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Characterization of odor markers
associated with aging in old ICR
mice
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To identify and characterize the novel odor markers associated with aging in mice, alterations in
the concentration of odorants in the urine, expression of metabolic enzymes, the histopathological
structure of the sweat glands, and the expression of regulatory factors in sweat secretion were
analyzed in ICR mice of four different ages (2, 6, 8 and 10-month-old). The concentrations of 15
odorants including ethylenimine and trimethylamine (TMA), and total volatile organic compounds
(VOCs) were significantly higher in the urine of 8- and 10-month-old ICR mice. Among them, TMA
was selected as an important odor biomarker associated with aging based on the aging-related
upregulation and its odor characteristics. Also, the increase in TMA concentrations was reflected in
the transcription levels of the gene encoding TMA monooxygenase in the livers and the feet as well
as an age-dependent increase in the lumen area and secretory coiled portion of the sweat glands of
mice. These results provide novel scientific evidence that the age-dependent changes in the volatiles
in the urine are indicative of aging-related odors in ICR mice. Specifically, the study shows that TMA
has potential as a novel diagnostic odor biomarker associated with aging in ICR mice to establish
experimental animal platform for analyzing the efficacy and action mechanism of deodorants.

Keywords Aging, Odor, VOCs, Trimethylamine, Sweat gland

The characteristic body odor associated with older individuals is often referred to as the ‘old person smell,
or ‘nursing home smell’l. This odor is produced due to age-dependent changes that result in the release of
odorous substances from the skin glands, although it could be affected by bacterial activity, genetic features,
and behavior>™. Specifically, the complex mixture of lipid and fatty acids from the sebaceous glands are the
fundamental sources of the ‘old person smell’ because the functional activity of this gland decreases in elders®~”.
Also, a similar change in age-dependent loss of functionality has been detected in the apocrine glands®. To
date, several odorants have been identified and serve as markers with a positive correlation between the extent
of body odor and aging. It has been found that the quantum of the compounds, 2-nonenal and 2-nonanol was
significantly increased by the oxidative degradation of w7 unsaturated fatty acid in the elderly compared to the
youth”8, Other odorants identified include dimethyl sulfone, benzothiazole, aldehyde, and nonanal which also
show similar age-dependent increases’. Furthermore, some significant differences were detected in the level
of pleasantness and intensity of body odor between the elderly and the youth!. However, most of the studies
on the identification and characterization of age-associated odors have been conducted only on humans. Few
studies in the field of identifying volatiles that exhibit age-specific changes in urine are being conducted in
animal experiments®1°. Actually, the direct studies for the evaluation of deodorants efficacy and identification of
odor marker on humans has many limitations although the demand for studies on the identification and action
mechanism of materials for deodorants continues to enhancement®. This is because the body odors of human
are affected by various factors such as genetics, diet, medications and hygiene, and these properties have majorly
contributed to produce the derivation of very wide-ranging data and inconsistent results for them!®. Therefore,
the establishment of an analysis platform based on new odorous marker using experimental animal that are bred
under the consistent condition is crucial to enable repetitive and meticulous evaluation of potential candidates
with deodorants activity.

Age-related alterations in body odor have been analyzed in several animals, including mice, rabbits, and
monkeys. Most of the studies have been carried out on mice because of their physiological similarity to humans,
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large litter size, short life span, and ease of breeding!!. Also, they were analyzed the urine sample to detected
age-related alterations in body odor due to a characteristic body odor of mice is derived from their urine and
scent glands as well as the tissue structure of mouse skin different from that of humans'?!%. The quantitative
changes in the aging patterns in the urine vapor of C57BL/6] mice were first compared in mice between 12
and 23 months of age using gas chromatography-mass spectrometry (GC-MS), and their physiological age
was successfully reflected in the chromatogram of their urine vapor'®. Also, two urinary volatiles associated
with age were identified in C57BL/6]J-H-2k mice of different ages: adult (3-10 months old) and old (more than
17 months old). The amount of 2-phenylactamide was remarkably increased in the old group, while those of
methylbutyric acids were decreased in the same group'®. Four attractive volatiles including 3,4-dehydro-exo-
brevicomin (DB), 2-sec-butyl-4,5-dihydrothiazole (BT), 2-isopropyl-4,5-dihydrothiazole (IT) and 6-hydroxy-6-
methyl-3-heptanone (HMH) were identified to be responsible for the odors associated with aging in the urine
of the C57BL/6] mice'®. Furthermore, significant changes in the concentration of trimethylamine (TMA) were
detected in the urine of ICR mice between 2 and 10 months of age”. However, insufficient scientific data exists
to characterize the novel odor biomarkers associated with aging in mice.

To investigate the novel odor markers associated with aging in ICR mice as part of a study to establish an
experimental animal platform for the efficacy analysis and action mechanism research of deodorants based on
odorous marker, this study analyzed the concentration of odorants in the urine, the transcriptional levels of
genes encoding metabolic enzymes, the histopathological structure of the sweat glands, and the transcriptional
levels of the functional regulators in sweat secretion. Thus, our study will be provided a novel system that can
investigate the action mechanism and efficiency of deodorants based on newly identified odor biomarkers.

Results

Verifying the age of ICR mice in four different groups

First, we analyzed the appearance, body weight, telomere length, and ammonia concentrations of the ICR mice
in the four groups to verify the aging of the mice in each group. The body size, weight and morphology gradually
increased from 2 months to 10 months of age, while the telomere length decreased within each group (Fig. 1A).
Also, the concentration of ammonia in the dirty bedding significantly increased only in the 8- and 10-month-old
group compared to 2- and 6-month-old groups (p <0.001). During the entire experimental period, the ammonia
concentrations increased from day 3 to day 5 (p <0.001), although the concentrations were highest in the dirty
bedding of the 10-month-old group. However, the ammonia levels were maintained at a constant level during
the first two days (Fig. 1B). These results suggested that the mice in the four different age groups used in this
study were suitable for the characterization of age-related odors.

Identification of odor markers associated with aging in the urine of ICR mice

To identify the odor markers associated with aging in the ICR mice, alterations in the concentration of
odorants were measured in the urine samples obtained from 2-, 6-, 8- and 10-month-old ICR mice using
comparative gas chromatography-mass spectrometry (GC-MS) analysis. Significant peak changes in the
GC-MS chromatogram of the urine were detected in the 8- and 10-month-old ICR mice when compared
with the 2- and 6-month-old mice (Fig. 2A). A total of fifteen peaks including those for ethylenimine, TMA,
benzene, N,N, N,N’-tetramethylmethanediamine (TMMA), toluene, phenylethyne, styrene, azulene, biphenyl,
diphenylmethane, 1,4-dihydrodibenzofuran, dibenzofuran, 3-hydroxybiphenyl significantly increased in an
age-dependent manner, although they involved few unknown compound (Fig. 2B). Also, the relative levels of
the total VOCs significantly increased with age in the ICR mice, while the highest level was detected in the
10-month-old mice. However, these VOC levels were maintained at a constant level in the 2- and 6-month-old
mice (Fig. 2C). Also, the principal component analysis (PCA) score plot showed compounds detected by GC-
MS analysis were successfully clustered based on the age of mice (Fig. 2D). Among the fifteen compounds, three
compounds including TMA, ethylenimine, and methanediamine were selected as candidates for odor markers
associated with aging since evidences of their scientific potential as odorous substances has been reported!s.
The concentrations of TMA and ethylenimine remarkably increased in an age-dependent manner (p<0.001),
although the highest levels were measured in the 8-month-old mice (Fig. 3A and B). A similar pattern was
detected in the concentrations of methanediamine. However, the levels were remarkably higher in the 10-month-
old mice when compared with the 8-month-old mice (p<0.001) (Fig. 3C). Therefore, these results suggest that
TMA, ethylenimine, and methanediamine may be considered odor markers associated with aging in ICR mice.

Alterations in the expression of genes encoding TMA monooxygenase during age-dependent
increases in TMA concentrations

Next, we selected TMA as the key odor biomarker associated with aging because, in an earlier study, it was
observed that its concentration was 11.7-fold higher in the 10-month-old ICR mice than in the 2-month-old
ICR mice!”. Also, this selection was supported by the fact that this study revealed that TMA concentrations
increase the most during aging. To determine whether the increases in TMA concentrations were accompanied
by changes in the expression of the gene encoding the enzyme TMA monooxygenase (flavin-containing
monooxygenase 3, FMO3), which converts odorous TMA into non-odorous trimethylamine N-oxide (TMAO),
the transcription levels of the gene encoding it were analyzed in the liver and feet of the ICR mice (Fig. 4A).
In the liver tissue, the transcription levels of this gene gradually increased in an age-dependent manner from
2-month-old to 10-month-old mice (p <0.001). Also, a similar pattern was observed in the foot tissues, although
the highest level was detected in 8-month-old mice (p=0.003) (Fig. 4B). Therefore, these results show that the
increases in the TMA concentrations may be associated with alterations in the expression levels of FMO3 in the
liver and foot tissues of the ICR mice.
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Fig. 1. Obeservation of the aging in ICR mice. (A) Appearance, body weight and telomere length. All the mice
were photographed with a digital camera and their weight were measured using electrical balance. The images
of mice were represented are presented as animals with average weight in each group. The total genomic

DNAs were collected from the liver tissues of five to six mice per group and the length of the telomeres was
analyzed twice for each mouse. (B) Ammonia concentrations in dirty bedding. The ammonia concentration
was measured in dirty bedding obtained from a single ICR mouse, as described in the ‘Materials and Methods’
section. Three to five mice per group were used to prepare the dirty bedding, and the ammonia concentrations
were assayed in duplicate for each bedding. The data are reported as the means+SD. *p <0.05 compared with
the 2-month-old group. *p <0.05 compared with the 6-month-old group.
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Fig. 2. GC-MS chromatograms and list of the major volatile components in the urine samples from 2, 6, 8,
and 10-month-old ICR mice. (A) Chromatograms. Each peak refers to the compounds mentioned in the table
below. The volatile compounds were identified by comparing the MS spectrum and Rls of the components
in the EHF with the known authentic standards available in the NIST library (2005). (B) Peak area of 15
compounds showing significant differences between the four different age groups. (C) Total VOC levels in
the 2-, 6-, 8- and 10-month-old mice. (D) PCA score plot. 8- and10-month-old group were clustered with
different dotted circle. The urine samples were collected from three to five mice per group and the GC-MS
analyses were performed twice for each mouse. The data are reported as the means+ SD. *p <0.05 compared
with the 2-month-old group. *p <0.05 compared with the 6-month-old group. Abbreviations: GC-MS: Gas
chromatography-mass spectroscopy, RIs: retention indices, EHF: extremely high frequency, NIST: National
Institute of Standards and Technology, VOCs: volatile organic compounds, PCA: Principal component
analysis.

Alterations in the histological structure and function of the sweat glands during aging

Finally, we tried to investigate whether the alteration in the concentration of the odorants associated with aging
in the urine is accompanied by changes of them in sweat because urine and sweat are main waste products from
the body and the cause of characteristics body odor. However, collecting sweat from mice bred in bedding cage
is technically very difficult and limited. Therefore, we analyzed the only histological structure and function of
sweat glands instead of analyzing major components in sweat to overcome this problem. Hence, the alterations
in the histological structure of the sweat glands and the transcription levels of the genes encoding the regulatory
factors for sweat secretion were analyzed in the feet of 2-, 6-, 8- and 10-month-old mice. During the aging of
the mice, significant alterations were detected in the hematoxylin and eosin (H&E)-stained section of the sweat
glands. The lumen area and the secretory coil portions increased significantly in an age-dependent manner in
2-, 6-, 8- and 10-month-old mice (p <0.001) (Fig. 5). Also, the above histological alterations in the feet of mice
were partially accompanied by increases in the transcription levels of the genes encoding the regulatory factors
for sweat secretion. The transcription levels of the Na-K-ATPase (NKA), aquaporin 5 (AQP5), and forkhead box
protein Al (FOXALI) genes were gradually enhanced in 8 or 10-month-old mice compared to 2 or 6-month-old
mice (p=0.002) even though the variation was large (Fig. 6). Therefore, these findings show the possibility that
alterations in the concentration of odorants associated with aging in the urine may be linked to these changes of
the odorants in sweat of the ICR mice.
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Fig. 3. Peak area of the three amine compounds detected in the urine of mice aged 2, 6, 8, and 10 months.
The peak areas for TMA (A), ethylenimine (B), and TMMA (C) were presented as a relative level. The urine
samples were collected from three to five mice per group, the GC-MS analyses were performed twice for each
mouse. The data are reported as the means + SD. *p <0.05 compared with the 2-month-old group. *p <0.05
compared with the 6-month-old group. Abbreviations: GC-MS: Gas chromatography-mass spectroscopy,
TMA: Trimethylamine, TMMA: N,N, N’ N’-tetramethylmethanediamine.
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Fig. 4. Transcription level of the gene encoding TMA metabolic enzyme. (A) Biochemical reaction of TMA.
This compound was catalyzed into TMAO through TMA monooxygenase (FMO3). (B) Transcript levels of
gene encoding FMO3. After purifying the total mRNA of the liver and foot tissue, transcription levels of this
gene were detected by qRT-PCR analysis using specific primers. The preparation of the total RNAs from the
liver and feet tissues was performed on three to five mice per group, and the levels of the PCR product were
analyzed twice for each sample. The data represents the means + SD. *p <0.05 compared with the 2-months-
old group. *p <0.05 compared with the 6-month-old group. Abbreviations: TMA: Trimethylamine, TMAO:
Trimethylamine N-oxide, FMO3: Flavin-containing monooxygenase 3.

Discussion

The elderly suffers from the ‘old person smell’ and this has been receiving a lot of attention as it can cause severe
embarrassment during social interactions'. Research to characterize the novel odor compounds associated
with aging can aid the development of suitable deodorants. In this study, we analyzed the concentrations of the
odor components of urine, transcription levels of the genes encoding the metabolic enzymes, the histological
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Fig. 5. Histological structure of the sweat glands in mouse feet. (A) Histopathological structure of the sweat
gland. These structures were observed in H&E-stained foot sections of ICR mice at 400x magnifications. (B)
Histopathological characteristics. The size of the lumen area and secretory coil portions was determined using
the Leica Application Suite. Three to five mice per group were used to prepare the foot sections, and the size of
the gland tubule and lumen in sweat glands was counted in duplicate for each section. The data are reported
as the means +SD. *p < 0.05 compared with the 2-month-old group. *p <0.05 compared with the 6-month-old
group. Abbreviations: H&E; Hematoxylin and eosin.

structure of the sweat glands, and the transcription levels of the genes encoding the regulatory factors associated
with gland secretion to characterize novel odor markers in ICR mice of four different age groups. These
results suggest the possibility that several odor compounds, including ethylenimine, TMA, and TMMA, may
be considered age-dependent markers of the ‘old person smell. These odor markers will be contributed to the
establishment of the experimental platform to investigate the efficacy and action mechanism of deodorants.
However, further research is needed with respect to the molecular mechanism of odor production.
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Fig. 6. Transcription levels of the genes encoding metabolic enzymes for sweat secretion. The transcript levels
of genes (A) NKA, (B) AQP5, and (C) FOXAL1 were detected in the total mRNA of the feet tissue by RT-
qPCR analysis using specific primers. The preparation of the total RNAs from the foot tissues was performed
on three to five mice per group, and the levels of the PCR product were analyzed twice for each sample. The
data represents the means + SD. *p <0.05 compared with the 2-month-old group. *p <0.05 compared with the
6-month-old group. Abbreviations: NKA: Na-K-ATPase, AQP5:aquaporin 5, FOXA: forkhead boxal.

Age-dependent changes in body odors have been investigated in the urine volatiles of only two different mice
strains, although the ages of the animals used in the analysis varied. In the C57BL/6] mice, six different odor
compounds were identified by GC-MS analyses. Among them, significant differences in the concentrations of
the 2-phenylacetamide and methylbutyric acids were detected between mice aged 3-10 and 17-21 months. The
concentration of 2-phenylacetamide was higher, but that of the methylbutyric acids was lower in old mice than
in young mice!®. The 2-phenylacetamide is known as a metabolite of L-phenylalanine, and this increase pattern
of this compound may link to alterations on the metabolism of serum phenylalanine concentration because it
is associated with potentially with the aging process®*?!. Also, this change of methylbutyric acids is thought to
be due the potential effect on vascular calcification??. A similar pattern in the concentrations of 3,4-dehydro-
exo-brevicomin (DB), 2-sec-butyl-4,5-dihydrothiazole (BT), and 2-isopropyl-4,5-dihydrothiazole (IT) and
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6-hydroxy-6-methyl-3-heptanone (HMH) derivatives was detected in the old group (28 months-old) compared
to the adult (3-8 months-old) and the aged group (15-20 months-old) of C57BL/6 mice. The concentrations of
DB, BT, and IT were increased in old mice, while that of 3HMH derivatives was decreased in the same groupm.
Among them, DB, BT and IT are one of enantiomeric compounds and pheromones of male mouse for their
chemical communications®*?*. Also, HMH is a unique urinary constituent as one of active pheromones in male
and female of three different mouse strains including BALB/c, CF-1, ICR/Aib and SJL/] x SWR/J F1, and has
puberty-acceleration activity?>. However, several different odorants were detected in the ICR mice. Sixteen
odorants showed an increased concentration in the 10-month-old group compared to the 2-month-old group.
Among them, TMA showed maximum differences in urine concentrations between the 2- and 10-month-old
mice!”. In the present study, we identified fifteen odorants with variable urine concentrations in four different
age groups of ICR mice. Among them, three amines (ethylenimine, TMA, and TMMA) were selected as age-
related odorants based on their chemical properties. But, our study did not detect previously detected age-
related odor compounds including 2-phenylacetamide, methylbutyric acids, DB, BT, IT and HMH. Most of the
odorants identified in our results did not match those identified in previous studies. Only two odor compounds,
namely TMA and benzene, have been detected both in our study and in a previous study comparing 2- and
10-month-old ICR mice'”. Specifically, the differences in the composition of the odor compounds between the
ICR mice and the C57BL/6 mice may be attributed to differences in the hereditary features, diet variety, breeding
environments and hygiene condition although it is difficult to predict the exact cause. Therefore, the results of
the present study provide important information on the profile of the urine volatiles associated with aging in ICR
mice that should be considered during the identification of age-dependent odors. However, a brevicomine and
thiazoline known as male pheromones were not detected in our study although male was used. The exact cause
of the non-detection of these compounds needs to be considered for further study.

Meanwhile, the present study identified three amine compounds (TMA, ethylenimine, and TMMA)
associated with aging in ICR mice. Their concentrations were remarkably increased in the urine of the two elder
groups (8- and 10-month old) compared to two younger groups (2- and 6-month old). TMA has a smell similar
to ammonia, even though it has a fishy odor at low concentrations®. Alterations in the concentration of this
compound are closely related to various physiological or pathological metabolic processes in the body. During
the development of trimethylaminuria (fish odor syndrome), the excess TMA is metabolized to TMAO in the
liver tissue?”?8. Also, the transcription level of TMA metabolic enzyme, FMO3, which is the most abundant one
of FMO family members in the liver of human, were completely reflected in the age-dependent changes of TMA
concentration to the age of 10-month-old?. The analyses for the concentration of TMA and the transcription of
FMO3 in the liver of mice over 10-month-old of age will be needed as further studies to prove the correlation
between these factors and age. However, the change of FMO3 levels in the liver tissue were partially consistent in
those of foot tissue. This increase in FMO3 level was observed only up to 8-month-old mice but rather decreased
at 10-month-old. This difference is thought to be contributed by the differential developmental and tissue-
specific expression pattern of FMO genes® =L,

Similar changes were detected in the odor associated with several pathogenic infections, bad breath, and
bacterial vaginosis in the human body?. Specifically, TMA was associated with age-related odor in an evaluation
study of the deodorizing effects of Saccharina japonica in 10-month-old ICR mice'”. The results of the present
study provide additional scientific evidence to correlate TMA with aging-related odor. In addition, ethylenimine
causes severe inflammation of the respiratory tract, although it is a part of various polymerization products,
binders, and adhesives. This compound is well known to have an ammonia-like odor and its threshold is 2 ppm
in air****. The hydrochloride of TMMA has been widely used in chemical synthesis and amide synthesis because
its simple form can only exist transiently in solution®%. Specifically, TMMA plays an important intermediate
role during the abiogenesis of heterocyclic compounds®”. However, there has been no reported correlation
between the above two TMA related compounds and body odors to date. The results of the present study provide
the first scientific evidence that ethylenimine and TMMA may be considered novel age-related odorants.

Sweat glands are exocrine glands that play an important role in several physiological functions, including the
maintenance of body temperature, waste excretion, sweat secretion, and inhibition of bacterial growth3*3. They
are distributed throughout the whole-body surface, although the apocrine sweat glands are mainly found in the
armpits, groin, and nipples. Also, sweat glands comprise a secretory unit and a duct unit that has a narrow lumen
and is responsible for the production of body odor*’. Among the two types of sweat glands, the apocrine sweat
glands are the main cause ofbody odor in humans, although mice also have specialized forms of apocrine sweat
glands*!. In the present study, we analyzed the histological structure and functions of the sweat glands in the
feet of ICR mice of four different age groups because it was technically impossible to analyze odor components
in sweat of mice to investigate whether age-related changes in the urine odorants are accompanied by changes
of sweat odorants. The old age groups including 8- and 10-month-old mice showed significant alterations in the
secretory glands and the lumen of the H&E-stained foot section as well as transcription levels of three functional
genes including the FOXA1, NKA, and AQP5 genes in the total RNA from the foot. Among these genes, FOXA1
is well known to have function in the development and differentiation of secretory coil-like structures and
the secretory function of the 3D reconstructed eccrine sweat glands?>*3. NKA play an important role in the
regulation of sweating, while AQP5 has the function for the regulation of the sweat secretion rate***°. These
results provide the first scientific evidence that the production of several urine odorants associated with age may
be linked to the age-related changes of odorants in sweat of ICR mice although only changes in the histological
structure and functions of the sweat gland in the foot were presented as indirect evidence. However, more
studies are required to identify and characterize the novel odorants associated with aging among the various
components in the sweat secreted by the sweat glands.

In summation, the present study characterized the novel odorants associated with aging in ICR mice of
four different age groups through GC-MS, histological, and RT-qPCR analyses. Our results provide novel
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evidence that the increase in the TMA, ethylenimine, and TMMA concentrations is tightly correlated with the
aging of ICR mice. Also, the results for structural and functional changes in the sweat glands in the feet were
indirectly show the correlation between alterations in the urine odorants and those in sweat of mice. Therefore,
our findings suggest that TMA could be considered one of the novel odor markers associated with aging in ICR
mice, and this novel marker will greatly contribute to establishing an important first step in the experimental
animal platform for deodorant analysis. However, the present study has a few limitations as follows: The study
did not analyze the odor compounds in the urine of older mice over 10 months of age and does not provide any
data for a direct correlation between the odor compounds in the urine and sweat in the production of age-related
odors. Thus, our results and additional studies on experimental animal platform for deodorant analysis could
greatly contribute to the identification and evaluation of various materials that can reduce and prevent the odors
associated with aging.

Methods

Design of the animal experiment

All experimental and analytical methods were performed in accordance with relevant guideline and regulations.
Also, our experiments complied with the Animal Research: Reporting of In Vivo experiments (ARRIVE)
guidelines. The animal experiment protocol was approved by the Pusan National University-Institutional Animal
Care and Use Committee (PNU-IACUC) based on ethical procedures for scientific care (Approval Number PNU-
2023-0330). All the ICR mice (male) were bred at the Pusan National University-Laboratory Animal Resources
Center, accredited by the Ministry of Food and Drug Safety (KFDA) (Accredited Unit Number-000231) and the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International (Accredited
Unit Number; 001525). They were obtained from the Samtako BioKorea Co. (Osan, Korea) and provided with a
standard diet (Samtako Bio Korea Co., Osan, Korea) comprising crude protein (22.5%), fat (5.0%), fiber (4.5%),
ash (6.5%), nitrogen-free extracts (50.5%) and moisture (11.0%). The mice were given access to filtered tap water
ad libitum. The mice were maintained in a specific pathogen-free (SPF) state under a light-dark cycle (08:00 h to
20:00 h) at 22 +2°C and relative humidity of 50 + 10%.

Seven-week-old ICR mice (1 =32) were divided into four experimental subgroups based on age: the 2-month-
old group (n=8), 6-month-old group (n=8), 8-month-old group (n=8), and 10-month-old group (n=38).
When the animals in each group reached the appropriate age, the ammonia concentration in their dirty bedding
was individual measured for 5 days, and the urine of each mouse was separately collected using an individual
metabolic cage. Subsequently, these mice were euthanized by a trained researcher using an appropriate chamber
with a gas regulator and CO, gas with a minimum purity of 99.0% based on the American Veterinary Medical
Association (AVMA) Guidelines for the Euthanasia of Animals. A cage containing the mice was placed in the
chamber, and CO, gas of 99.0% purity was introduced into the chamber without pre-charging, with a fill rate of
~50% of the chamber volume per minute. The euthanasia endpoint of the mice was confirmed by ascertaining
cardiac and respiratory arrest, or dilated pupils and fixed bodies. The liver and foot tissues collected from the
mice were used in histopathological analyses and molecular assay.

Measurement of body weight, size and morphology

The body weight of all mice in subset group were measured twice using electrical balance (Mettler Toledo,
Greifensee, Switzerland) before autopsy. The average body weight of each group was calculated from the body
weights of all mice within each group, and then the mice close to the average body weight were photographed
with a digital camera (Canon, Middlesex, UK).

Analyses of telomere length by quantitative PCR

The length of the telomeres in the liver tissue of mice was quantified by gPCR as described in a previous study*®7.
After chopping the frozen liver (25 mg) with scissors in mix solution (0.01 M NaCl, 0.05 M Tris, 0.2 mM
ethylenediamine tetraacetic acid (EDTA), 0.173 mM sodium dodecyl sulfate (SDS)), the tissues were digested
with 20 mg/mL of proteinase K (Carl Roth, Karlsruhe, Germany) at 56 °C overnight. The total genomic DNA was
purified from the liver homogenates mixture using chloroform extraction. After quantification of the genomic
DNA, the telomeres were amplified using a gDNA template, 2x Power SYBR Green (Toyobo Life Science, Osaka,
Japan), and two specific primers for the telomere and single-copy reference gene (36b4); Forward and reverse
primer for telomere, 5'-ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG T-3" and 5’-
TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTA ACA-3': Forward and reverse primer for
36b4 gene, 5'-ACT GGT CTA GGA CCC GAG AAG-3’ and 5'-TCA ATG GTG CCT CTG GAG ATT-3'. The
optimal thermal program was one cycle at 95°C for 10 min, two cycles, comprising one at 95°C for 15 s and the
second at 49°C for 15 s, followed by 45 cycles at 95°C for 15, 60°C for 10's,72°C for 15 s. Fluorescence intensities
were measured at the end of each extension cycle. The telomere length was quantified relative to the level of 36b4,
by comparing the cycle threshold (Ct) values at a consistency of fluorescence intensity*s.

Measurement of the ammonia concentration in dirty bedding

The ammonia concentration was measured in the dirty bedding of the breeding cage using the GasAlertMicro
5 multi gas detector (BW Technologies by Honeywell, Calgary, Canada). While breeding the mice in the wood
chips for five days, the ammonia concentration on the surface of the dirty bedding was measured daily in
duplicate. The blanks used a bedding cage without breeding the mice.

GC-MS analysis
The odorous compounds in the urine samples were identified using GC-MS analysis, which was performed
using a slight modification of the methods described elsewhere®. Five drops of urine were harvested from each
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mouse, and a supernatant was collected from the centrifuged sample. The urine samples (250 pL) from which
the debris had been removed were dried at 60 °C for 30 min. The samples were absorbed into the tube at 100
mL per minute for five minutes. These tubes were analyzed by GC-MS (QP-2010 A, Shimadzu, Japan) equipped
with an automatic thermal desorption apparatus (ATD 400, Perkin Elmer, UK). The AT-1 capillary column was
60 m x 0.32 mm x 1.0 um, and the mass range was 20-350 m/z. The temperature ramp was in a programmed
mode with an initial temperature of 35 °C held for 10 min, and then increased linearly from 35 °C to 120 °C at
8 °C/10min, from 120 °C to 180 °C at 12 °C/min, from 180 °C to 230 °C at 15 °C/min, and held at 230 °C for
10 min. The experimental mass spectra were compared with the data stored in the Wiley229, Nist21, and Nist107
Libraries to identify the GC traces of the odorant compounds in the urine metabolites. Duplicate samples
were collected during each sampling process to assess the precision and reliability of theanalytical method. In
addition, laboratory blanks (empty bottle) and pump calibrations were conducted before every sampling. The
flow rate of the sampling pumps was calibrated using a mass flow meter before each sampling to ensure that the
flow deviation was less than 5%. The calibration curve of the standard toluene was obtained by fitting the eight
different concentration points (range of 0.003-0.2 pg) with R2>0.99. The relative proportions of the emitted
odorants were semi-quantified as peak areas due to the limited availability of calibration gases for most of the
individual odorants®.

Quantitative real-time (qRT)-PCR analysis

The total RNA was purified from the liver and the foot using an RNA Bee solution (Tet-Test Inc., Friendswood,
TX, USA) according to the manufacturer’s instructions. After homogenization using a POLYTRON" PT-MR
3100 D Homogenizer (Kinematica AG, Lucerne, Switzerland), the total RNAs were harvested from the cell
lysates by centrifugation at 10,000 x g for 15 min. The RNA concentration was determined using a Nano-300
Micro-Spectrophotometer (Allsheng Instruments Co. Ltd., Hangzhou, China). The total complementary DNA
(cDNA) was synthesized against mRNA (4 ug) using 200 units of Superscript II Reverse Transcriptase (Thermo
Scientific, Wilmington, DE, USA). The specific DNA fragments for each gene and p-actin were amplified from
the mixture solution containing the cDNA template (1 pL), along with 2x Power SYBR Green (6 yL; Toyobo Life
Science, Osaka, Japan) and specific primers for FMO3, NKA, AQP5 and FOXA1 genes (Supplementary Table
S1) using qQRT-PCR. The blanks used a mixture of PCR mixture without cDNA sample. The cycle quantification
value (Cq) was calculated using Livak and Schmittgen’s method as described in a previous study*®.

Histopathological analysis

To analyze the histopathological structure of sweat gland, the feet tissues were collected from the ICR mice
of each group and then fixed in a 10% formalin solution for 48 h. After embedding the trimmed foot tissues
in paraffin blocks, the blocks were sectioned into 4 pm thick slices on glass slides. These sections were then
stained with a H&E solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), followed by a microscopic
examination of the histopathological features, at 400x magnification. The morphological features of these
sections were observed using the Leica Application Suite (Leica Microsystems, Herbrugg, Switzerland). The
lumen area and secretory coiled portion in the sweat gland were measured using the Image J program 1.52a
(NTH, Bethesda, ML, USA) together with Image-Color-Split Channels and the Analysis-Tools-ROI Manager as
described in a previous study'.

Statistical analysis

Statistical analysis between the experimental groups was conducted using One-way Analysis of Variance
(ANOVA) (SPSS for Windows, Release 10.10, Standard Version, IL, USA), followed by a Tukey’s multiple
comparisons test and the independent samples t-test (SPSS for Windows). PCA for multivariate analyses was
conducted using SPSS statistics (Release 10.10, Standard Version). All values are presented as the means + SD,
and a p-value <0.05 was considered significant.

Data availability
All data that support the findings of our data are available from the corresponding author upon reasonable
request.
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