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Abstract

Visceral adipose tissue (VAT) inflammation plays a central role in longevity and multiple age-related disorders. Cellular senescence (SEN) is 
a fundamental aging mechanism that contributes to age-related chronic inflammation and organ dysfunction, including VAT. Recent studies 
using heterochronic parabiosis models strongly suggested that circulating factors in young plasma alter the aging phenotypes of old animals. 
Our study investigated if young plasma rescued SEN phenotypes in the VAT of aging mice. With heterochronic parabiosis model using young 
(3 months) and old (18 months) mice, we found significant reduction in the levels of pro-inflammatory cytokines and altered adipokine 
profile that are protective of SEN in the VAT of old mice. These data are indicative of protection from SEN of aging VAT by young blood 
circulation. Old parabionts also exhibited diminished expression of cyclin-dependent kinase inhibitors (CDKi) genes p16 (Cdkn2a) and 
p21 (Cdkn1a/Cip1) in the VAT. In addition, when exposed to young serum condition in an ex vivo culture system, aging adipose tissue–
derived stromovascular fraction cells produced significantly lower amounts of pro-inflammatory cytokines (MCP-1 and IL-6) compared to 
old condition. Expressions of p16 and p21 genes were also diminished in the old stromovascular fraction cells under young serum condition. 
Finally, in 3T3-preadipocytes culture system, we found reduced pro-inflammatory cytokines (Mcp-1 and Il-6) and diminished expression of 
cyclin-dependent kinase inhibitor genes in the presence of young serum compared to old serum. In summary, this study demonstrates that 
young milieu is capable of protecting aging adipose tissue from SEN and thereby inflammation.
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Adipose tissue is at the crossroad of longevity and age-associated dis-
eases (1). Not only adipose tissue distributions change with age, but in-
flammation is primed at the adipose tissue prior to other organs during 
aging and onset of obesity (2). Moreover, interventions that delay or limit 
fat tissue turnover, redistribution, or dysfunction in experimental ani-
mals enhance life span (3–10). We recently demonstrated that elevated 
endoplasmic reticulum stress response promotes white adipose tissue 
inflammation (11) and diminished autophagy activity induces endo-
plasmic reticulum stress in aging adipose tissue (12). Understanding the 
molecular mechanism of adipose tissue inflammation and its reversal is 
crucial for therapeutic strategies for aging disorders.

Cellular senescence (SEN) is a fundamental aging mechanism that 
contributes to age-related organ dysfunction and chronic inflamma-
tion. The phenomenon of SEN is characterized by the upregulation 

of cyclin-dependent kinase inhibitor genes: p16 (Cdkn2a) and p21 
(Cdkn1a/Cip1), along with display of senescence-associated sec-
retary phenotypes. Recent evidences suggest that accumulation of 
senescent cell is a root cause of adipose tissue dysfunction and in-
flammation in aging (13). Manipulations that extend longevity also 
diminishes senescent cell burden in the aging adipose tissue (14). 
Our analyses on gonadal fat of aging male C57/Bl6 mice have dem-
onstrated that TLR4-deficient mice were protected from senescence 
and inflammation (15). We further demonstrated that reduced adi-
pose tissue inflammation in old TLR4-deficient mice was linked to 
reduced endoplasmic reticulum stress, augmented autophagy ac-
tivity, and diminished senescence (15).

Heterochronic parabiosis experiments, in which young and old 
mice are surgically joined together for shared circulation, suggested 
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that plasma factors can rejuvenate aging phenotypes (16,17). Recent 
research on parabiosis model also demonstrated that young plasma 
rescues old animals from age-associated anomalies in skeletal muscle 
(16,18), brain (19–21), and heart (22) and in immune (23) and 
kidney function (24). Recently, several tentative serum factors have 
been identified that regulate aging and SEN (22) including growth 
differentiation factor 11  (GDF11) (18,25) and eotaxin-1 (26,27) 
(CCL11). However, the exact mechanisms linking these factors to 
the aging phenotypes are often controversial and poorly defined. In 
this study, we embarked on to test whether young cellular milieu 
reverses senescence phenomenon and inflammation in the visceral 
adipose tissue (VAT) of old mice.

Experimental Methods

Mice
C57BL/6 young (4–6 months) and old (18–22 months) male mice 
were obtained from the Jackson Laboratory. Mice were maintained 
in a pathogen-free environment provided by the Unit for Laboratory 
Animal Medicine at the University of Michigan (Ann Arbor, MI) 
until they were used. All the experimental research in this study was 
approved by the University of Michigan University Committee on 
Use and Care of Animals.

Parabiosis Procedure
In general, mice that have same genetic background and similar body 
weight and size are selected to ensure harmonious cohabitation. In 
this study, however, different weight and size between young and old 
mice were inevitable. We used C57/BL6 male mice for our parabiosis 
studies. We surgically joined the circulation of young (Y-4 months) 
and old (O-18 months) mice for 4 weeks using the following pro-
cedure that was adopted from published methods (28).

The paired two animals were anesthetized using an injectable 
anesthetic (sodium pentobarbital, 40–60  mg/kg, ip), and the op-
posite side of each animal (right side of the left animal vs left side of 
the right animal) was shaved and cleaned with at least three iodine 
scrubs alternated with warmed saline, sterile water, or alcohol. As 
suggested by Institutional Animal Care and Use Committee (IACUC) 
reviewers that this was a type III surgery, carprofen (5 mg/kg, sc) was 
given preemptively and 48 hours postoperatively for each animal. 
An ophthalmic ointment was applied to prevent desiccation or cor-
neal injury during the procedure.

A longitudinal skin incision from 0.5 cm above the elbow all the 
way to 0.5 cm below the knee joint was made using sharp scissors 
on the prepared side of each animal. The skin along the incision 
was gently separated from subcutaneous fascia using forceps. The 
right elbow and knee of the animal on the left were joined to the left 
elbow and knee of the animal on the right respectively using 2-0/3-0 
silk sutures. The incision was closed with simple interrupted sutures 
on both ventral and dorsal sides. To prevent dehydration, 0.5 mL of 
warm saline was administered subcutaneously to each animal.

Animals were returned to their home cage with food pellets on 
the floor. In general, animals were able to adjust to the parabiotic 
existence after recovered from anesthesia, moving to eat and drink to-
gether. Skin sutures were removed under isoflurane (2% via a vapor-
izer) anesthesia 7 days after surgery. Blood chimerism usually occurs 
around 2 weeks following the surgery. Parabiotic state was main-
tained for 4 weeks. The mortality rate was 7%, 1 of total 14 pairs.

At the end of the experiment, the mice were killed to separate 
the pairs to collect plasma, VAT, liver, heart, brain, and muscle. 

The parabiosis experiment was repeated twice for a total of three 
experiments.

Isolation of Serum
Following CO2 euthanasia, blood samples were collected from 
young (4  month) or old (20  month) mice through retro-orbital 
plexus. Collected blood was kept on ice for 30-minute clotting and 
then centrifuged at 2,000 rpm for 15 minutes. The serum portion of 
blood was then collected and separated into aliquots for storage at 
−80°C until further usage.

Isolation of Adipose Tissue
Careful inspection was done to exclude aged animals with cancer or 
lymphoma. Gonadal fat pads from mice were excised under sterile 
condition. Fat tissue was fractionated into adipocyte and stromovas-
cular fraction (SVF) portions, as described earlier (11).

Cell Culture and Treatment
3T3-preadipocytes (ATCC) or adipose tissue–derived old SVFs were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) media con-
taining 10% heat-inactivated fetal bovine serum (FBS) for 18 hours 
of incubation in a 37°C/5% CO2 incubator. Cells were then plated 
in 6-well dishes and cultured in presence of young or old plasma or 
fetal bovine serum (10% vol) for 3 days. Cells were then harvested 
for total RNA and protein lysates for analyses. Expression of mRNA 
was analyzed by quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR) and protein amounts by western blotting.

Cytokine Assays
Pro-inflammatory cytokines (MCP-1 and IL-6) in the adipose tissue 
lysates were analyzed by commercial standardized murine ELISA 
kits (R&D Systems).

Adipokine Array
The relative expressions of 38 mouse adipokines (ADKs) were ana-
lyzed by proteome profiler adipokine array kits (R&D Systems).

qRT-PCR
Total RNA was isolated by standard protocol for real-time quanti-
tative PCR analysis. Relative expression of mRNA was calculated 
by 2^ (−ddCt) method using Ct values of respective genes as pub-
lished earlier (11,12). The primers used for respective genes are the 
following:

p16 (forward: 5′-CATGTTGTTGAGGCTAGAGAGG-3′; 
r e v e r s e :   5 ′ - C A C C G TA G T T G A G C A G A A G A G ) ,   p 2 1  
( fo rward :   5 ′ -AAGTGTGCCGTTGTCTCTTC;   r eve r s e : 
5′-AGTCAAAGTTCCACCGTTCTC),

Il-6 (forward: 5′-CTTCCATCCAGTTGCCTTCT; reverse: 
5′-CTCCGACTTGTGAAGTGGTATAG),

Tnf -α   (5 ′ -TTGTCTACTCCCAGGTTCTCT;   r ever se : 
5′-GAGGTTGACTTTCTCCTGGTATG-3′),

Mcp-1  (5 ′-CTCACCTGCTGCTACTCATTC-3 ′;  reverse: 
5′-ACTACAGCTTCTTTGGGACAC-3′)

Western Blotting
Protein expression was analyzed using standard western blot-
ting techniques (29). The primary antibodies for p16 (ab108349) 
and p21 (ab109199) and α-tubulin (ab7291) were obtained from 
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Abcam, and antibodies for stat3 (12640S), p-stat3 (94994) were 
obtained from Cell Signaling Technology.

Statistical Analysis
Statistical significance of the differences between means was tested 
using Student’s t test for two groups. For multiple comparison, 
Tukey’s post hoc test preceded by an analysis of variance was ap-
plied. GraphPad Prism7 software was used for all statistical ana-
lyses. Statistical significances were expressed as p < .05 (*), p < .01 
(**), and p < .001 (***) in the figures.

Results

Increased Body Weight and VAT Mass in Young 
but No Change in Old Mice due to Heterochronic 
Parabiosis
To test the role of young milieu on old VAT, we performed parabiosis 
experiments by surgically joining young and old (heterochronic), 
young and young (Y-isochronic), or old and old (O-isochronic) mice. 
Following 4 weeks of shared circulation, the mice were killed and we 
analyzed for total body weight and VAT weight of the parabionts. 
Compared to the Y-Iso group, we found significant differences in 
the body weight of Y-Het, O-Het, and O-Iso pairs (Figure 1B, first 
panel). Similarly, VAT weight was significantly lower in Y-Iso com-
pared to the rest of the group (Figure 1B, middle panel). However, 

no significant difference was observed between O-Het and O-Iso 
groups, suggesting that young environment does not alter adiposity 
in the old mouse. On the other hand, differences in the body weight 
and VAT mass were found between Y-Iso and Y-Het groups, indicat-
ing that old plasma had an adipogenic effect on young VAT. These 
data also indicate that although young environment has no effects 
on adiposity or body weight, old plasma was capable of increasing 
VAT mass and body weight of young mice. We also observed sig-
nificant difference in the VAT:body weight ratio between Y-Iso and 
O-Iso groups, and Y-Iso and Y-Het groups (Figure 1B, third panel). 
However, no significant difference was observed between O-Het or 
O-Iso groups. To address the adipogenic effect of old environment 
on the young VAT, we analyzed mRNA expression of known adipo-
genic genes (Ppar-g, Cebp-a, and Ap2) in all the groups, but did not 
find any significant differences in either of the groups (Figure 1C).

Reduced Adipose Tissue Inflammation in the Old 
Mice Following Heterochronic Parabiosis
We then analyzed the levels of pro-inflammatory cytokines (MCP-1 
and IL-6) in the VAT lysates (Figure 2). We found no difference in the 
levels of MCP-1 and IL-6 in Y-Iso and Y-Het groups. Notably, there 
were significant differences in the MCP-1 but not IL-6 levels between 
Y-Het and O-het groups, suggesting intrinsic inflammatory status in 
aging VAT. Importantly, both IL-6 and MCP-1 were significantly di-
minished in the O-Het compared to the O-Iso mice (Figure 2). Our 
data, therefore, suggest that sharing young environment reduces old 
VAT inflammation without affecting adiposity or body weight.

Diminished Abundance of SEN-Promoting ADKs 
in the Old Adipose Tissue Following Heterochronic 
Parabiosis
We performed adipokine array on VAT lysates from the parabionts 
and analyzed the relative abundance of 38 different ADKs. Array 
data on adipose tissue lysates revealed that the protein levels of 10 
ADKs (Figure 3A and B) were significantly diminished in O-Het 
compared to O-Iso parabionts. These ADKs include CRP, endocan, 
intercellular adhesion molecule 1  (ICAM1), insulin-like growth 
factor binding protein 3  (IGFBP-3), insulin-like growth factor 
binding protein 5  (IGFBP-5), IL-11, leptin, pentraxin 2, regulated 
on activation normal T cell expressed and secreted (RANTES), and 
serpin  E1/plasminogen activator inhibitor 1  (PAI-1). Importantly, 
the majority of the ADKs are tightly linked to SEN (30–35). Except 
for IGFBP-3, IGFBP-5, and RANTES, no significant differences are 
observed in the ADK profile between Y-Het and Y-Iso parabionts. 
These results strongly indicate that young plasma factors are able to 
preserve young ADK milieu in aging VAT. As IL-10 overexpression 
has been shown to decrease with aging and has a protective role in 
inflammation in skeletal muscle (36), we wanted to examine whether 
IL-10 has any role in reversing VAT inflammation. In our analyses 
of IL-10 from the adipokine array, we did not find any significant 
differences between O-Het or O-Iso parabionts (Figure 3), negating 
the role of IL-10 in the suppression of VAT inflammation in old. 
To further address the mechanism of reduced inflammation in the 
O-het, we also analyzed the STAT3 phosphorylation, and suppressor 
of cytokine signaling (SOCS) family of proteins in the VAT lysate 
of the parabiosis pairs. We observed reduced p-STAT levels in the 
O-Het compared to O-Iso, Y-Iso, or Y-het groups; however, these dif-
ferences were not statistically significant (Supplementary Figure 1). 
Interestingly, we observed elevated SOCS2 and SOCS3 levels in the 
O-Het compared to O-Iso, but not significantly different from Y-Iso 

Figure 1.  Increased body weight (BW) and visceral adipose tissue (VAT) mass 
in young but no change in old mice because of heterochronic parabiosis. 
(A) Photographs of heterochronic pairs both dorsal and ventral views. (B) 
Graphical representation of body weight and VAT weight and the ratio of 
BW:VAT of young (4  month) isochronic (Y-Iso), young heterchronic (Y-Het), 
old (20 month) heterochronic (O-Het), and old isochronic (O-Iso) pairs (n = 12 
each) following 4 weeks of parabiosis. Statistical significance was determined 
by Tukey’s multiple comparison test followed by analysis of variance and 
indicated as *p < .05, **p < .001, ***p < .0001. (C) Relative mRNA abundance 
of Ppar-g, Cebp-a, and Ap2 in the parabiosis groups were also plotted in 
the graph after normalization (n is represented by no. of dots) with Gapdh 
expression. Statistical significance was determined by paired t test.
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or Y-het groups (Supplementary Figure 2). This may explain the re-
duced inflammation in the O-Het compared to O-Iso groups, yet 
does not hold true for Y-Iso or Y-Het groups. Nevertheless, the dif-
ference might reflect the reduced inflammation in the O-Het group 
compared to the rest of the parabiosis pairs.

Reduced p16 and p21 Expression in Old VAT in 
Heterochronic Parabiosis
mRNA and protein expression of SEN-associated genes, p16 and 
p21, is significantly diminished in the VAT of O-Het compared to 
O-Iso parabionts (Figure 4). This supports the notion that young cir-
culatory milieu not only reduces the expression of pro-inflammatory 
cytokines or SEN-promoting ADKs, but also limits the expression of 
genes directly associated with SEN induction.

Reduced Expression of Senescence-Associated and 
Pro-inflammatory Genes in Old SVFs Cultured With 
Young Serum
Epididymal adipose tissue–derived SVFs from young (4  month) 
and old (20 month) mice were cultured in presence of young or old 
serum (10% vol/vol) for 3 days, then harvested for total RNA and 
protein lysates. The levels of p16 and p21 were significantly reduced, 
both in mRNA (Figure 5A) and in protein content (Figure 5B and C), 
compared to exposure to old serum condition. In addition, mRNA 
of Tnf-α and Mcp-1 but not Il-6 in the old SVFs was significantly 
diminished in the presence of young serum (Figure 5D). Taken to-
gether, these data further support that young serum is capable of 
reducing aging SVFs from SEN and pro-inflammatory phenotype.

Expression of CDKs and Pro-inflammatory Cytokine 
Genes Are Diminished Both in 3T3-Preadipocytes 
and in Old SVFs Cultured With Young Serum
In 3T3-preadipocytes culture system, expressions of both p16 and 
p21 gene products were significantly reduced both in mRNA (Figure 
6A) and in protein levels (Figure 6C) in the presence of young com-
pared to old serum. Cells were also treated with H2O2, as a known 
inducer of senescence that served as a positive control in our ex-
periment. Cells were also cultured in the presence of 10% fetal 
bovine serum, as an additional control for serum in the analysis. 
Expression of pro-inflammatory cytokines IL-6 and Mcp-1 but not 

Tnf-α mRNA was also reduced by the young compared to old serum 
condition (Figure 6B).

Discussion

A fundamental aging mechanism that likely contributes to chronic 
diseases and age-related dysfunction is SEN (37). SEN is a ter-
minal arrest of proliferation when cells are subjected to various 
cellular stresses including telomere dysfunction, DNA damage, and 
genotoxic and oxidative stress (38–40). Senescent cells have been 
demonstrated to disrupt tissue structure and function through the 
secretion of pro-inflammatory cytokines and chemokines and prote-
ases, a feature known as senescence-associated secretory phenotype 
(41). The senescence-associated secretory phenotype is believed to 
serve as a link between senescent cell accumulation and local and 
systemic dysfunction and diseases. Consistence with a role for SEN 
in causing age-related organ dysfunction, clearing senescence cells 
by drug-inducible suicide gene enhances health span and delays 
multiple age-related phenotypes in genetically modified progeroid 
mice (42). Thus, interventions that reduce the burden of senescent 
cells could ameliorate age-related disabilities and chronic diseases 
(43,44). Targeting senescent cells in aging adipose tissue for thera-
peutic intervention is supported by evidence of reduced SEN burden 

Figure 3.  Diminished abundance of cellular senescence–promoting 
adipokines (ADKs) protein in old adipose tissue following heterochronic 
parabiosis. (A) Representative image of three independent ADK arrays 
performed on visceral adipose tissue lysates from the parabionts. Proteins of 
interest are labeled with rectangles and adjacent numbers. The expression of 
each ADK band is normalized with internal reference spots and is plotted in 
(B). Statistical significances were determined by paired t test (n = 6 for each 
group) and expressed as *p < .05, **p < .001, ***p < .0001.

Figure 2.  Young plasma diminishes pro-inflammatory and senescence 
phenotypes in old adipose tissue in heterochronic parabiosis system. Mouse 
(C57/Bl6: male) adipose tissue samples were collected from either isochronic 
young (Y-iso) or old (O-iso), and heterochronic young (Y-het) or old (O-het) groups 
following 4 weeks of parabiosis. (A) Levels of MCP-1 and (B) IL-6 in the adipose 
tissue lysate as quantified by ELISA. Statistical significance was determined by 
paired t test (n = 6 for each group) and expressed as * p < .05 or **p < .001.
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in long-lived mouse models (14), and also by evidence of improved 
health span by targeting SEN cells using drugs (senolytics) in mouse 
models (42,44,45). The use of senolytics is potentially promising, 
but long-term use of these drugs may not be suitable because of their 
off-target and adverse side effects (46,47).

Recent heterochronic parabiosis studies strongly suggest that 
circulating factors in the young plasma alter aging phenotypes in 
multiple organs (16,18,48,49). However, the specific plasma factor 
and underlying mechanisms have not been elucidated. This study 
demonstrates for the first time that young blood circulation reverses 
the senescence characteristics as well as pro-inflammatory pheno-
types of old adipose tissue. This phenomenon was supported by the 
heterochronic parabiosis experiments (Figures 2–4), ex vivo treat-
ment of SVFs with serum from young and old mice (Figure 5), and 
3T3-preadipocyte culture system (Figure 6).

By pairing young with old mice in heterochronic parabiosis, we 
demonstrated reduced expression of both p16 and p21 gene prod-
ucts in old VAT, overexpression of which are considered to be char-
acteristic of SEN. In addition, profiles of 10 ADKs of O-het were 
also reduced compared with the O-Iso and without significant 

effects on the Y-het groups. These ADKs are CRP, endocan, ICAM1, 
IGFBP-3, IGFBP-5, IL-11, leptin, pentraxin 2, RANTES, and serpin 
E1/PAI-1. Of note, the majority of these ADKs are either cause or 
consequence of SEN (30–35). In order to rule out the possibility of 
IL-10-mediated suppression of inflammation in O-Het parabionts, 
we analyzed the levels of IL-10, using the ADK array data and found 
no significant differences among all four groups. To further address 
the mechanism of reduced inflammation in the O-het, we also ana-
lyzed the STAT3 phosphorylation and SOCS family of proteins as 
downstream target of cytokine signaling in the VAT lysate of the 
parabiosis pairs. We observed reduced p-STAT3 signal; however, 
these differences were not statistically significant (Supplementary 
Figure 1). Interestingly, we found significantly elevated SOCS2 and 
SOCS3 levels in the O-Het compared to O-Iso groups, but not in the 
Y-Iso or Y-het groups (Supplementary Figure 2). This difference in 
SOCS2 and SOCS3 levels explains the reduced inflammation in the 
O-Het compared to O-Iso groups, but does not address an equation 
in the context of Y-Iso or Y-Het groups. We reconcile that the young 
cells have their own intrinsic mechanism of suppression of cytokine 

Figure 4.  Reduced levels of p16 and p21 gene products in aging visceral 
adipose tissue following heterochronic parabiosis. (A) Graphical presentation 
of relative mRNA of p16 and p21 in different parabionts (n  =  6 for each 
group). (B) Representative image of western blot analysis of p16 and p21 
protein expression. (C) The relative protein abundance of p16 and p21 were 
expressed (n  =  4) after the density was normalized with the respective 
α-Tubulin. Statistical significance was determined by paired t test and 
expressed as *p < .05, **p < .001.

Figure 5.  Reduced expression of senescence-associated and pro-inflammatory 
genes in old stromovascular fractions (SVFs) cultured with young plasma. 
Epididymal adipose tissue–derived SVFs from young (4  months) and old 
(20 months) were cultured in presence of young or old serum (10%) for 3 days 
and were harvested for total RNA and protein lysates. mRNA expression of 
p16 and p21 was analyzed by quantitative reverse transcription-polymerase 
chain reaction and plotted in (A) and relative protein abundance (n = 3) was 
measured after the density was normalized with the respective α-Tubulin 
band (B and C). Relative mRNA abundance of Il-6, Tnf-α and Mcp-1 was 
also plotted in the graph (D). The significance levels *p < .05 or **p < .01 or 
***p < .001 were determined by Student’s t test using means and standard 
error of the mean of three independent (n = 3) experiments.
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signaling networks that differ from aging cells. Nevertheless, the 
shuttle difference in p-STAT3 and SOCS levels in the O-Het might 
reflect the reduced inflammation in the O-Het group.

Therefore, aging environment provides a cellular context that is 
conducive to senescence in old VAT, but which can still be reversed 
in the presence of young environment. This observation was further 
supported by the follow-up experiments using ex vivo culture of 
SVFs and in vitro culture of 3T3-preadipocytes. Our observation is 
in agreement with the recent observations that serum from calorie-
restricted animal delays senescence and extends life span of normal 
human fibroblast (50), and young plasma reverses age-dependent 
senescence in the hepatic tissue (51). More importantly, it should be 
noted that because heterochronic parabiosis in reality leads to a “di-
lution effect” for many shared factors, that effects could conceivably 

be due to absolute less exposure to geronic factors in the old blood 
by dilution with young blood, which may contain much lower levels 
of these factors, such as cytokines.

We provide evidence that like many other organs, senescence in the 
VAT of old mice was also diminished by sharing circulation with young. 
However, the mechanism of this reversal needs further investigation.

Our previous works have demonstrated impaired autophagy in 
aging VAT as one of the causes of adipose tissue inflammation. It is 
possible that the beneficial effect of young circulating factors could 
be mediated via the restoration of autophagy-mediated protein deg-
radation. In support of this, it was recently demonstrated that young 
plasma restores autophagy in rat liver (51). We cannot rule out the 
possibility that the circulatory factor(s) may induce epigenetic alter-
ations in the aging VAT. Recent reports also suggested plasma factors 
can alter nuclear concentration of DNA methyltransferases (52) and 
histone deacetyletranferases, including silent mating type informa-
tion regulation 2 homolog 1 (50).

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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