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Brown adipose tissue-derived
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decline in aging mice
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Affiliated Hospital of Chongqing Medical University, Chongqging, China

Introduction: Ovarian aging has steadily grown to be a significant health issue for
women as a result of the increase in average life expectancy and the postponement
of reproductive age. One of the important pathological foundations of ovarian
aging is formed by mitochondrial dysfunction, which causes decreases in follicle
quantity and oocyte quality. In recent years, brown adipose tissue (BAT)
transplantation has been proven as an effective treatment for aging-related
diseases, such as ovarian aging. However, BAT transplantation is an invasive
operation with long-term risks. Therefore, we need to find an alternative strategy.

Methods: We injected BAT-derived exosomes into eight-month-old C57BL/6
female mice. The fertility was detected by the estrous cycle and mating test. The
changes of ovary and oocyte were measured by ovarian volume, organ
coefficient, follicle counting, and oocyte maturation rate. ROS level,
mitochondrial membrane potential and ATP level were measured to analyze
the mitochondrial function of oocytes. The changes in metabolism were
explored by cold stimulation test, body weight and blood sugar. The possible
molecular mechanism was further investigated by RNA sequencing.

Results: In terms of fertility, the estrous cycle of aging mice after BAT-derived
exosome intervention was more regular, and the number of progenies and litters
was increased. At the tissue level, the ovaries in the BAT-exosome group were
larger, and the number of primordial follicles, secondary follicles, antral follicles
and total follicles increased. At the cellular level, BAT-derived exosomes
improved the maturation of oocytes in vivo and in vitro, increased the
mitochondrial membrane potential and ATP levels of oocytes, and decreased
ROS levels. Besides, BAT-derived exosomes ameliorated the metabolism and
viability of aging mice. Furthermore, mRNA sequencing showed that BAT
exosomes altered the expression levels of genes related to metabolism and
the quality of oocytes.

Conclusion: BAT-derived exosomes enhanced mitochondrial function,
promoted follicle survival, improved fertility, and extended ovarian lifespan in
aging mice.
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Introduction

One of the female body’s organs that ages the earliest is the
ovary. Older women’s fertility declines precipitously as a result of
ovarian aging, especially beyond age 35 (1). As the average
reproductive age continues to rise, there has been a significant
increase in infertility, aneuploidy, and birth defects. The social
implications of ovarian aging, such as declining fertility rates, have
become more pronounced with time; however, viable solutions are
currently lacking.

Reduced oocyte reserve quantity and quality are characteristics
of ovarian aging. The preservation of meiotic arrest and proper
nuclear maturation in oocytes are both cAMP-dependent processes,
hence it is essential that mitochondria produce enough ATP to keep
cAMP levels high during oogenesis (2). Mitochondrial homeostasis
is disturbed during ovarian aging due to increased ROS production
and mitochondrial DNA damage. As a result, there is a decrease in
the amount of mitochondrial DNA (mtDNA), an increase in
mtDNA instability, and a decrease in ATP production, all of
which contribute to the progressive impairment of the respiratory
chain. In this vicious cycle, aging causes mitochondrial electron
leakage and ROS production to increase, which in turn causes
oocyte cell cycle arrest and apoptosis. Finally, this leads to follicular
atresia and the depletion of the follicle pool. As a result, a key
contributing factor to ovarian aging is mitochondrial malfunction
(3, 4).

Brown adipose tissue (BAT), which has a high concentration of
mitochondria, is essential for controlling the body’s entire energy
metabolism. BAT transplantation has been shown to be a successful
treatment for disorders associated with aging in recent years, such as
age-related muscle atrophy and senile obesity (5, 6). Recent studies
have found that BAT transplantation can improve follicle and oocyte
quality in aging mice (7, 8), but the specific mechanism underlying
these effects is unknown. In addition, BAT transplantation is an
invasive operation with long-term risks such as infection and necrosis,
and it is not easily translated into human clinical applications.
Therefore, an alternative strategy is needed.

BAT is regarded as an active endocrine organ that generates and
secretes a variety of “adipokines”, particularly the extracellular
vesicles, that regulate distant target organs through the blood
circulation (9). Studies have confirmed that adipose tissue is the
primary source of exosomes in peripheral blood circulation (10),
and BAT-derived exosomes (BAT-exos) as the primary carrier of
long-distance signals transduced to other cells, which can
specifically bind to recipient cells through endocrine methods and
transfer the contents to receptor cells that regulate gene expression
in distant tissues (11, 12). Compared with BAT transplantation,
BAT-exo treatment not only provides similar metabolic regulation

Abbreviations: ATP, adenosine triphosphate; BAT, brown adipose tissue; cCAMP,
cyclic adenosine monophosphate; DEGs, differentially expressed genes; FBS, fetal
bovine serum; HE, hematoxylin and eosin; IACUC, Institutional Animal Care
and Use Committee; mtDNA, mitochondrial DNA; NTA, nanoparticle tracking
analyzer; PMSG, pregnant horse serum gonadotropin; ROS, reactive oxygen
species; TEM, transmission electron microscope; UCP1, uncoupling protein-1;

WAT, white adipose tissue.
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effects (13) but also has significant advantages including more
accessible storage, noninvasive operation, and greater safety (14),
making it an ideal alternative to BAT transplantation.

In this study, we administered BAT-derived exosomes to
naturally aging mice in order to investigate the potential of this
treatment for enhancing oocyte function and retarding ovarian
aging. The findings of this study will contribute to the development
of new strategies and targets for the treatment of ovarian
aging, which is critical for women’s reproductive health and
social development.

Materials and methods
Animal and experimental grouping

All animals were maintained at the experimental animal center of
Huazhong University of Science and Technology. All animal
experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Huazhong University of Science and
Technology and were performed according to the guidelines and
standards of TACUC. Eight-month-old C57BL/6 female mice were
randomly assigned to 3 groups: the control group, the BAT group,
and the BAT-exo group. The control group was injected with PBS via
the tail vein once a week. The BAT-exo group was injected with BAT-
exos (100 pg per mouse) via the tail vein once per week. The BAT
group received BAT transplants from eight-week-old mice as follows:
Eight-week-old female C57BL/6 mice were anesthetized by 2%
sodium pentobarbital intraperitoneally, and the BAT around the
scapula was removed and placed in PBS. Concurrently, the recipient
8-month-old female C57BL/6 mice were anesthetized, and the donor
BAT was transplanted into the recipient’s scapular region. After eight
weeks, the mice were submitted to subsequent experiments.

Exosome isolation and identification

Exosome-free fetal bovine serum (FBS, Gibco, USA) was
isolated as described by Théry C (15). BAT was obtained from
the interscapular region of 8-week-old C57BL/6 female mice and
cut into small pieces. Then, BAT was cultured in Dulbecco’s
modified Eagle’s medium: F-12 nutrient mixture (DMEM/F12,
HyClone, USA) containing 10% exosome-free FBS for 48 hours.
The culture medium was collected, and exosomes were isolated with
an ExoQuick-TC kit (System Biosciences, USA). The exosome
morphology was evaluated by transmission electron microscopy
(Hitachi H7500 TEM, Japan). The particle size of exosomes was
detected by a nanoparticle tracking analyzer (NTA, Malvern
Panalytical, UK). Exosome markers, such as CD9, CD63, and
HSP70, were detected by Western blot.

Internalization of exosomes

In vivo: The exosomes were labeled with 1 uM PKH26 (Sigma,
USA) at room temperature for 5 minutes and then washed with PBS
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to remove unbound PKH26 at 120,000 x g for 70 minutes.
Afterward, the labeled exosomes were injected into the eight-
month-old C57BL/6 female mice via the tail vein. After 24 hours,
we dissected out the major organs of mice and acquired images with
the in vivo imaging system (Bruker, German).

In vitro: Eight-month-old C57BL/6 female mice were injected
intraperitoneally with pregnant horse serum gonadotropin (PMSG)
to induce ovulation, and 48 h later, GV-stage oocytes were
extracted. Meanwhile, the exosomes were labeled with PKH26 as
described and added to the oocytes. After 12 hours, the cells were
washed with PBS and fixed in 4% paraformaldehyde. Images were
acquired using a fluorescence microscope.

Fertility assessment

Ten-week-old male mice with proven fertility were mated with
the intervention mice and co-caged for several months until the
control mice became infertile. The number of progeny and litter was
counted to draw fertility curves.

Estrous cycle

Exfoliated vaginal cells were scraped from the vaginal openings
of mice in a small amount of sterile saline every day and spread
evenly on glass slides. After the slides were partially dried,
Papanicolaou staining was performed to determine the estrous
cycle stages of the mice in each group by analyzing the
proportions of the three main cell types (epithelial cells,
keratinocytes, and leukocytes). The regular estrous cycle
(proestrus, estrous, metestrus, and diestrus) of mice was 4-5 days.

Tissue collection and staining

After the intervention, the mice were anesthetized with 2%
sodium pentobarbital and sacrificed by cervical dislocation. The
ovaries were collected, embedded in paraffin, and serially sectioned.
The numbers of primordial, primary, secondary, and antral follicles
in every other section were counted under the microscope by
hematoxylin and eosin (HE) staining. The remaining slices were
stained with P21 (ab188224, Abcam, USA).

Collection and culture of oocytes

After the intervention, the mice were injected with PMSG
intraperitoneally at 10 IU per mouse. After 48 hours of injection,
the mice were sacrificed by cervical dislocation. The ovaries were
stripped and placed in the collection solution. The GV-stage
oocytes were dismissed from the ovary by puncturing follicles
with a hypodermic needle. Then, the oocytes were washed several
times, transferred to a dish containing M16 medium (Sigma,
USA), and placed in a 37°C, 5% CO, embryo incubator for in
vitro maturation. After 14-16 hours of in vitro maturation, MII-
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stage oocytes were selected under an incubation microscope for
subsequent experiments.

Detection of mitochondrial
membrane potential

MII-stage oocytes were washed with M2 medium (Sigma, USA),
placed in a well-balanced JC-1 working solution (Beyotime, China),
and incubated at 37°C for 15 minutes. After washing with JC-1 buffer,
slices were prepared and observed by fluorescence microscopy.

ATP concentration assay

MII-stage oocytes were lysed for 5 minutes by adding 20 pl of
lysis buffer. Then, 100 pul ATP detection working solution
(Beyotime, China) was added to each well of the 96-well plate
and left at room temperature for 3-5 minutes to consume all of the
background ATP. Twenty microlitres of sample or standard were
added to the detection well and mixed quickly with a micropipette.
A chemiluminescence instrument was used to draw the standard
curve and calculate the concentration of ATP in the sample.

Determination of ROS

MII-stage oocytes were washed with M2 medium, added to 10
mM H,DCFDA (Beyotime, China), and incubated at 37°C for 30
minutes in the dark. Immediately after washing in the M2 medium,
images were collected under a fluorescence microscope.

Ultrastructure of mitochondria

The collected oocytes were pre-embedded in a 1% agarose
solution, fixed with 1% OsO4, dehydrated at room temperature,
and embedded in resin. Ultrathin 60-80nm sections were prepared
and stained with a saturated alcohol solution of 2% uranium acetate
and 2.6% lead citrate. Mitochondrial images were observed and
collected under a transmission electron microscope (TEM,
Hitachi, Japan).

Measurement of body temperature

Thermal images of the mice were taken using an infrared
thermal imaging camera (FLIR, USA). Thermal imaging was
repeated after exposing the mice to 4°C for 4 hours. The falling
body temperature in the mice was calculated with a thermometer.

RNA sequencing

Transcriptome sequencing and analysis were conducted by OE
Biotech Co., Ltd. (Shanghai, China). Total RNA was extracted, and
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libraries were constructed using the VAHTS Universal V6 RNA-seq
Library Prep Kit. The libraries were sequenced on an Illumina
NovaSeq 6000 platform. Differential expression analysis was
performed using DESeq25. A Q value < 0.05 and fold change > 2
or fold change < 0.5 were set as the thresholds for significantly
differentially expressed genes (DEGs). Hierarchical cluster analysis
of DEGs was performed using R (v 3.2.0) to evaluate the expression
pattern of genes in different groups and samples. A heatmap was
drawn to show the expression of upregulated or downregulated
DEGs. Based on the hypergeometric distribution, GO and KEGG
pathway enrichment analyses of DEGs were performed to screen
the significantly enriched terms using R (v 3.2.0).

Western blot analysis

The protein samples were separated by 10% SDS-PAGE,
transferred to a polyvinylidene fluoride membrane (Millipore,
USA), and then blocked with 5% nonfat milk for 1 hour at room
temperature. The membrane was incubated overnight at 4°C with
primary antibodies against GAPDH (1:2000, Proteintech, China),
CD9 (1:1000, Abcam, USA), CD63 (1:1000, Abcam, USA), HSP70
(1:1000, Abcam, USA) and Calnexin (1:1000, Abcam, USA). After
that, the membrane was incubated with an HRP-conjugated
antibody (1:4000, Servicebio, China) for 1 hour at room
temperature and detected using an ECL chemiluminescence
detection kit (Servicebio, China) with a BioSpectrum 600 Imaging
System (UVP, USA). The band density was determined by Image]
Software (National Institutes of Health, USA).

Statistical analysis

All data were presented as means + SEMs. All data were
analyzed with Prism 8 software (GraphPad Software, CA).
Statistical significance was analyzed using one-way ANOVA with
Dunnett’s multiple comparisons test. A difference was considered
statistically significant when p < 0.05.

Results
BAT and exosome identification

First, we obtained adipose tissue from around the ovaries of
mice as white adipose tissue (WAT), adipose tissue in the
interscapular region of 8-week-old mice as young BAT, and
adipose tissue in the interscapular region of 8-month-old mice as
old BAT for detection. HE staining showed visibly reduced cell
volume and adipose particle volume in young BAT (Figure 1A).
UCP1 staining showed that the expression level of UCP1 was
significantly higher in young BAT (Figure 1B). The above results
indicated that we successfully isolated BAT and that the BAT of 8-
week-old mice was more typical than that of 8-month-old mice.

TEM showed that the purified BAT-exos had a typical cup- or
sphere-shaped morphology (Figure 1C). NTA showed that the peak
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diameter of the BAT-exos was 150.0 nm (Figure 1D). Western blot
demonstrated that all of the particles expressed exosome-unique
surface marker proteins, including CD9, CD63, and HSP70, and
lacked organelle marker proteins such as Calnexin (Figure 1E). All
these results confirmed that BAT-exos were successfully isolated.

Internalization of BAT-exos

After 24 hours of tail vein injection, we found that BAT-exos
were mainly absorbed by the liver, followed by ovaries, uterus, lungs
and spleen (Figure 2A). In vitro, the immunofluorescence imaging
showed that substantial red fluorescence signals were detected in
the cytoplasm of oocytes that were incubated with BAT-exos for 12
hours (Figure 2B). These results verified that BAT-exos could be
internalized by ovaries and oocytes.

BAT-exos enhanced the metabolism and
survival of aging mice

After the intervention, the cumulative survival rates of the BAT
group and BAT-exo group were higher than that of the control
group (control: BAT: BAT-exo= 55%:70%:85%) (Figure 3A). The
early-stage deaths in the BAT group may have occurred due to
surgical trauma or postoperative infection. BAT is an active
endocrine organ that plays a crucial role in thermogenesis and
metabolism. Our findings indicated that the liver, as a major
metabolic organ, serves as the primary uptake site for BAT-
derived exosomes. Consequently, we proceeded to measure
various indicators related to metabolism. Among the surviving
mice, the BAT-exo group had significantly reduced body weight,
suggesting a more vigorous metabolism (Figure 3B). At room
temperature, the three groups of mice had similar body
temperatures. In contrast, the control group lost more thermal
energy after cold stress (Figures 3C, D). Besides, the blood sugar
levels in the BAT-exo group were also lower than those in the
control group (Figure 3E). Therefore, BAT-exo treatment can
significantly improve the metabolism and survival of aging mice.

BAT-exos delayed the effects of aging
on fertility

After the intervention, we found that the BAT and BAT-exo
groups had more regular estrous cycles than the control group
(Figure 4A, control: BAT: BAT-exo= 8.5:15:16.5). The pregnant
mice in the BAT and BAT-exo groups obviously had more
embryos than those in the control group (Figure 4B). After five
months of mating, the number of progeny in the BAT and BAT-exo
groups significantly increased (Figure 4C, control: BAT: BAT-exo=
50:89:82). Besides, the total number of litters (Figure 4D, control:
BAT: BAT-exo= 14:20:18) and the average number of progeny per
litter (Figure 4E, control: BAT: BAT-exo= 3.57:4.45:4.56) in the BAT
and BAT-exo groups also markedly increased. All the results proved
that BAT-exos delayed the aging of fertility function in the mice.
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il

Isolation and identification of BAT and BAT-exos. (A) HE staining of WAT, young BAT, and old BAT. Scale bar, 20 um. (B) UCP1 staining of WAT,
young BAT, and old BAT. Scale bar, 50 um. (C) TEM showed exosomes presenting with the typical morphology. Scale bar, 200 nm. (D) NTA indicated
that the peak diameter of the exosomes was 150.0 nm. (E) Western blot analysis of the exosome-related markers CD9, CD63, and HSP70. Calnexin

was used as a negative control

BAT-exos improved ovarian function in
aging mice

After the intervention, we collected the ovaries of the mice
and observed that compared with those in the BAT and BAT-exo
groups, the ovaries in the control group were significantly
atrophic (Figure 5A), and the ovarian organ coefficient
(ovarian weight/body weight, Figure 5B) was smaller in the
control group. After HE staining of the ovaries, we counted
each type of follicle, and the results showed that the number of
primordial follicles, secondary follicles, antral follicles, and total
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follicles was significantly increased in the BAT-exo group
(Figures 5C-E). AMH could quantify not only follicle number
but also ovarian reserve capacity. ELISA showed that the
expression level of AMH was significantly higher in the BAT
and BAT-exo groups (Figure 5F). As an important member of
the cyclin-dependent kinase inhibitor family, P21 is a classic
marker of aging. Immunohistochemical images showed that the
expression of P21 in the control group was significantly higher
than that in the BAT and BAT-exo groups (Figure 5G). Thus, we
deduced that BAT-exo treatment could improve ovarian reserve

and endocrine function.
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Internalization of BAT-exos. (A) Ovary absorbed PKH26-labeled BAT-exos after 24 h. (B) Oocyte morphology and internalization of PKH26-labeled

BAT-exos after 12 h. BAT-exos were stained red. Scale bar, 20 um.

BAT-exos inhibited the decline of
mitochondria in oocytes

After ovulation induction, more MII-stage oocytes were excreted
in BAT and BAT-exo groups (Figure 6A). By in vitro culture of GV-
stage oocytes, we found that the oocyte maturation rate of BAT and
BAT-exo groups was higher (Figure 6B). These results indicated that
BAT-exo promoted oocyte maturation. And it is well known that the
survival and maturation of oocytes depend on the proper
morphology and function of mitochondria. However, during the
process of ovarian aging, mitochondrial homeostasis in oocytes is
damaged, which intensifies ROS production and reduces ATP,
eventually forming a vicious cycle. We detected the mitochondrial
structure by TEM, and the results showed that the mitochondria in
the control group were significantly swollen and present vacuolar
degeneration, while the mitochondria in the BAT and BAT-exo
groups were more regular in shape with clearly visible cristae
(Figure 6C). Furthermore, we verified the mitochondrial function
through ROS level detection, mitochondrial membrane potential
analysis, and ATP content determination. The ROS level, which
indicates the degree of mitochondrial damage, was significantly
reduced in oocytes after intervention with BAT-exos or BAT
(Figures 6D, E). Mitochondrial membrane potential is a crucial
marker of mitochondrial function. JC-1 staining showed that the
mitochondrial membrane potential in the BAT-exo and BAT groups
was significantly higher than that in the control group (Figures 6F,
G). Mitochondria are the centers of ATP production, and the BAT-
exo and BAT interventions significantly promoted the production of
ATP in oocytes (Figure 6H). The results showed that BAT-exo
treatment considerably protects oocytes in multiple aspects.
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BAT-exos changed the expression of
age-related genes in the aging ovary

To further clarify how BAT-exo treatment delayed ovarian
aging at the molecular level, we performed RNA sequencing on
the ovaries after intervention and identified DEGs that
overlapped with those in 8-week-old mice (young group).
The BAT, BAT-exo, and young groups had 71 overlapping
DEGs compared with the control group, of which 19 were
upregulated and 52 were downregulated (Figures 7A, B). The
reliability of the sequencing results was verified by qPCR of
some DEGs (Figure 7C). Further GO analysis showed that
these DEGs were involved in multiple biological processes,
such as reproductive process, developmental process, growth
process, and metabolic process (Figure 7D). KEGG analyses
revealed that these DEGs were involved in signaling pathways
related to the oocyte quality and metabolism (Figure 7E). For
example, the signaling pathway of GnRH secretion and
ovarian steroidogenesis directly regulates the development of
follicles and ovulation. Recent studies have shown that
inflammation promotes ovarian aging (16, 17). These DEGs
were involved in numerous well-known signaling pathways of
inflammation (NF-«B signaling pathway, IL-17 signaling
pathway, Toll-like receptor signaling pathway, and TNF
signaling pathway). Besides, the signaling pathway of
arachidonic acid metabolism and lipolysis in adipocytes is
essential for overall metabolism and health. This evidence
indicated that at the molecular level, BAT-exo treatment
improved the expression levels of multiple genes affecting
follicle and oocyte quality.
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FIGURE 3

BAT-exo treatment improved the metabolism and survival of aging mice. (A) Cumulative survival curve. (B) The mice in the BAT-exo group had
lower body weights than those in the control group. (C) Infrared thermal image of body temperature. (D) Quantification of falling body temperature
after cold stress. (E) BAT-exos reduced the level of blood glucose in aging mice. *p < 0.05.

Discussion

BAT transplantation therapy has been shown to be an
effective treatment for aging-related diseases in recent years
(18, 19). We transplanted BAT from young mice into aging
mice and discovered that this could regulate mitochondrial
function in oocytes and extend aging mice’s ovarian lifespan.
However, BAT transplantation is an invasive procedure; in our
studies, a few mice died one week after BAT transplantation, but
no non-transplanted mice died during the same time period.
Clinical translation of BAT transplantation remains risky due to
factors such as postoperative stress and infection. BAT-exo
injection appeared to have a similar therapeutic effect to BAT
transplantation, with some indicators indicating even greater
differences. This difference was attributed to the fact that BAT
ages gradually after transplantation, whereas the quality of BAT-
exo remains constant. Our findings show that BAT-exo
intervention is a more effective and safer treatment option
than BAT transplantation.

Frontiers in Endocrinology

One of the hallmarks of ovarian aging is a decrease in follicle
number. Ovarian reserve is mainly defined by the quantity and
quality of primordial follicles (20). After BAT-exo intervention, the
quantity of primordial follicles was significantly increased, and the
expression level of AMH was increased, which demonstrated that
BAT-exo preserved the ovarian reserve of the mice. Primordial
follicles undergo recruitment, development, ovulation, or atresia.
The cyclic recruitment of follicles leads to the activation of
primordial follicles, leading to a yearly decline in ovarian reserve
and depletion around menopause (21). After BAT-exo intervention,
the number of primary follicles increased slightly, but there was no
statistical significance, indicating that BAT-exos did not recruit
excessive primordial follicles. In addition, the number of secondary
follicles and antral follicles increased significantly, which revealed
that BAT-exo treatment reduced the likelihood of follicle atresia
during development. Furthermore, the mice in the BAT-exo group
had more regular estrous cycles, indicating that ovulation was more
regular and effective, which was intuitively reflected in the
improvement of fertility (numbers of litters and progenies).
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FIGURE 4

BAT-exos delayed the impact of aging on fertility in mice. (A) The BAT and BAT-exo groups had more regular estrous cycles than the control group.
(B) The embryos of pregnant mice. (C) The cumulative progeny number curve showed that the mice in the BAT and BAT-exo groups had more
progeny than those in the control group. (D) BAT and BAT-exo groups produced more litters than the control group. (E) The numbers of progeny
per litter were markedly higher in the BAT and BAT-exo groups than in the control group. *p < 0.05.

Another hallmark of ovarian aging is a decline in oocyte quality,
and BAT-exos significantly increased the maturation rate of oocytes
both in vitro and in vivo. Furthermore, transcriptome sequencing
identified multiple DEGs that regulate follicle quality. For example,
Esr2 (ERP) is the main estrogen receptor in the ovary, and its
function is to regulate the expression of genes involved in follicle
development and oocyte maturation (22). The Bmprlb missense
mutation can cause cumulus expansion disorder and premature
depletion of ovarian follicles, leading to ovarian insufficiency (23).

A key pathological mechanism of ovarian aging is
mitochondrial dysfunction. Senescence exacerbates ROS
production, decreases mitochondrial membrane potential, and
decreases ATP generation (24), and BAT-exo treatment rescued
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the expression levels of these mitochondrial quality indicators and
preserved the stability of the mitochondrial structure. At the
molecular level, many DEGs participate in the regulation of
mitochondrial function. Cxcl2 and Efempl can promote cell
apoptosis through the mitochondrial apoptosis pathway (25, 26).
Areg expression is induced by various mitochondrial stressors and
upregulated in mitochondrial dysfunction, indicating that Areg is a
marker of mitochondrial damage (27). Estrogen can regulate
multiple mitochondrial activities by binding Esrl and Esr2 (ERa
and ERP) (28). Besides, numerous studies have shown that
inflammation and oxidative stress are mutually induced and
promoted in many aging-related diseases, including ovarian
aging, thereby exacerbating the aging process (16, 29). BAT-exos
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FIGURE 5

BAT-exo treatment improved ovarian function in aging mice. (A) The ovaries of the control group were visibly smaller than those of the BAT and
BAT-exo groups. (B) The ovarian organ coefficient of the BAT-exo group was higher than that of the control group. (C) HE staining showed that
mice in the BAT and BAT-exo groups had more follicles. Scale bar, 1 mm. (D) Numbers of total follicles in each group. (E) Numbers of follicles at
various stages in each group. (F) Quantification of AMH in each group. (G) P21 staining showed that BAT and BAT-exo downregulated P21

expression. Scale bar, 200 um.*p < 0.05, **p < 0.01.

reduced the expression of factors related to multiple inflammatory
pathways (such as the NF-xB signaling pathway, IL-17 signaling
pathway, Toll-like receptor signaling pathway, and TNF signaling
pathway) in the ovary, inhibited the oxidative stress response, and
reduced ROS production to delay aging of the ovary.

In addition to fertility decline, the aging process is accompanied
by functional degeneration of other major organs and abnormal
metabolism. We have observed that the liver serves as the primary

Frontiers in Endocrinology

uptake organ for BAT-exos, suggesting that it may be one of the key
target organs for this substance. Given its role as a major metabolic
organ, we proceeded to measure various metabolic-related
indicators. Glucose is the primary molecule used by organs to
generate energy, and proper thermoregulation is required for good
overall metabolism. Improvements in these indicators indicate
improved organ function and metabolism. In terms of overall
health, BAT-exo treatment kept the mice at a more youthful body
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the control group. Scale bar, 50 um. (G) Quantification of mitochondrial membrane potential. (H) BAT-exo treatment increased the ATP levels in

oocytes. *p < 0.05, **p < 0.01

weight and promoted their survival. In addition, DEGs identified in
ovarian transcriptome studies are involved in multiple pathways
that are critical for metabolism. For example, mutations in Slc38a3
cause overall developmental delay, intellectual disability, hypotonia,
and loss of speech (30), Adamts5 prevents impaired cardiac
function by regulating versican degradation (31), and Cdkn2a/b
locus influences the risk of diabetes through both islet and non-islet
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mechanisms (32). BAT-exos maintain the expression of
metabolism-related genes at a more youthful level, thereby
improving overall health.

In conclusion, we have demonstrated for the first time that
BAT-derived exosomes can significantly enhance fertility and
metabolism in aging mice. However, our experiments were
limited by a lack of exploration into the key molecules involved
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DEGs in the BAT, BAT-exo, and young groups compared with the control group. (C) gPCR verified four age-related DEGs. (D) GO of DEGs. (E) KEGG

of DEGs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

in BAT-exos, which will be the focus of our future investigations.
Our findings suggest novel strategies and targets for treating ovarian
aging, which is crucial for women’s reproductive health and
societal development.

Data availability statement
The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of Huazhong
University of Science and Technology.

Frontiers in Endocrinology

11

Author contributions

Conception and design: HZ, YG and YL. Methodology: ZL, CC
and LL. Collection and assembly of data: HZ, YF and XZ. Data analysis
and interpretation: HZ and YF. Manuscript writing: HZ and JH. All
authors contributed to the article and approved the submitted version.

Funding
This research was supported by grants of the National Natural Science

Foundation of China (No. 82101711, No. 82201818) and the cultivation
fund of the First Affiliated Hospital of CQMU (No. PYJJ2022-04).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org



https://doi.org/10.3389/fendo.2023.1180104
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Llarena N, Hine C. Reproductive longevity and aging: geroscience approaches to
maintain long-term ovarian fitness. ] Gerontol A Biol Sci Med Sci (2021) 76(9):1551-60.
doi: 10.1093/gerona/glaa204

2. Arur S. Signaling-mediated regulation of meiotic prophase I and transition
during oogenesis. Results Probl Cell Differ (2017) 59:101-23. doi: 10.1007/978-3-319-
44820-6_4

3. Li CJ, Lin LT, Tsai HW, Wen ZH, Tsui KH. Phosphoglycerate mutase family
member 5 maintains oocyte quality via mitochondrial dynamic rearrangement during
aging. Aging Cell (2022) 21(2):e13546. doi: 10.1111/acel.13546

4. Chiang JL, Shukla P, Pagidas K, Ahmed NS, Karri S, Gunn DD, et al.
Mitochondria in ovarian aging and reproductive longevity. Ageing Res Rev (2020)
63:101168. doi: 10.1016/j.arr.2020.101168

5. Niemann B, Haufs-Brusberg S, Puetz L, Feickert M, Jaeckstein MY, Hoffmann A,
et al. Apoptotic brown adipocytes enhance energy expenditure via extracellular inosine.
Nature (2022) 609(7926):361-8. doi: 10.1038/s41586-022-05041-0

6. Gnad T, Navarro G, Lahesmaa M, Reverte-Salisa L, Copperi F, Cordomi A, et al.
Adenosine/A2B receptor signaling ameliorates the effects of aging and counteracts
obesity. Cell Metab (2020) 32(1):56-70.e7. doi: 10.1016/j.cmet.2020.06.006

7. Chen L], Yang ZX, Wang Y, Du L, Li YR, Zhang NN, et al. Single xenotransplant
of rat brown adipose tissue prolonged the ovarian lifespan of aging mice by improving
follicle survival. Aging Cell (2019) 18(6):13024. doi: 10.1111/acel.13024

8. DuL, WangY, Li CR, Chen LJ, CaiJY, Xia ZR, et al. Rat BAT xenotransplantation
recovers the fertility and metabolic health of PCOS mice. J Endocrinol (2021) 248
(2):249-64. doi: 10.1530/JOE-20-0068

9. Hong P, Yu M, Tian W. Diverse RNAs in adipose-derived extracellular vesicles
and their therapeutic potential. Mol Ther Nucleic Acids (2021) 26:665-77. doi: 10.1016/
j.omtn.2021.08.028

10. Thomou T, Mori MA, Dreyfuss JM, Konishi M, Sakaguchi M, Wolfrum C, et al.
Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature
(2017) 542(7642):450-5. doi: 10.1038/nature21365

11. Goody D, Pfeifer A. BAT exosomes: metabolic crosstalk with other organs and
biomarkers for BAT activity. Handb Exp Pharmacol (2019) 251:337-46. doi: 10.1007/
164_2018_114

12. Flaherty SE 3rd, Grijalva A, Xu X, Ables E, Nomani A, Ferrante AW Jr, et al. A

lipase-independent pathway of lipid release and immune modulation by adipocytes.
Science (2019) 363(6430):989-93. doi: 10.1126/science.aaw2586

13. ZhouX, LiZ, Qi M, Zhao P, Duan Y, Yang G, et al. Brown adipose tissue-derived
exosomes mitigate the metabolic syndrome in high fat diet mice. Theranostics (2020) 10
(18):8197-210. doi: 10.7150/thno.43968

14. Hu P, Yang Q, Wang Q, Shi C, Wang D, Armato U, et al. Mesenchymal stromal
cells-exosomes: a promising cell-free therapeutic tool for wound healing and cutaneous
regeneration. Burns Trauma (2019) 7:38. doi: 10.1186/s41038-019-0178-8

15. Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr Protoc Cell Biol
(2006) 30(1):3.22.1-3.9. doi: 10.1002/0471143030.cb0322530

16. YangL, Chen Y, Liu Y, Xing Y, Miao C, Zhao Y, et al. The role of oxidative stress
and natural antioxidants in ovarian aging. Front Pharmacol (2020) 11:617843. doi:
10.3389/fphar.2020.617843

Frontiers in Endocrinology

12

10.3389/fendo.2023.1180104

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Secomandi L, Borghesan M, Velarde M, Demaria M. The role of cellular
senescence in female reproductive aging and the potential for senotherapeutic
interventions. Hum Reprod Update (2022) 28(2):172-89. doi: 10.1093/humupd/
dmab038

18. Pinckard KM, Shettigar VK, Wright KR, Abay E, Baer LA, Vidal P, et al. A novel
endocrine role for the BAT-released lipokine 12,13-diHOME to mediate cardiac function.
Circulation (2021) 143(2):145-59. doi: 10.1161/CIRCULATIONAHA.120.049813

19. Vatner DE, Zhang J, Oydanich M, Guers J, Katsyuba E, Yan L, et al. Enhanced
longevity and metabolism by brown adipose tissue with disruption of the regulator of G
protein signaling 14. Aging Cell (2018) 17(4):e12751. doi: 10.1111/acel.12751

20. Moolhuijsen LME, Visser JA. Anti-miillerian hormone and ovarian reserve:
update on assessing ovarian function. J Clin Endocrinol Metab (2020) 105(11):3361-73.
doi: 10.1210/clinem/dgaa513

21. Fiorentino G, Cimadomo D, Innocenti F, Soscia D, Vaiarelli A, Ubaldi FM, et al.
Biomechanical forces and signals operating in the ovary during folliculogenesis and
their dysregulation: implications for fertility. Hum Reprod Update (2022) 29(1):1-23.
doi: 10.1093/humupd/dmac031

22. Lee EB, Chakravarthi VP, Wolfe MW, Rumi MAK. ERP regulation of
gonadotropin responses during folliculogenesis. Int ] Mol Sci (2021) 22(19). doi:
10.3390/ijms221910348

23. Renault L, Patifio LC, Magnin F, Delemer B, Young J, Laissue P, et al. BMPR1A
and BMPRI1B missense mutations cause primary ovarian insufficiency. J Clin
Endocrinol Metab (2020) 105(4). doi: 10.1210/clinem/dgz226

24. Kasapoglu L, Seli E. Mitochondrial dysfunction and ovarian aging. Endocrinology
(2020) 161(2). doi: 10.1210/endocr/bqaa001

25. Ding J, Xu K, Zhang J, Lin B, Wang Y, Yin S, et al. Overexpression of CXCL2
inhibits cell proliferation and promotes apoptosis in hepatocellular carcinoma. BMB
Rep (2018) 51(12):630-5. doi: 10.5483/BMBRep.2018.51.12.140

26. Hu J, Duan B, Jiang W, Fu S, Gao H, Lu L, et al. Epidermal growth factor-
containing fibulin-like extracellular matrix protein 1 (EFEMP1) suppressed the growth
of hepatocellular carcinoma cells by promoting semaphorin 3B(SEMA3B). Cancer Med
(2019) 8(6):3152-66. doi: 10.1002/cam4.2144

27. Hino Y, Nagaoka K, Oki S, Etoh K, Hino S, Nakao M, et al. Mitochondrial stress
induces AREG expression and epigenomic remodeling through c-JUN and YAP-mediated
enhancer activation. Nucleic Acids Res (2022) 50(17):9765-79. doi: 10.1093/nar/gkac735

28. Klinge CM. Estrogenic control of mitochondrial function. Redox Biol (2020)
31:101435. doi: 10.1016/j.redox.2020.101435

29. Navarro-Pando JM, Alcocer-Gomez E, Castejon-Vega B, Navarro-Villaran E,
Condés-Hervas M, Mundi-Roldan M, et al. Inhibition of the NLRP3 inflammasome
prevents ovarian aging. Sci Adv (2021) 7(1). doi: 10.1126/sciadv.abc7409

30. Marafi D, Fatih JM, Kaiyrzhanov R, Ferla MP, Gijavanekar C, Al-Maraghi A,
et al. Biallelic variants in SLC38A3 encoding a glutamine transporter cause epileptic
encephalopathy. Brain (2022) 145(3):909-24. doi: 10.1093/brain/awab369

31. Barallobre-Barreiro J, Radovits T, Fava M, Mayr U, Lin WY, Ermolaeva E, et al.
Extracellular matrix in heart failure: role of ADAMTS5 in proteoglycan remodeling.
Circulation (2021) 144(25):2021-34. doi: 10.1161/CIRCULATIONAHA.121.055732

32. Kong Y, Sharma RB, Nwosu BU, Alonso LC. Islet biology, the CDKN2A/B locus and
type 2 diabetes risk. Diabetologia (2016) 59(8):1579-93. doi: 10.1007/s00125-016-3967-7

frontiersin.org


https://doi.org/10.1093/gerona/glaa204
https://doi.org/10.1007/978-3-319-44820-6_4
https://doi.org/10.1007/978-3-319-44820-6_4
https://doi.org/10.1111/acel.13546
https://doi.org/10.1016/j.arr.2020.101168
https://doi.org/10.1038/s41586-022-05041-0
https://doi.org/10.1016/j.cmet.2020.06.006
https://doi.org/10.1111/acel.13024
https://doi.org/10.1530/JOE-20-0068
https://doi.org/10.1016/j.omtn.2021.08.028
https://doi.org/10.1016/j.omtn.2021.08.028
https://doi.org/10.1038/nature21365
https://doi.org/10.1007/164_2018_114
https://doi.org/10.1007/164_2018_114
https://doi.org/10.1126/science.aaw2586
https://doi.org/10.7150/thno.43968
https://doi.org/10.1186/s41038-019-0178-8
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.3389/fphar.2020.617843
https://doi.org/10.1093/humupd/dmab038
https://doi.org/10.1093/humupd/dmab038
https://doi.org/10.1161/CIRCULATIONAHA.120.049813
https://doi.org/10.1111/acel.12751
https://doi.org/10.1210/clinem/dgaa513
https://doi.org/10.1093/humupd/dmac031
https://doi.org/10.3390/ijms221910348
https://doi.org/10.1210/clinem/dgz226
https://doi.org/10.1210/endocr/bqaa001
https://doi.org/10.5483/BMBRep.2018.51.12.140
https://doi.org/10.1002/cam4.2144
https://doi.org/10.1093/nar/gkac735
https://doi.org/10.1016/j.redox.2020.101435
https://doi.org/10.1126/sciadv.abc7409
https://doi.org/10.1093/brain/awab369
https://doi.org/10.1161/CIRCULATIONAHA.121.055732
https://doi.org/10.1007/s00125-016-3967-7
https://doi.org/10.3389/fendo.2023.1180104
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Brown adipose tissue-derived exosomes delay fertility decline in aging mice
	Introduction
	Materials and methods
	Animal and experimental grouping
	Exosome isolation and identification
	Internalization of exosomes
	Fertility assessment
	Estrous cycle
	Tissue collection and staining
	Collection and culture of oocytes
	Detection of mitochondrial membrane potential
	ATP concentration assay
	Determination of ROS
	Ultrastructure of mitochondria
	Measurement of body temperature
	RNA sequencing
	Western blot analysis
	Statistical analysis

	Results
	BAT and exosome identification
	Internalization of BAT-exos
	BAT-exos enhanced the metabolism and survival of aging mice
	BAT-exos delayed the effects of aging on fertility
	BAT-exos improved ovarian function in aging mice
	BAT-exos inhibited the decline of mitochondria in oocytes
	BAT-exos changed the expression of age-related genes in the aging ovary

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


