ketone 

bodies, beta-hydroxybutyrate (βOHB) can act as an epigenetic regulator in 

brain by increasing acetylation of histones occupying loci related to BDNF.22,23 

Mounting evidence suggests that the changed level of circulating ketone bodies 

such as βOHB can regulate the level of BDNF in an epigenetic way, eventually 

leading to the modulation of behavior and emotion.  

Gender-related difference in metabolic pathways was observed under 

nutrient stress.24 Previous studies have shown that higher lipolysis and fat 

oxidation in muscles and fats was observed in females than males,25-27 and 

estrogen is responsible for these differences.28,29 Taken together, higher level of 
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estrogen in female may direct to higher fat-oxidation during nutrient stress, 

leading to the increased level of ketone bodies in blood stream and extrahepatic 

tissue. This would eventually lead to the increased level of BDNF in brain as 

well and could be indicative of the neuroplasticity mechanism of EE in a 

gender-specific manner.  

This study will give a better understanding of sex difference in EE 

intervention for neuroprotection and will provide a preclinical basis for novel 

sex-specific rehabilitations. In this study, we will focus on how definable 

factors such as gender contribute to the inter-individual variability in ketone 

metabolism and the effect of EE. 
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II. MATERIALS AND METHODS 

1. Animals and housing conditions 

This study was approved by the Institutional Animal Care and Use Committee 

of Yonsei University Health System (permit number: 2018-0110, 2019-0336, 

2020-0054). All Crl:CD1(ICR) mice were purchased from the Jackson 

Laboratory. The EE mice were housed in a huge cage (86×76×31cm3) 

containing novel objects, such as tunnels, shelters, toys, and running wheels for 

voluntary exercise, and allowing for social interaction (15-16 mice/cage) for 

two months (Figure 1), whereas the control mice were housed for the same 

duration in standard cages (27×22.5×14 cm3). Normal mice and ovariectomized 

(OVX) mice were housed in a facility accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care and given food and 

water ad libitum under alternating 12-h light/dark cycles, according to animal 

protection regulations. 
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Figure 1. Enriched enrichment and standard cages. Mice in an enriched cage accessed freely to shelters, tunnels, toys, and 

running wheels while mice in a standard cage accessed freely to water and food without any stimulating objects. The location 

of the objects in the EE cage were changed every 2-3 days, and the sexes were housed separately. 
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2. Estrus cycle determination 

In rodents, the estrus cycle lasts 4-5 days. To determine the stage of estrus, 

vaginal cytology was conducted with the tip of plastic pipette filled with 

distilled water in all normal female mice at the end of the study (Figure 2). The 

three cell types, leukocyte, cornified epithelial, and nucleated epithelial, were 

identified to determine the four stages of estrus: proestrus, estrus, metestrus, 

and diestrus.  

 

 

Figure 2. Determination of estrus cycle of normal mice by vaginal cytology. 

Vaginal cytology was conducted for all normal female mice to determine their 

estrus cycle at the end of the study. The estrus cycle is divided into 4 stages: 

(A) Proestrus, (B) Estrus, (C) Metestrus, and (D) Diestrus. Relative estrogen 

concentration in blood is known to be higher in proestrus and estrus cycles than 

metestrus and diestrus cycles. 20x magnification. 
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3. Blood biochemical testing 

The blood was drawn to a vacutainer tube. Blood samples were centrifuged 10 

min at 300g. Total protein (TP), total cholesterol (TC), high-density lipoprotein 

(HDL-C), triglyceride (TG) and lactate dehydrogenase (LDH) were measured 

by DRI-CHEM 4000i, Fuji).   

 

4. Metabolic cages 

Physical activity, food intake, and energy expenditure was measured over 7 

consecutive days by metabolic cages (TSE systems). The cages allow to non-

invasively measure the respiratory exchange ratio (O2 consumption/CO2 

production) and heat (kacl/J) Each metabolic chamber measures O² 

consumption and CO² production for individual mice and calculates the 

respiratory exchange ratio to reflect energy expenditure. The metabolic cages 

will also be used for the quantitative measurement of horizontal and vertical 

movement (XYZ-axis) as an index of physical activity and food/water intake. 

 

5. Dual energy x-ray absorptiometry 

Dual-energy x-ray absorptiometry (DXA) is widely used for estimation of body 

compositions and bone mineral density. Each mouse was anesthetized shortly 

with a mixture of rompun (10mg/kg) and Ketamine (100mg/kg), transferred, 

correctly positioned at the DXA chamber (INALYZER, MEDIKORS Inc., 
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Korea). The whole body compositions including bone (white), fat (red), and 

tissue (blue) were measured at the end of the condition period. 

 

6. Construction of estrogen-deficient mice by ovariectomy 

Ovariectomy was conducted at 6-7 wks of age. A dorsal midline incision was 

performed, and the abdominal muscle and peritoneum were incised to find the 

ovaries as shown in Figure 3, and a silk ligature was tied below the ovaries to 

remove them. With a silk thread, the surgical suture was performed at the 

incision sites. After the surgery, all mice were placed at 37°C warm chamber 

during recovery of consciousness. To confirm the efficacy of the surgery, the 

uterus was obtained and weighed at the end of the study.  
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Figure 3. Ovariectomy. To produce an estrogen-deficient model, a bilateral 

ovariectomy was conducted at 6-7 wk aged Crl:CD1(ICR) mice. (A) The gross 

image of an ovary. (B) The gross image of a uterus part without the ovary. (C) 

An unilateral ovariectomy. (D) A bilateral ovariectomy. (E) Extracted ovaries. 

After the ovariectomy, the mice were randomly assigned to 4 groups: OVX, 

OVX+E2, OVX+EE, and OVX+E2/EE. Ovariectomy is known to cause an 

escalation in body weight gain and induce impairments in metabolic 

homeostasis. 
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7. 17β-estradiol (E2) treatment 

17β-estradiol (E2: 2.5ug/mouse; Sigma, St. Louis, MO, Catalog no. E8875) 

dissolved in 0.1 mL corn oil (Sigma, C8267) was injected subcutaneously twice 

per week for 8 weeks. Mice not receiving E2 treatment were injected with 

0.1mL corn oil. 

 

8. Fat droplet measurement  

Liver and brain specimens were frozen, sliced with cryostat, and stained with 

Oil Red O staining (Biovision, Milpitas, CA, Catalog no. K580-24). Fat 

droplets were examined under light microscopy with 400x magnification. The 

amount of the lipid droplets from at least two slide sections of each mouse were 

analyzed using ImageJ program and presented as a percentage of surface area 

for liver and number of lipid droplets for brain regions.  

 

9. Quantitative real-time-polymerase chain reaction (qRT-PCR) 

Total RNA was extracted using a TRIzol reagent (Invitrogen Life Technologies, 

Carlsbad, CA, U.S.A.) from brain tissue samples. Agilent 2100 Bioanalyzer 

(Agilent Technologies, Palo Alto, CA, U.S.A.) with the A260/A280 ratio for 

quality control analysis was used to evaluate purity of RNA, and visual 

valuation of the 28S:18S rRNA ratio using gel electrophoresis was used to 

evaluate the RNA integrity. Quantitative real-time-polymerase chain reaction 

(qRT-PCR) was performed using the StepOnePlus Real-Time PCR system 
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(Applied Biosystems, Foster City, CA, U.S.A.) and 2xqPCRBIO SyGreen Mix 

(PB20.12-05, PCR Biosystems, London, UK) according to the manufacturers’ 

guidelines. The primer sequences used for this study are shown in Table 1.  

 

Table 1. The primer sequences for qRT-PCR 

Gene 

names 

Forward primer Reverse primer 

MCT1 TTGGGTTCTGTGTCTACG

CC 

GGCAGCATTCCACAATGG

TC 

MCT2 GTCGTAGTCTGTGCGTC

CTT 

CCAAGCGATCTGACTGGA

GG 

MCT4 CTCTTTGTGCCTCCGGTC

TT 

AGGTAGACAGAGTAGGGC

CG 

BDH1 TGTCAAGGTCAGTGTGG

TGG 

ACCGCTGTTGCAGTAGGTT

T 

HDAC1 ACCATCAAAGGACACGC

CAA 

ACCGCTGTTTCGTAAGTCC

A 

HDAC2 CGGCAAGAAGAAAGTGT

GCTAC 

TTTCTTCAGCAGTGGCTTT

ATGAG 

HDAC3 TGCCCCAGATTTCACAC

TCC 

GACACTGGGTGCATGGTT

CA 

BDNF GGGTCACAGCGGCAGAT

AAA 

ATTGCGAGTTCCAGTGC 

GAPDH CATCACTGCCACCCAGA

AGACTG 

ATGCCAGTGAGCTTCCCGT

TCAG 

MCT, Monocarboxylate transporter; BDH, Beta-hydroxybutyrate 

dehydrogenase; HDAC, Histone deacetylase; BDNF, Brain-derived 

neurotrophic factor; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase 

used as an internal control. 
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10. Western Blotting 

Total protein was extracted from all mice and dissolved in sample buffer 

(60 mM Tris–HCl, pH 6.8, 14.4 mM b-mercaptoethanol, 25% glycerol, 2% 

SDS, and 0.1% bromophenol blue; Invitrogen)), incubated for 10 min at 70°C, 

and separated on a 10% SDS reducing polyacrylamide gel (Invitrogen). 30 μg 

of Protein samples were separated with SDS-polyacrylamide gel 

electrophoresis (PAGE) on a 4–12% gradient Bis-Tris gel and Tris-Acetate gel 

(Invitrogen). The separated proteins were further transferred onto a 0.45 μm 

invitrolonTM polyvinylidene difluoride (PVDF) filter paper sandwich using a 

XCell IITM Blot Module (invitrogen, Life Technologies, Carlsbad, CA, 

U.S.A.). The membranes were blocked for one hour in Tris-buffered saline 

(TBS) (10 mM Tris-HCl, pH 7.5, 150 mM NaCl) plus 0.05% Tween 20 (TBST) 

containing 5% non-fat dry milk (Bio-Rad, Hercules, CA, U.S.A.) at room 

temperature, washed three times with TBST, and incubated at 4°C overnight 

with the following primary antibodies; anti-MCT1 (1:500, Abcam), anti-MCT2 

(1:200, Santa Cruz, CA, U.S.A.), anti-MCT4 (1:200, Santa Cruz), anti-HDAC1 

(1:500, Santa Cruz), anti-HDAC2 (1:200, Santa Cruz), anti-HDAC3 (1:1000, 

Santa Cruz), anti-BDNF (1:1000, Abcam), and anti-β-Actin (1:5000, Abcam). 

After washing the blots three times with TBST, the blots were incubated for 

one hour with horseradish peroxidase-conjugated secondary antibodies (1:5000; 

Santa Cruz) at room temperature. The proteins were further washed three times 

with TBST and visualized with an enhanced chemiluminescence (ECL) 
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detection system (Amersham Pharmacia Biotech, Little Chalfont, UK). Using 

ImageQuant™ LAS 4000 software (GE Healthcare Life Science, Chicago, IL, 

U.S.A.), western blot results were saved into TIFF image files, and then the 

images and the density of the band were analyzed and expressed as the ratio 

relative to the control band density using Multi-Gauge (Fuji Photo Film, version 

3.0, Tokyo, Japan). To normalize the values of all samples to account for band 

intensity, the average band intensity for each mouse group was first calculated. 

The samples were normalized to the group average of controls, and target 

protein expressions were normalized relative to the internal expression of β-

Actin. The value of the male control group was set to 1 and was divided by the 

value of each individual mouse. 

 

11. Enzyme-linked immunosorbent assay (ELISA) 

The level of βHB were measured in blood serum and brain tissue extracts using 

the β-Hydroxybutyrate Assay Kit from Sigma-Aldrich (MAK041-1KT) 

following the manufacturer’s instructions. The values were obtained at 1:40 

dilution and expressed as pmol/well, unless noted otherwise and each well 

contained the total volume of 200 µl. The level of 17β-estradiol was measured 

in blood serum using the 17β-estradiol high sensitivity ELISA kit (Enzo, 

Farmingdale, New York, U.S.A., Catalog no. ADI-900-174)  
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12. Immunohistochemistry (IHC) 

The brain tissues were frozen in Surgipath FSC 22 clear frozen section 

compound (Leica Microsystems) using dry ice and isopentane. The harvested 

brain tissues were cryosectioned at 16-μm thickness along the coronal plane 

and immunohistochemistry staining was performed. At 8 wks after EE, to 

confirm the endogenous expression of MAP2 (1:400, Abcam), GFAP (1:400, 

Neuromics, Edina, MN, U.S.A.), MCT2 (1:400, Santa Cruz), and MCT4 (1:400, 

Santa Cruz), the brain sections of the cerebral cortex, hippocampus, and 

striatum were immunostained. The sections were incubated with Alexa Fluor®  

488 goat anti-rabbit (1:400, Invitrogen) and Alexa Fluor®  594 goat anti-mouse 

(1:400, Invitrogen) secondary antibodies, then covered with Vectashield®  

mounting medium with 4C, 6-diamidino-2-phenylindole (DAPI; Vector, 

Burlingame, CA, U.S.A.). The stained sections were analyzed using LSM 700 

confocal microscopy (Zeiss, Gottingen, Germany). 

 

13. Behavioral assessments 

A. Rotarod test  

A rotarod test was used to assess motor coordination and locomotor function 

(Figure 4A). All animals received a pretreatment performance evaluation at 6 

weeks of age. For this assessment, mice were placed on a rotarod treadmill (Ugo 

Basie, Gemonio (VA), Italy), and the latency to fall, which is the length of time 

that the animals remained on the rolling rod, was measured. Rotarod tests were 
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then performed at 2-wk interval until 2 mo after the commencement of the 

treatment at an accelerating speed (4–80 rpm) and a constant speed (32, 64 rpm). 

The latency period was measured twice for each test, and individual tests were 

terminated at a maximum latency of 300 sec. 

  

B. Ladder walking test 

The ladder rung walking task allows discrimination between subtle 

disturbances of motor function by combining qualitative and quantitative 

analysis of skilled walking (Figure 4B).30 The ladder walking test was 

performed before the condition and 2 mo after the condition. In the ladder 

walking test, the mice were required to walk three times on a one meter of 

horizontal ladder with metal rungs (Jeung Do B&P, Seoul, South Korea) 

located at differing distances apart. The number of slips from the transverse 

rungs with each forelimb was measured by videotape analysis.30,31  

 

C. Openfield test 

Openfield test is generally used to evaluate locomotor activity and anxiety 

behaviors in a novel environment (Figure 4C).32 Activity monitoring was 

conducted in a square area measuring 30×30.5×31 cm3. The area’s floor was 

divided into 16 sectors. The 4 inner sectors were marked as the center, while 

the 12 outer sectors were defined as the periphery. Total spent time in the 

periphery was recorded as an index of anxiety. Mice were placed individually 
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into the periphery of the area and could explore freely for 25 min while being 

monitored with a video camera. The data were analyzed using the video 

tracking system Smart Vision 2.5.21 (Panlab, Barcelona, Spain). 

 

D. Cylinder test 

Cylinder test is designed to assess exploratory behaviors and locomotor 

asymmetry in the rodent stroke model (Figure 4D).33 The mice were placed in 

transparent Plexiglas cylinder (20 cm H x 10 cm D). Mice were able to explore 

vertical surfaces of the transparent Plexiglas cylinder by rearing up on their 

hindlimbs and contacting the surface with their forelimbs. To assess the 

asymmetry behavior, the number of independent forelimb contacts were 

recorded for the right forelimb, left forelimb and both forelimbs simultaneously. 

 

E. Hanging wire test 

Hanging wire test is designed to assess both limb strength and balance (Figure 

4E).34 Mice were tested for their ability to hang from a thick metallic wire, 

which is secured to two vertical stands. To avoid any vibration, the wire was 

tightly attached to the plastic frame. The wire is secured 35 cm above the 

bedding cage to prevent falling injury. Each mouse was given three trials. 

Latency to fall from the wire was recorded, and the maximum latency period 

was 300 sec. 
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F. Y-maze test 

Y-maze test is to evaluate cognition and short-term spatial memory (Figure 

4F).35 This test was carried out in an enclosed “Y” shaped maze (Jeung Do 

B&P). Normal mice tend to visit the arms of the maze one after the other. This 

behavior is called spontaneous alteration and used to assess short-term spatial 

memory in a new environment.35 The number of each arm entries, spontaneous 

alteration, and percent alteration were recorded for 8 min. The percent 

alteration was calculated as follows: [Number of spontaneous 

alteration/(Number of total arm entries − 2)] × 100. At the end of each trial the 

maze was cleaned of urine and feces with 70% ethanol. 

 

G. Forced swim test 

Forced swim test can be used to assess depression-like activities in the rodent 

models (Figure 4G).36,37 The animals are subjected to an inescapable swim 

stress for a short period of time. Briefly, each mouse was placed into an opaque 

cylinder (20 cm D x 30 cm H; with 15 cm depth of 24 °C water). The mouse 

was videotaped from the front of the cylinder for 6 min and the duration of 

mobility and immobility time was quantified from the automated video-

tracking software. 
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Figure 4. Behavioral assessments for motor, cognitive, and emotional 

function. Locomotor function was assessed by (A) Rotarod test, (B) Ladder 

walking test, (C) Openfield test, (D) Cylinder test, and (E) Hanging wire test. 

Cognitive function was assessed by (F) Y-maze test, and emotional function 

was assessed by (G) Forced swim test. 
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14. Statistical analysis 

Statistical analyses were performed using Statistical Package for Social 

Sciences software version 25.0 (IBM Corporation, Armonk, NY, U.S.A.). The 

Levene’s test was applied for homogeneity of variance of the data. A two-way 

analysis of variance (ANOVA) test, and repeated measure ANOVA test for 

rotarod tests were used to examine the main and interaction effects followed by 

Tukey post hoc test for comparisons within gender or period and between 

housing conditions. For the comparisons of OVX groups, a one-way ANOVA 

followed by Tukey's multiple comparison test was used, unless otherwise noted. 

For the quantification of Oil Red O staining, ImageJ program was used to count 

the number lipid droplets with appropriate threshold. The data were expressed 

as a mean ± standard error of the mean (S.E.M.), and all graphical artworks 

were produced using GraphPad Prism version 9. 
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III. RESULTS 

Part 1. Normal model 

Result 1. EE significantly reduces fat contents 

   An experimental scheme and flow chart of sample size for this study are 

described in Figure 5. To examine the effect of gender and housing condition 

on the whole body and blood composition, dual-energy x-ray absorptiometry 

(DXA) and blood biochemistry tests were performed (Figure 6). In DXA, 

white, blue, and red pixels indicate bone, lean mass (non-fat), and fat contents, 

respectively. In analysis of DEXA, there was no significant interaction between 

gender and housing (F1,16 = 1.843, P = 0.193). There was a main effect for 

housing (F1,16 = 68.32, P < 0.0001). Fat percent was significantly reduced in 

EE mice, and this pattern was descriptive for both sexes. In analysis of the fat 

content of blood serum, no significant interaction between gender and housing 

was observed in the level of serum triglyceride (TG) (F1,24 = 1.512, P = 0.231). 

Analysis of the main effects showed a significant gender effect (F1,24 = 4.563, 

P = 0.043), due to a higher level of TG exhibited by the female mice. A 

significant housing effect was also observed (F1,24 = 27.25, P < 0.0001), 

indicating that EE mice showed the reduced level of TG than control mice. In 

the level of serum total cholesterol (TCHO), there was no significant interaction 

between gender and housing (F1,24 = 0.027, P = 0.871). A significant housing 

effect was observed (F1,24 = 10.51, P = 0.004), with EE mice exhibiting the 

reduced level of TCHO than control mice irrespective of gender. 
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Figure 5. An experimental scheme for normal model study. (A) A graphical 

picture of the enriched enrichment (EE) cage. (B) A graphical picture of the 

standard cage. (C) A flow chart for the experimental procedure and group 

allocation. A total of 104 mice (52 Males and 52 Females) were randomly 

assigned to either the standard cages (n = 26 per gender) or EE cages (n = 26 

per gender) at 6 weeks of age for two months. To investigate the gender-specific 

effect of EE on metabolism, DEXA analysis (n = 5 each), indirect calorimetry 

(n = 3 each), ELISA (n = 6 each), qRT-PCR (n =4 each), WB (n = 4 each), and 

IHC (n = 4 each) were carried out. All mice were sacrificed at 14 wks of age 

except for indirect calorimetry (15 wks of age).  
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Figure 6. Fat reduction induced by EE in DXA and blood biochemical 

testing. (A) representative DXA images of male control, male EE, female 

control, and female EE (from left to right). (B) Fat percent analysis by DXA (C) 

Serum triglyceride (TG) and (D) Serum total cholesterol (TCHO) by blood 

biochemical testing. Data are expressed as mean ± SEM. A two-way ANOVA 

test was used to examine the main and interaction effects followed by Tukey 

post hoc test for comparisons within gender and between housing conditions. 

MC, male control; ME, male EE; FC, female control; FE, female EE. CON, 

control; EE, enriched environment.  
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 Result 2. EE and gender affect metabolic phenotype 

   To examine the effect of gender and housing condition on metabolic 

phenotype, a total of 12 mice (n = 3 per group) were single-housed in metabolic 

automatic cages. Average respiratory exchange ratio (RER) and Heat for five 

consecutive days were indicated in Figure 7A and B, respectively. In RER, 

there was no significant interaction between gender and housing (F1,8 = 

0.0002677, P = 0.987). There was a significant housing effect (F1,8 = 6.456, P 

= 0.0347), with EE mice exhibiting the higher rate of RER than control mice 

irrespective of sex. In analysis of heat, there was no significant interaction 

between gender and housing (F1,8 = 0.003896, P = 0.9518). There was a 

significant gender effect (F1,8 = 5.784, P = 0.0428), with female mice exhibiting 

more total calories burn and the higher level of heat than male mice irrespective 

of housing.  

 

 

 

 

 

 

 

 

 



 28 

 

Figure 7. Metabolic phenotype difference induced by housing conditions 

and gender. (A) Respiratory exchange ratio (RER) for 5 consecutive days. (B) 

Measurement of heat (calories) for 5 consecutive days. Data are expressed as 

mean ± SEM. A two-way ANOVA test was used to examine the main and 

interaction effects followed by Tukey post hoc test for comparisons within 

gender and between housing conditions. CON, control; EE, enriched 

environment. 
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Result 3. Gender difference in serum βOHB and sex-specific effects of 

EE on cerebral cortex and hippocampus 

   To examine the effect of gender and housing condition on the level of β-

HB, the ELISA assay was conducted for serum and various brain regions. In 

serum (Figure 8A), there was no significant interaction between gender and 

housing (F1,36 = 0.09203, P = 0.7634). Analysis of the main effects showed a 

significant gender effect (F1,36 = 44.81, P < 0.0001), due to a higher level of β-

HB exhibited by the female mice. Moreover, a significant housing effect was 

also observed (F1,36 = 9.868, P = 0.0034), indicating that EE mice showed the 

higher level of β-HB than control mice. Overall, the female EE mice has the 

higher level of β-HB than the other groups. Further subgroup analysis for the 

female groups was conducted based on their estrus cycle (Figure 8B). Proestrus 

and estrus periods are known for the sexually receptive (SR) period, and 

diestrus and metestrus are known for the non-sexually receptive (NR) period. 

A two-way ANOVA revealed a trend for a period x housing interaction (F1,16 = 

4.208, P = 0.0570). Analysis of the main effects showed a significant period 

effect (F1,16 = 21.48, P = 0.0003), due to a higher level of β-HB exhibited by 

the SR mice. Moreover, a significant housing effect was also observed (F1,16 = 

9.2, P = 0.0079), indicating that EE mice showed the higher level of β-HB than 

control mice. In cerebral cortex (Figure 8C), there was no significant 

interaction between gender and housing (F1,20 = 1.086, P = 0.3098). Analysis 

of the main effects showed a significant gender effect (F1,20 = 4.894, P = 0.0387), 
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due to a higher level of β-HB exhibited by the female mice. Moreover, a 

significant housing effect was also observed (F1,20 = 8.782, P = 0.0077), 

indicating that EE mice showed the higher level of β-HB than control mice. 

Similar to cerebral cortex, in hippocampus (Figure 8D), there was no 

significant interaction between gender and housing (F1,20 = 0.3558, P = 0.5575). 

There was a significant gender effect (F1,20 = 4.463, P = 0.0474) and a 

significant housing effect (F1,20 = 13.95, P = 0.0013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 31 

 

Figure 8. Quantification of βOHB level in serum and brain regions. (A) 

Serum βOHB level. (B) Subgroup analysis of serum βOHB based on estrus 

cycle. (C) The βOHB level of cerebral cortex. (D) The βOHB level of 

hippocampus. Data are expressed as mean ± SEM. A two-way ANOVA test 

was used to examine the main and interaction effects followed by Tukey post 

hoc test for comparisons within gender and between housing conditions. CON, 

control; EE, enriched environment. 
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Result 4. EE affects βOHB-related genes and proteins in a gender-

specific way in cerebral cortex and hippocampus  

   To examine the effect of gender and housing condition on MCT1, MCT2, 

MCT4, HDAC1, HDAC2, HDAC3, and BDNF, qRT-PCR (Figure 9), western 

blot (Figure 10), and IHC (Figure 11) were performed. The expression of 

βOHB-related genes was significantly regulated by EE and gender. The 

significance of main effects and interaction were noted in the figures. For qRT-

PCR, F-values for the interaction are as follows: F1,44 = 0.1142, 36.18, 0.5966, 

4.011, 4.010, 10.96, and 20.85 of MCT1, MCT2, MCT4, HDAC1, HDAC2, 

HDAC3, and BDNF, respectively, in cerebral cortex. F-values for the 

interaction are as follows: F1,44 = 0.5544, 11.38, 8.822, 42.80, 5.344, 0.5058, 

and 16.28 of MCT1, MCT2, MCT4, HDAC1, HDAC2, HDAC3, and BDNF, 

respectively, in hippocampus. For western blot, F-values for the interaction are 

as follows: F1,12 = 0.1323, 0.0417, 0.0006, 0.3339, 0.0246, 1.092, and 3.009 of 

MCT1, MCT2, MCT4, HDAC1, HDAC2, HDAC3, and BDNF, respectively, 

in cerebral cortex. blot, F-values for the interaction are as follows: F1,12 = 1.534, 

0.0295, 0.5336, 0.7214, 0.0006, 0.0484, and 0.4084 of MCT1, MCT2, MCT4, 

HDAC1, HDAC2, HDAC3, and BDNF, respectively, in hippocampus. There 

was a significant difference in the colocalization of MCT2 with MAP-2 and 

MCT4 with GFAP in female EE group compared to the other groups. 
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Figure 9. The expression of βOHB-related genes by qRT-PCR. Data are expressed as mean ± SEM (n = 4-5 per group). A 

two-way ANOVA test was used to examine the main and interaction effects followed by Tukey post hoc test for comparisons 

within gender and between housing conditions. CON, control; EE, enriched environment.   
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Figure 10. The expression of βOHB-related proteins by western blot. A representative WB image of cerebral cortex and 

hippocampus. Data are expressed as mean ± SEM (n = 4-5 per group). A two-way ANOVA test was used to examine the main 

and interaction effects followed by Tukey post hoc test for comparisons within gender and between housing conditions. MC, 

Male Control; ME, Male EE; FC, Female Control; FE, Female EE.
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Figure 11. The expression of βOHB-related proteins by IHC. The representative IHC images of GFAP+MCT4+ in (A) 

cerebral cortex and (B) hippocampus. The representative IHC images of MAP-2+MCT2+ in (C) cerebral cortex and (D) 

hippocampus. Quantification of GFAP+MCT4+ in (E) cerebral cortex and (F) hippocampus. Quantification of MAP-2+MCT2+ 

in (G) cerebral cortex and (H) hippocampus. Data are expressed as mean ± SEM (n = 4 per group). A two-way ANOVA test 
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was used to examine the main and interaction effects followed by Tukey post hoc test for comparisons within gender and between 

housing conditions. CON, control; EE, enriched environment. 20x magnification.
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Result 5. EE improves locomotor function and spatial memory  

   Locomotor function was assessed by rotarod test (Figure 12A-D) and 

ladder walking test (Figure 12E), and cognitive function was assessed by Y-

maze test (Figure 13). In rotarod test and ladder walking test. Both genders 

showed significant improvement in locomotor function when exposed to EE. 

The female EE group outperformed the other groups. In Y-maze test, there was 

a significant difference in percent alteration percent between female control 

group and female EE group. To note, the number of entries was significantly 

decreased in EE mice compared to control mice, regardless of gender. 
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Figure 12. Locomotor function assessed by rotarod test and ladder walking test. (A) Rotarod test at accelerating speed 4-

80 rpm. (B) Rotarod test at constant 48 rpm. (C) Rotarod test at constant 64 rpm. (D) Measurement of body weight at 2-wk 

interval. (E) Post 8 wks ladder walking test. Data are expressed as mean ± SEM (n = 25 per group). For rotarod test, a repeated 

Measure ANOVA followed by Tukey post-hoc comparisons was used to discern statistical significances. A P value less than 

0.05 was considered statistically significant. F-EE compared to M-EE *, F-EE compared to F-CON #, F-EE compared to M-
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CON $, M-EE compared to M-CON %, M-EE compared to F-CON &. For ladder walking test, a two-way ANOVA test was 

used to examine the main and interaction effects followed by Tukey post hoc test for comparisons within gender and between 

housing conditions. M, Male; F, Female; CON, control; EE, enriched environment.
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Figure 13. Cognitive function assessed by Y-maze test. (A) Raw scores of 

alternative behaviors (B) Total number of entries (C) Alternative behavior 

percent. Data are expressed as mean ± SEM (n = 8-10 per group). A two-way 

ANOVA test was used to examine the main and interaction effects followed by 

Tukey post hoc test for comparisons within gender and between housing 

conditions. M, Male; F, Female; CON, control; EE, enriched environment. 
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Part 2. Ovariectmized (OVX) model 

Result 6. Estrogen therapy (E2) and EE synergistically decrease body 

weight and increase the circulating estrogen level in the OVX model 

   Validation of OVX construction was confirmed by body weight (Figure 

14A) and estradiol assay (Figure 14B) at post 8 weeks. EE can decrease body 

weight in the OVX model, and the synergistic effect of E2 and EE was noted 

in body weight, lowering the body weight similar to the shame group. EE can 

increase the circulating estrogen level in the OVX model, and the synergistic 

effect of E2 and EE was noted in the circulating estrogen level. 
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Figure 14. Measurement of body weight and 17β-estradiol at post 8 weeks. 

(A) Body weight. (B) the level of 17β-estradiol. Data are expressed as mean ± 

SEM (n = 8-12 per group). A one-way ANOVA followed by Tukey multiple 

comparison test was used to discern the statistical significance. OVX, 

Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; 

OVX+EE, Ovariectmized mice with EE; OVX+E2/EE, Ovariectmized mice 

with estrogen therapy and EE. 
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Result 7. E2 and EE synergistically reduces fat contents in the OVX 

model 

   To examine the effect of E2 and EE on the whole body and blood 

composition, dual-energy x-ray absorptiometry (DXA) and blood biochemistry 

tests were performed (Figure 15). Moreover, abnormal lipid accumulation was 

assessed by Oil Red O staining and H&E staining in liver (Figure 16) and brain 

(Figure 17). Fat percent was significantly decreased in the treatment groups 

compared to the OVX group. The synergistic effect of E2 and EE was noticed 

in serum TG. Moreover, E2 and EE significantly decrease accumulated lipid 

droplets.  
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Figure 15. Fat reduction induced by E2 and EE in DXA and blood 

biochemical testing. (A) representative DXA images of the OVX groups. (B) 

Fat percent analysis by DXA (C) Serum triglyceride (TG) and (D) Serum total 

cholesterol (TCHO) by blood biochemical testing. Data are expressed as mean 

± SEM (n = 6-9 per group). A one-way ANOVA followed by Tukey multiple 

comparison test was used to discern the statistical significance. OVX, 

Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; 

OVX+EE, Ovariectmized mice with EE; OVX+E2/EE, Ovariectmized mice 

with estrogen therapy and EE. 
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Figure 16. Accumulated lipid droplets were significantly decreased by E2 and EE in liver. E2 and EE synergistically 

decreases the lipid droplets as indicated by Oil Red O staining. Data are expressed as mean ± SEM (n = 4 per group). A one-

way ANOVA followed by Tukey multiple comparison test was used to discern the statistical significance. OVX, Ovariectomized 

mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized mice with EE; OVX+E2/EE, 

Ovariectmized mice with estrogen therapy and EE.    
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Figure 17. Accumulated lipid droplets were significantly decreased by E2 and EE in various brain regions. E2 and EE 

synergistically decreases the lipid droplets as indicated by Oil Red O staining. Data are expressed as mean ± SEM (n = 4 per 
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group). A one-way ANOVA followed by Tukey multiple comparison test was used to discern the statistical significance. OVX, 

Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized mice with EE; 

OVX+E2/EE, Ovariectmized mice with estrogen therapy and EE; SVZ, Subventricular zone.
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Result 8. E2 and EE affect the metabolic phenotype in the OVX model 

To examine the effect of E2 and EE on metabolic phenotype, a total of 21 

mice (n = 5-6 per group) were single-housed in metabolic automatic cages. 

Average respiratory exchange ratio (RER) and Heat for five consecutive days 

were indicated in Figure 18A and B, respectively. There are significant 

differences between the treatment groups and the OVX group in RER and Heat. 
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Figure 18. Metabolic phenotype difference induced by E2 and EE in the 

OVX model. (A) Respiratory exchange ratio (RER) for 5 consecutive days. (B) 

Measurement of heat (calories) for 5 consecutive days. Data are expressed as 

mean ± SEM (n = 5-6 per group). A one-way ANOVA followed by Tukey 

multiple comparison test was used to discern the statistical significance. OVX, 

Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; 

OVX+EE, Ovariectmized mice with EE; OVX+E2/EE, Ovariectmized mice 

with estrogen therapy and EE. 
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Result 9. E2 and EE affect the βOHB level in serum and brain regions 

To examine the effect of E2 and EE on the level of βOHB, the ELISA assay 

was conducted for serum and various brain regions. In serum (Figure 19A), 

there were significant differences between the treatment groups and the OVX 

group. In cerebral cortex (Figure 19B), there was a significant difference 

between the OVX group and OVX+E2/EE group. In hippocampus (Figure 

19C), there were significant differences between the OVX group and 

OVX+E2/EE group and between the OVX+EE group and OVX+E2/EE group.  
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Figure 19. E2 and EE affect the βOHB level synergistically. (A) Serum 

βOHB level. (B) The βOHB level of cerebral cortex. (C) The βOHB level of 

hippocampus. A one-way ANOVA followed by Tukey multiple comparison 

test was used to discern the statistical significance. OVX, Ovariectomized mice; 

OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, 

Ovariectmized mice with EE; OVX+E2/EE, Ovariectmized mice with estrogen 

therapy and EE. 
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Result 10. E2 and EE affect βOHB-related genes and proteins in 

cerebral cortex and hippocampus  

   To examine the effect of E2 and EE on MCT1, MCT2, MCT4, BDH, 

HDAC1, HDAC2, HDAC3, and BDNF, qRT-PCR (Figure 20), western blot 

(Figure 21), and IHC (Figure 22 and 23) were performed. The expression of 

βOHB-related genes was significantly regulated by E2 and EE. The significant 

differences were noted in the figures. There was a significant difference in the 

colocalization of MCT2 with MAP-2 and MCT4 with GFAP in OVX+E2/EE 

compared to the other groups.
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Figure 20. The expression of βOHB-related genes by qRT-PCR in the OVX model. Data are expressed as mean ± SEM (n 

= 4-5 per group). A one-way ANOVA followed by Tukey multiple comparison test was used to discern the statistical significance. 
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OVX, Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized mice with EE; 

OVX+E2/EE, Ovariectmized mice with estrogen therapy and EE.  
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Figure 21. The expression of βOHB-related proteins by western blot in the OVX model. Data are expressed as mean ± SEM 

(n = 4 per group). A one-way ANOVA followed by Tukey multiple comparison test was used to discern the statistical 

significance. OVX, Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized 

mice with EE; OVX+E2/EE, Ovariectmized mice with estrogen therapy and EE. 
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Figure 22. The expression of βOHB-related proteins by IHC in the OVX model. The representative IHC images of 

GFAP+MCT4+ in (A) Cerebral cortex and (B) Hippocampus. Quantification of GFAP+MCT4+ (C) Cerebral cortex and (D) 
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Hippocampus. The representative IHC images of MAP-2+MCT4+ in (E) Cerebral cortex and (F) Hippocampus. Quantification 

of MAP-2+MCT4+ (G) Cerebral cortex and (H) Hippocampus. Data are expressed as mean ± SEM (n = 4 per group). A one-way 

ANOVA followed by Tukey multiple comparison test was used to discern the statistical significance. OVX, Ovariectomized 

mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized mice with EE; OVX+E2/EE, 

Ovariectmized mice with estrogen therapy and EE. 20X magnification.
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Figure 23. Higher magnification of confocal images of GFAP+MCT4+ and MAP-2+MCT4+ in cerebral cortex. OVX, 

Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized mice with EE; 

OVX+E2/EE, Ovariectmized mice with estrogen therapy and EE. 40X magnification. 
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Result 11. E2 and EE improve motor, cognitive, and emotional function 

in the OVX model 

Motor function was assessed by hanging wire test, cognitive function was 

assessed by Y-maze test, and emotional function was assessed by openfield test, 

cylinder test, forced swim test as indicated in Figure 24. In hanging wire test, 

there were significant differences in latency to fall between the treatment 

groups and OVX group. In Y-maze test, there was significant differences in 

percent alteration between OVX and OVX+E2/EE and between OVX+E2 and 

OVX+E2/EE. In openfield test, there was a significant difference in ratio of 

inner over outer between OVX and OVX+E2/EE. In cylinder test, although 

there was no significant difference in number of rearing among the groups, 

there were significant differences in defecation frequency between OVX and 

OVX+EE and between OVX and OVX+E2/EE. In forced swim test, there were 

significant differences in latency to immobility between OVX and 

OVX+E2/EE and between OVX+EE and OVX+E2/EE. Moreover, there were 

significant differences in defecation frequency between the treatment groups 

and OVX group. 
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Figure 24. Improvement in motor, cognitive, and emotional function by E2 and EE. (A) Latency to fall in hanging wire 

test. Maximum latency 300s. (B) Raw scores of alternative behaviors in Y-maze test (C) Total number of entries in Y-maze test. 

EE-treated mice showed significantly lower entries. (D) Alternation percent in Y-maze test. (E) Ratio of inner over outer distance 
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in openfield test. (F) Number of rearing in cylinder test. (G) Defecation frequency in cylinder test. (H) Latency to immobility in 

forced swim test. (I) Defecation frequency in forced swim test. Data are expressed as mean ± SEM (n = 8-16 per group). A one-

way ANOVA followed by Tukey multiple comparison test was used to discern the statistical significance. OVX, Ovariectomized 

mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, Ovariectmized mice with EE; OVX+E2/EE, 

Ovariectmized mice with estrogen therapy and EE. 
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Table 2. The summary table and results of subgroups 

EE, enriched environment; OVX, Ovariectomized mice; OVX+E2, Ovariectomized mice with estrogen therapy; OVX+EE, 

Ovariectmized mice with EE; OVX+E2/EE, Ovariectmized mice with estrogen therapy and EE. For EE effect, Estrogen effect, 

obese, minus sign (-) indicates not under the influence, and plus sign (+) indicates under the influence. For the rest of the 

parameters, minus sign (-) indicates no effect, plus sign (+) indicates not significant, but showed a tendency, and double plus 

signs (++) indicate significant effect. 

 

Group 
EE 

effect 

Estrogen 

effect 
Obese 

Fat reduction 

(DEXA, 

Blood 

testing) 

Metabolic 

phenotype 

change 

BHB in 

serum 

and 

brain 

regions 

BHB-

related 

gene 

expression 

changes 

(qRT-

PCR) 

BHB-

related 

protein 

expression 

changes 

(WB) 

IHC Behaviors 

Male Control - - - - - - - - - - 

Male EE + - - ++ ++ ++ + + + + 

Female Control - + - - + + + + + - 

Female EE + + - ++ ++ ++ ++ ++ ++ ++ 
           

OVX - - + - - - - - - - 

OVX+E2 - + + + ++ + + + + + 

OVX+EE + - + + ++ + + + + + 

OVX+E2/EE + + - ++ ++ ++ ++ ++ ++ ++ 
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IV. DISCUSSION 

  EE intervention is a non-invasive strategy to improve metabolic and brain 

functions.38-41 However, despite its therapeutic potential, many previous studies 

have reported that a large amount of variation exists in EE by gender. Indeed, 

gender-related differences are observed in metabolic pathways, especially lipid 

metabolism, under nutrient stress.24,42 Since females generally contain more 

body fat than males, females had a propensity for the oxidation of increased 

adiposity, and more enzymes responsible for fatty acid beta-oxidation.27,43 

Since gender 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 interaction of those factors. 

In this study, we investigated the metabolic responses after long-term 

exposure to EE based on gender. DEXA and blood biochemical analyses of fat 

contents indicated fat reduction occurred after long-term exposure to EE 

regardless of gender. This result is consistent with the previous results that long-

term exposure to EE or prolonged exercise can reduce fat contents in the whole 

body composition.44,45 Although the exact mechanism of EE-induced fat 

reduction was not clear, enhanced fat oxidation and improved glucose tolerance 

are responsible for the underlying mechanism.46,47 

Our indirect calorimetry results of VO2 and VCO2 resulted in an RER 

between 0.76 and 0.84 at 14 weeks of age in all the 4 groups and showed 

significant housing effect in mean RER, indicating that EE mice have higher 
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RER ratio than control mice regardless of gender. The values, which were 

greater than 0.7 and less than 1.00, are considered as the substrate utilization on 

a mix of both fat and carbohydrate. The body is utilizing more carbohydrate for 

its energy needs as RER gets higher while the body is utilizing more fat for its 

energy needs as RER gets lower.48 The previous study showed that resting and 

mean RER increase as the exercise intensity increases with the high 

intervariability,49 and this result is similar to our study that the shift on substrate 

utilization was observed after long-term exposure to EE as indicated by a high 

mean RER. Since the EE mice, regardless of gender, have low fat composition 

than control mice, after long-term exposure to EE may shift substrate utilization, 

slightly from fats to carbohydrates, in response to the lean body. Moreover, 

significant gender effect was observed in heat production, and this result is 

consistent with the previous studies in which young females have overall higher 

core temperature, which is also influenced by estrous cycle, than males.50-52  

It is important to note that young females utilize fatty acids more to produce 

ketone bodies than age-matched men under nutrient stress.53,54 Moreover, in 

rodent studies, there was sex- and strain-specific effects of calorie restriction 

on circulating β-HB.55 Similar to this study, our result indicated that circulating 

β-HB concentrations were greater in females than males, regardless of housing 

condition. Interestingly, further subgroup analysis based on estrous cycle in the 

female groups indicated that the significant increase of circulating β-HB by EE 
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at diestrus and metestrus (D/M) stage was observed compared to female control 

mice at D/M stage.  

Further analysis of β-HB ELISA on brain regions indicated that significant 

increase was observed in female EE mice compared to the other groups. 

Previous studies have shown that the estrogen level is closely associated with 

mitochondrial β-oxidation of fatty acids,56 and estrogen regulates the level of 

histone acetylation associated with memory consolidation and increases BDNF 

promoter acetylation.57 This combined results may imply the synergistic effect 

of estrogen and exposure to EE on utilizing β-HB and BDNF, contributing to 

the sex-specific effect of EE on metabolism and brain function.  

The monocarboxylate transporters (MCTs) are known as solute carrier 

transporters for alternative metabolites such as lactate, pyruvate and ketone 

bodies.21 MCTs are responsible for brain energy metabolism, and three MCT 

isoforms have been identified in the brain: MCT1, MCT2, and MCT4. MCT1 

is majorly expressed in brain endothelial cells, MCT2 is exclusively in neurons 

and lastly MCT4 is mostly expressed in astrocytes.20 The expression of these 

transporters are detectable in varying amounts in cerebral cortex and 

hippocampus.58,59  

The previous studies have shown the close interrelationship among the 

level of β-HB, MCTs, HDACs, and BDNF was uncovered.8,9,23,59-62 Our qRT-

PCR, WB and IHC indicated sex-specific effects of EE and significant increase 

in MCT2 and MCT4. In a similar way, the expression of HDAC1, 2, and 3 was 
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significantly decreased in EE mice compared to control mice, and it was more 

noticeable in the female EE group. The expression of BDNF was also 

significantly increased in female EE mice compared to the other groups. As 

indicated by IHC results, significant increase in the colocalization of MAP-2 

with MCT2 and significant increase in the colocalization of GFAP with MCT4 

were observed in both cerebral cortex and hippocampus. This indicates that the 

subpopulations of neurons and astrocytes expressed more MCTs in response to 

the increased level of β-HB. 

  Ovariectomy induces spatial memory impairment, anxious and depressive 

behaviors.63-65 Short-term estrogen treatment can recover these physical and 

psychological stress-induced cognitive impairments.66 Functional behavioral 

improvements by estrogen treatment and EE were observed in OVX mice.64,66-

69 Cognitive deficits induced by the decreased level of BDNF can be alleviated 

by exercise and estrogen therapy.70,71   

Menopause-induced estrogen deficiency can lead to metabolic disorders, 

majorly dysregulated lipid metabolism.72 The ovariectomized (OVX) mice 

exhibited decreased expression of enzymes involved in the beta-oxidation of 

fatty acids and transcription factors required for lipolysis.73,74 The depletion of 

E2 may downregulate genes related to efficient energy expenditure. Body 

composition changes as the decrease of estrogens and a relative increase of 

circulating androgens.75 Since there are receptors for estrogen and androgen 
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existed in visceral and subcutaneous adipocytes, the changed levels of the 

hormones can affect the body composition significantly. 

The limitations of this study include that complex EE, which contains 

complex inanimate and social stimulations, was used in this study. This makes 

difficult to discern which stimulation contributes most to the improvements. 

Further studies based on the separate factors of EE should be conducted. 

Moreover, the determination of estrus cycle during behavioral tests should be 

conducted in further studies in the normal model.   

In our study, the synergistic effect of E2 and EE on lipid oxidation and 

reduction was shown in DXA, blood biochemical, and Oil Red O staining 

results. Along with the reduction of lipid contents, the level of β-HB was 

significantly increased in serum and brain regions. In response to the increased 

level of β-HB, β-HB-related genes and proteins were significantly regulated as 

indicated by qRT-PCR, western blot, and IHC. Moreover, these changes may 

influence behavioral phenotypes. These combined results indicate that EE and 

E2 can modulate and improve overall metabolism and dysfunctions in 

behavioral phenotype through accelerating lipid oxidation and increasing the 

level of β-HB. 
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V. CONCLUSION 

βOHB is the product of fat oxidation. After long-term exposure to EE, 

regardless of gender, fat reduction occurs. Along with the fat reduction, the 

level of βOHB increases in serum and various brain regions. In female mice, 

EE minimized the fluctuation of serum ketone level induced by estrus cycle, 

increasing the level of ketone in non-sexual responsive period (M/D). EE exerts 

the sex-specific effects on the level of ketone transporters (MCTs), HDACs, 

and BDNF in cerebral cortex and hippocampus. In a similar way, in the 

estrogen-deficient model, the synergistic effect of estrogen and EE on fat 

reduction, the level of βOHB, and the expression of βOHB-related genes and 

proteins is observed. These combined evidences may refer to the sex-specific 

effect of enriched enrichment, and these findings may be applied to the 

modification of EE treatment in a sex-specific way.  
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ABSTRACT (IN KOREAN) 

 

뇌 기능 향상에 영향을 주는 

재활환경의 성특이적 대사 효과 

 

 

<지도교수 조 성 래> 

 

연세대학교 대학원 의과학과 

표 순 일 

재활환경은 큰 케이지 안에 다양한 물체와 쳇바퀴로 구성함과 

동시에 많은 마리 수의 동물을 키워 사회적 상호작용을 허용하는 

방법이다. 재활환경의 구성 요소에는 인지기능을 향상시킬 수 있는 

자발적 운동을 포함되며, 이는 시냅스 가소성 유도 및 뇌 에너지 

대사 개선을 통해 설치류 모델의 행동 및 감정에 유익한 효과를 

발휘한다. 이러한 재활환경의 유익한 효과는 생물학적 성별의 

영향을 크게 받는다고 알려져 있다. 자발적인 운동 중에 나오는 

뇌유래신경영양인자와 같은 다양한 신경영양인자의 차등 증가는 

이러한 유익한 효과에서 신경 보호 및 성별 차이의 원인이 될 수 

있다.  

내인성 케톤체 중 하나인 베타-히드록시부티레이트는 

뇌유래신경인자와 관련된 유전자좌를 점유하는 히스톤의 

아세틸화를 증가시켜 뇌에서 후성유전자 조절자로 작용한다. 이러한 

증거는 베타-히드록시부티레이트와 같은 순환 케톤체의 농도가 
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후성적으로 뇌유래신경영양인자의 농도를 조절하여 결국 행동과 

감정의 조절로 이어질 수 있음을 의미한다. 

재활환경의 성별에 따른 효과를 알아보기 위해, 먼저 

정상마우스군과 난소절제마우스군을 대상으로 혈액 생화학적 검사, 

대사 케이지, 이중 에너지 X 선 흡수법을 통해 대사 표현형을 

조사하였다. 오일 레드 O 염색은 난소절제마우스군에서 지질 

축적을 조사하기 위하여 수행되었다. 발정 주기는 정상마우스군에서 

질 세포검사로, 에스트로겐 수치는 난소절제마우스군에서 

효소면역측정법으로 측정하였다. 지방산 산화 산물인 베타-

히드록시부티레이트는 혈청 및 뇌 영역에서 효소면역측정법으로 

측정하였다. 베타-히드록시부티레이트 관련 유전자와 단백질의 

발현은 각각 정량 실시간 중합효소 연쇄 반응과 웨스턴 블롯을 

통해 확인하였다. 특정신경세포 유형에서 베타-히드록시부티레이트 

관련 단백질 발현을 확인하기 위해 면역조직 화학검사를 

진행하였다. 마지막으로 로타로드 테스트, 사다리 걷기 테스트, 

오픈필드 테스트, 실린더 테스트, 매달린 와이어 테스트, Y-미로 

테스트, 강제 수영 테스트와 같은 다양한 행동 평가도 진행하였다. 

정상군에서는 성별에 관계없이 이중에너지 X 선 흡수법 및 혈액 

생화학 검사에서 환경 풍부화군에서 지방 감소가 관찰되었다. 

대사케이지 분석을 통해 환경 풍부화 마우스가 대조군 마우스보다 

더 높은 호흡 교환 비율을 갖고, 암컷 마우스가 수컷 마우스보다 더 

높은 열을 방출함을 확인하였다. 베타-히드록시부티레이트 

효소면역측정법 분석을 통해 혈청에서 유의한 성별 및 주거 효과를 

볼 수 있었고, 발정 주기를 기반으로 한 여성 그룹분석은 

재활환경이 발정 후기와 발정 휴지기 시기에 영향을 크게 주었음을 

확인하였다. 뇌 영역에서 환경 풍부화 암컷 그룹이 다른 그룹보다 
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베타-히드록시부티레이트 수준이 더 높았다. 정량 실시간 중합효소 

연쇄 반응과 웨스턴 블롯 분석에서 높아진 베타-

히드록시부티레이트 수준과 함께 베타-히드록시부티레이트 관련 

유전자 및 단백질이 더 유의하게 조절됨을 확인하였다. 마지막으로, 

면역조직화학검사를 통하여 환경 풍부화 마우스가 모노 

카복실레이트 수송체 2 와 마이크로튜불결합단백질-2 및 모노 

카복실레이트 수송체 4 와 신경교섬유질산성단백질의 더 높은 공동 

국소화를 보여주었으며, 이러한 현상은 암컷 그룹에서 더 

두드러졌다. 

난소 절제술 그룹에서 재활환경 및 에스트로겐 요법은 체중의 

감소를 상승적으로 일으켰다. 이중에너지 X 선 흡수법 및 혈액 

생화학 검사에서 지방 감소에 대한 재활환경 및 에스트로겐 요법의 

상승효과를 볼 수 있었다. 오일 레드 O 염색을 통하여 또한 간 및 

뇌 영역의 지방 감소에 대한 환경 풍부화 및 에스트로겐의 

상승효과를 볼 수 있었다. 대사 케이지 분석을 통하여 OVX 그룹과 

비교하여 치료군들에서 호흡 교환 비율과 열에 상당한 차이가 

있음을 확인하였다. 베타-히드록시부티레이트 효소면역측정법 

분석을 통해 혈청에서 치료군들에서 유의한 차이를 보았으며, 대뇌 

피질 및 해마의 베타-히드록시부티레이트 수준에 대한 환경풍부화 

및 에스트로겐의 상승 효과를 보았다. 정량 실시간 중합효소 연쇄 

반응과 웨스턴 블롯 분석에서 높아진 베타-히드록시부티레이트 

수준과 함께 베타-히드록시부티레이트 관련 유전자 및 단백질이 더 

유의하게 조절됨을 확인하였다. 마지막으로, 면역조직화학검사를 

통하여 난소 절제술 재활환경과 에스트로겐 병용요법그룹에서 모노 

카복실레이트 수송체 2 와 마이크로튜불결합단백질-2 및 모노 
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카복실레이트 수송체 4 와 신경교섬유질산성단백질의 더 높은 공동 

국소화를 보여주었다. 

본 연구는 성별 차이에 따른 부유 환경의 효과에 대한 더 나은 

이해를 제공할 것이며, 성별 특이적 재활치료적용을 위한 전임상 

기반을 제공할 것이다. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

핵심되는 말: 부유 환경, 성별, 에스트로겐, 대사, 베타-하드록시부

티레이트, 뇌유래 신경영양인자. 
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