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ABSTRACT

Important studies report acute rejuvenation of mammalian cells and tissues by blood heterochronicity, old
plasma dilution, defined factors, and partial reprogramming. And extension of rodent lifespan via single-prong
methods was tried in recent years. Here, we examined whether simultaneous calibration of pathways that
change with aging in opposite directions would be more effective in increasing healthspan and lifespan.
Moreover, we started with the challenging age group - frail 25-months-old mice that are equivalent to ~75-
year-old people. We used an Alk5 inhibitor (A5i) of the age-elevated, pro-fibrotic transforming growth factor-
beta (TGF-B) pathway that regulates inflammatory factors, including IL-11, and oxytocin (OT) that is diminished
with age and controls tissue homeostasis via G-protein-coupled receptor and ERK signaling. Treatment of old
frail male mice with OT+ADbi resulted in a remarkable 73% life extension from that time, and a 14% increase in
the overall median lifespan. Further, these animals had significantly increased healthspan, with improved
physical performance, endurance, short term memory, and resilience to mortality. Intriguingly, these benefits
manifested only in the male and not in the female mice, yet OT+A5i had positive effects on fertility of middle-
aged female mice. Mechanistically, the bio-orthogonal metabolic proteomics on the blood serum demonstrated
that the acute, 7-day, treatment of the old mice with OT+A5i youthfully restored systemic signaling
determinants and reduced protein noise in old mice of both sexes. However, after 4 months of OT+Ab5i, only old
male, but not female, mice remained responsive, showing the youthful normalization of systemic proteome.
These findings establish the significant health-span extension capacity of OT+A5i and emphasize the differences
in aging and in response to longevity therapeutics between the sexes.

INTRODUCTION and defined pharmacological interventions offer easier
routes to clinical application.
Extending lifespan and healthspan remains a central

goal of biomedical research and has been tackled Several pharmacological interventions have shown

through numerous and diverse approaches. Transgenic
models have provided insight into mechanisms of aging
and rejuvenation, including Ames dwarf mice with the
Prop19f gene [1, 2], growth hormone receptor/binding
protein (GHR/BP) knockout mice [3, 4], and p66s"*/~
knockout mice [5]. However, safe, scalable, and
effective gene therapy remains clinically challenging

promise in extending lifespan, but each carries important
limitations. One of the best known, rapamycin, targets
the mTOR pathway and extends the lifespan of middle-
age and old mice [6, 7]. However, its efficiency has
varied between studies by different groups, and
concerns over safety persist. Rapamycin associates with
increased development of cancers, even with a transient
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administration [8], which may be linked to its clinical
use as an immunosuppressant [9]. Adding a chemo-
therapy drug, trametinib, to rapamycin might mitigate
the development of cancers and this drug mix was
shown to extend mouse lifespan [10]; however, mTOR
and mitogen-activated protein kinase, MEK, which these
drugs inhibit, are needed for viability and vigor of many
cells, including tissue stem cells and neurons [11].
Genetic knockout or antibody neutralization of IL-11
extend mouse life- and healthspans [12]. However, IL-
11 is essential for ovarian health, and hematopoiesis [13,
14] and the levels of this interleukin increase in severe
illnesses, but not in healthy human aging [15]. Another
prominent direction in aging research is on senescent
cells, which are targeted by a class of compounds
known as senolytics, reviewed in [16]. These drugs
compromise cell viability, their selectivity is imperfect,
the long-term side effects of senolytics remain poorly
understood, and senescent cells play a positive role in
wound healing [17].

Yet another compelling avenue of longevity research
centers on youthful modification of systemic environ-
ment, which is a determinant of tissue health, with age-
imposed systemic changes promoting numerous
pathologies [18, 19]. Research in this direction was
pioneered by studies on heterochronic parabiosis and
continued through heterochronic blood exchanges and
in-vivo dilution of blood plasma; the latter established
the capacity to acutely rejuvenate not only multiple
organs in mice, but the cellular and humoral blood
compartments in old people [20-22]. The dilution
effects of therapeutic plasma exchange (TPE) are robust
but last only transiently, and as this procedure involves
processing the patient’s blood volume several times
over in real time, which entails a variety of potential
side effects [23-26]. Therefore, identifying the
molecular determinants behind the benefits of TPE may
be the key to developing safe and effective longevity
therapeutics.

In pursuit of a systemic pathway modifier, we focused
on a combination of OT (which naturally declines with
age) and AS5i, an inhibitor of ALKS TGF-B receptor
(targeting the age-associated physiologic increase in
TGF-B signaling); in mice, this mix was shown to
effectively rejuvenate muscle, liver, and brain after 7-
day administration [27]. The TGF-p pathway becomes
over-pronounced in the old, systemically and in tissues
[28]. This pathway operates in a threshold fashion
where healthy young levels are needed for homeostasis
of cells and tissues, but the age-related increase
promotes inflammation and interferes with regenerative
capacity of tissue stem cells [29, 30]. OT, a nonapeptide
best known for its role in child-bearing and social
bonding [31], is critical for maintenance and repair of

muscle, bone, etc. tissues and for healthy metabolism
[32, 33]. OT acts on muscle and bone directly, through
OT receptors expressed by these tissues, via down-
stream activation of MAPK/pERK [34].

Due to the complex and multifactorial nature of aging,
we posited that any single factor might not suffice, at
physiologic transient doses, for restoring health to old
tissues, while chronic, supraphysiological doses might
be potentially pathogenic. Thus, we combined inhibition
of age-elevated TGF-B signaling, using A5i, with the
administration of age-diminished OT and developed a
precise dose of AS5i, which when mixed with OT,
allowed lowering the TGF-B antagonist by 10-fold,
precluding overtly diminished signaling, yet broadened
the transient rejuvenation effects [27].

Our results presented here establish that the longitudinal
treatment of aged frail male mice with OT+AS5i
extended both lifespan and healthspan. Interestingly,
while 7-day administration of OT+AS5i youthfully
normalized the systemic proteomes of both old males
and old females, the female mice lost responsiveness to
this therapeutic over time, based on the pattern of the
systemic proteome, and had no benefits for life or
health-spans. The causes of this sex-based differences
remain unknown, albeit we note that treatment of
female mice with OT+ASi at late middle-age
rejuvenates fertility. The overall goal, which was
achieved for male mice, was to avert morbidity and
extend lifespan after the point of clear age-related
decline, in a paradigm of true rejuvenation.

RESULTS

Longitudinal in vivo delivery of AlkS inhibitor and
oxytocin and effects on lifespan

To determine the longitudinal effects, 12 male control,
14 male OT+AS5i, 13 female control, and 10 female
OT+ASi animals were studied. The rationale for this
combinatorial two drug treatment and the doses of the
OT and AS5i were chosen based on the dose-curve
studies of the acute short-term rejuvenation [27]. The
mice began the study at 25 months of age (see Materials
and Methods for details) and were already frail; and
they were randomly assigned to the experimental or
control groups.

Mice were injected subcutaneously with OT (1 pg/g-day)
and AS5i (0.02 nmol/g-day) or vehicle control (HBSS)
cyclically every Monday, Wednesday and Friday for
two weeks, followed by a two-week rest period before
the next round of injections (Figure 1A). The health and
frailty studies were conducted on these animals until
their natural endpoint.
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Upon visual observation, male mice treated with
OT+AS5i looked notably healthier and less frail as
compared to old controls (Figure 1B) and one of the
most robust effects of OT+AIlSi was to significantly
expand the lifespan (Figure 1C). Namely, there was a
14% increase in median total lifespan (counting from
birth) in the OT+ASi male mice. But note as these mice
were already old when the treatment started, counting
from the time of first administration there was a very
impressive 73.73% increase in additional life: OT+ASi

Mice begin study at 25 months

male mice lived on average 221.1 additional days while
male controls lived only 127.3 additional days from the
start of the study (Figure 1C). Measuring median
additional life, OT+AS5i male mice lived 240.5 median
days post-injection, 157.22% longer than the control
male mice, which lived only 93.5 median days post-
injection. Moreover, the death hazard ratio (likelihood
of death) was almost three times higher (2.868) for the
control male mice compared to the OT+ASi male group
based on the Cox proportional hazards model.

Treatment and healthy assays
regularly performed every 28 days
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Figure 1. OT+A5i extends the lifespan of old frail male, but not female mice. (A) Outline of the longitudinal study. Old (24—26 mo)
C57BL/6J mice were administered by subcutaneous injections with a mixture of OT and A5i (OT+A5i) or HBSS (control) for 2 weeks,
followed by 2 weeks of health tests. These rounds were continued for the duration of the natural lifespan. (B) Photos of OT+A5i and control
mice. (C) Survival curves of male and female mice that were administered with OT+A5i or control vehicle (Control). Male OT+A5i vs. Control
(p = 0.0125). Control n = 12 and OT+A5i n = 14. Female OT+A5i vs. Control (p = 0.1904). Average survival time of female OT+A5i is 115.3
days. Average survival time of female controls is 144.7 days. Control n = 13 and OT+A5i n = 10.
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The full lifespan data is shown in (Supplementary
Figure 1) where our results are plotted against the
published lifespan curve of the Mouse Phenome Database
[35], rigorously confirming the significant improvement in
lifespan of the old frail male mice by OT+ASi.

Surprisingly, and unfortunately, there was no improvement
in the lifespan of the female mice (Figure 1C and
Supplementary Figure 1), demonstrating clear sex-related
differences in responsiveness to OT+AS5i. The hazard
ratio of Control vs. OT+AS5i female mice is 0.5663.

Longitudinal effects of OT and AS5i on healthspan

In addition to lifespan, we studied the healthspan of the
aged frail mice that were longitudinally administered

with OT+ASi or HBSS control. During the 2-week rest
intervals between the OT+AS5i1 treatments, health tests
were performed including treadmill, novel object
recognition, 4-limb hanging tests, and multiplex frailty
scoring (Figure 2A).

Further, we quantified the loss of health below several
distinct thresholds, using a Kaplan-Meier plot with the
analyses of the log-rank test: the longitudinal statistics
that inherently accounts for dropout of data-points, such
as those due to mouse morbidity (Figure 2B).

To increase the clinical relevance and the rigor, instead
of evaluating healthspan in buckets of age, we tested
different health decline thresholds to determine what
phase of health, if any, was improved and when. For
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Figure 2. A5i+OT extends the healthspan of old frail male mice. (A) Overview of lifespan vs. healthspan and related terms. (B)
Outline of the novel statistical model created to analyze healthspan. Healthspan thresholds are used to determine the dates of incurred
frailty and log-rank test analysis is performed. This is repeated 1,000 times for a range of healthspans and the average healthspans are
plotted as well as the resilience to death. (C) Representative Kaplan-Meier plot demonstrating the healthspan of mice before they reach a
frailty of 0.5 (p = 0.0230). (D) The average healthspans of OT+A5i and control mice across the range of frailty thresholds from 0 to 1. The
black bar represents thresholds at which there is a statistically significant difference as calculated by log-rank analysis. The maximum
significant frailty index value threshold = 1.0 and the minimum threshold = 0.4925. (E) The average time to death after the frailty threshold
is reached, which we denote as “resilience to death.” Male mice: control n = 12 and OT+A5i n = 14. The maximum significant frailty index
value threshold = 0.5495 and the minimum significant frailty index value = 0.0. (F) The average healthspans of OT+A5i and control female
mice across the range of frailty thresholds from 0 to 1. The black bar (or lack thereof) represents thresholds at which there is a statistically
significant difference as calculated by log-rank analysis. There were no thresholds at which a statistically significant difference was
observed. (G) The average time to death after the frailty threshold was reached for female mice: “resilience to death”. Female mice: control
n =13 and OT+A5i n = 10. The maximum significant frailty index value threshold = 0.5075 and the minimum significant frailty index value =

0.4254.
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each of these thresholds, we used multi-parametric frailty
scoring (Figure 2C-2E), as well as treadmill, 4-limb
hanging, and cognitive novel object recognition tests
(next result section) to individually and collectively
inform on multiple aspects of health. The frailty
assessment combines 31 different metrics to produce one
frailty index (FI) [36]. This includes assessments of the
vision, gait, body condition, coat condition, grip strength,
and more (see Materials and Methods).

Data analysis with the healthspan statistical model,
which accounts for the differential mortality within the
cohorts, demonstrated that longitudinal administration
of OT+ ASi improved survival scores of old male mice
at 0.5 frailty index threshold (Figure 2C) and increased
the average healthspan of old frail male mice, with
trends at a variety of health thresholds, but most
robustly with highest statistical significance at higher
frailty thresholds (Figure 2D). This suggests that with
more rounds of OT+AS5i, the positive effects on the
healthspan became stronger. Namely, as compared to
vehicle control, the OT+AS5i treated male mice were
significantly healthier at a point of frailty of 0.5, and the
difference between the healthspan of these mice vs. the
control vehicle mice increased further at the higher
frailty thresholds. These data further substantiated that
with extended time on OT+AS5i, the healthspan of the
male mice continued to improve, and the animals
remained healthier for longer. Furthermore, the male
mice treated with OT+AS5i were much more resilient
to death: even after reaching a wide range of frailty
thresholds, they survived for significantly longer
compared to control male mice (Figure 2E).

No improvement in the healthspan or in the resilience to
death was observed for female mice that were treated
with OT+AS5i, echoing the lack of increase in their
lifespan (Figure 2F, 2G). In female mice, there was
even a non-statistical trend for diminished healthspan
range with OT+AS5i, as compared to vehicle control.
This was despite the fact that the initial frailty of the
females was lower than that of males for both control
and OT+AS5i groups, and that there was no statistical
difference in initial animal frailty between the control
vehicle vs. OT+ASi (Supplementary Figure 2 and
Supplementary Data 1).

Longitudinal effects of ASi+OT on physical
performance, endurance, balance/agility and short-
term memory

Next, we decided to examine in more detail the
functional performance of the mice that started the
study as old frail animals on the treadmill (endurance),
in a 4-limb hanging test (balance, agility, memory), and
novel object recognition test (short term memory).

In the treadmill test, mice are placed on a treadmill
which increases pace every 10 minutes [37], beginning
the test at a slower pace of 8 m/min and increasing the
speed by 1 m/min every 10 minutes, until 60 minutes,
after which it was increased every 5 minutes.

Using the health thresholds statistics, we found that
OT+AS5i increased the treadmill-based healthspan of
male mice, as compared to the negative control vehicle
(Figure 3A, 3B). Supplementary Figure 3A-3C
confirms this improvement through several Kaplan-
Meier healthspan thresholds of the old male mice at
different running times on the treadmill.

To assess the grip strength, coordination, balance and
agility of the mice, we used the four-limb hanging test
[20, 38]. In the test, mice are placed on a mesh screen
and inverted over soft bedding; the time until the mouse
drops is recorded over three trials, and the average is
taken. While there was a portion of the 4-limb test
based healthspan with a statistically significant
difference between male OT+AS5i vs. control male mice,
this change was not as strong as seen in the treadmill
test (Figure 3C, 3D).

To evaluate the cognition and short-term memory of
the mice, we analyzed their healthspan in the novel
object recognition test (NOR) [39, 40]. In NOR, mice
are first exposed to two identical objects to habituate
them for 10 minutes. Following this, they are given
a two-hour resting period before being exposed to
the habituated object and a novel object. The
discrimination index describes the preference for the
novel object, with higher cognitive capacity and short-
term memory associated with a higher index score.
Consistently with the positive effects of the short-term
OT+AS51 [27], the longitudinal treatment significantly
improved the cognition based healthspan of the aged
male mice (Figure 3E, 3F). In contrast to males, no
improvements in the studied parameters of health were
found in the old frail female mice, treated with OT+AS5i
(Supplementary Figure 3D-3F, and Supplementary
Data 1).

Interestingly however, when tested in middle-aged
females, OT+ASi treatment improved a key age-
diminished metric of fertility, resulting in higher
numbers of weaned pups in 812 months old female
mice (Supplementary Table 1).

Acutely, OT+ASi youthfully calibrates de novo
systemic proteome in old mice of both sexes

We examined the acute influences of OT+ASi on the
blood serum proteome, using high-resolution bio-
orthogonal metabolic proteomics to identify the specific
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Figure 3. OT+A5i enhances endurance, balance/agility/grip strength and memory of old frail males. (A) Mice were placed on a
treadmill at a rate of 8 m/min and the treadmill speed was increased at a rate of 1 m/min every 10 min for a total of 60 min and then was
increased at 1 m/min every 5 min until mice shifted toward the rear of the treadmill. (B) The average healthspans of OT+A5i and control
mice across the range of treadmill running time thresholds from 0 to 70 minutes. Control n = 12 and OT+A5i n = 14. (C) Mice were placed on
a grid and inverted 25 cm over soft bedding. After three trials their average hanging time was calculated. (D) The average healthspans of
OT+A5i and control mice across the range of hang test time thresholds from 0 to 100 seconds. The maximum significant threshold = 6.006
seconds and the minimum significant threshold = 0.0 seconds. Control n = 12 and OT+Ab5i n = 14. (E) In NOR test, mice were first exposed to
two identical objects for 10 minutes, followed by a 2-hour rest and exposure to the habituated object and a novel object for another
10 minutes. The discrimination index describes their interaction preferences, with 1 indicating a preference for the novel object and 0 for
the habituated object. (F) The average healthspans of OT+A5i and control mice across the range of NOR discrimination index thresholds
from 1 to -1. Control and OT+A5i n = 6 each. The maximum significant threshold = -0.341 and the minimum significant frailty index value =
-1.0. The black bar is the threshold at which there is a statistically significant difference by log-rank analysis, in (B, D and F).
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changes in de-novo synthesized, systemically present
proteins [41, 42]. In this system, a methionine analog is
injected into mice and is ubiquitously incorporated into
the newly synthesized proteins. This methionine analog
contains an azide group that can then be detected by
click chemistry.

The mice were administered with OT+ASi or vehicle
control for 7 days by daily subcutaneous injections. At
the same time, azido-nor-leucin (ANL) was injected
into the old transgenic mice, in which mutant
methionine t-RNA  synthetase (MetRSM?74G)  bio-
orthogonally integrates ANL instead of methionine [41,
42]. In an additional setting, C57BL/6 mice were
administered with azido-homo-alanine (AHA), which is
integrated into de-novo proteins by the wild-type
methionine t-RNA synthetase. This experimental design
is illustrated in Figure 4A.

Blood serum of these animals was assayed via bio-
orthogonal non-canonical amino acid proteomics
(BONCAT), using RayBiotech BONCAT antibody
arrays, as previously published [41].

The Uniform Manifold Approximation and Projection
(UMAP) identified the different profiles of de-novo
proteomes in the OT+AS5i versus the vehicle control
mice, males and females (Figure 4B). The de-novo
synthesized serum proteins of the old, OT+ASi treated,
mice clustered around the young vehicle cohort and
differed from the old vehicle cohort, suggesting a
youthful restoration of systemic proteome by OT+AS5i,
in both sexes.

Next, we examined the effects of OT+ASi on biological
noise, which is a key biomarker of aging [21, 43]. We
identified the Levene’s test passed de-novo synthesized
proteins that vary in the standard deviations (SD)
between the young control, the old control, and the old
OT+AS5i cohorts, as previously published [21]. To
improve the rigor, we additionally applied the
Benjamini-Hochberg false discovery rate analysis, to
prevent potential over-detection of the differences in
SDs [44]. We found several proteins (BAFF R, CD40,
CXCR4, Fas, IGFBP-1, IGFBP-3, IL-10, IL-20, IL-6,
Lymphotactin, MMP-2, SIGIRR) with increased noise
(statistically higher SD values) in the old vs. the young
control groups, albeit there were sex-specific
differences in the young-to-old changes between the
sexes; importantly, the noise of these proteins was
diminished by OT+AS5i in both old males and old
females (Figure 4C).

Based on Kyoto Encyclopedia of Genes and Genomes
(KEGG) Dbioinformatics, the de-novo synthesized
youthfully normalized by OT+AS5i signaling determinants

of TNF and JAK-STAT pathways were the top enriched
terms (Figure 4D). With respect to the age-altered and
OT+AS51 normalized systemic determinants of protein
noise, NF kappa B, JAK-STAT, PI3-Akt, TNF, AGE-
RAGE, and AMPK, were highly enriched (Figure 4E).
Supplementary Figure 4 shows additional analyses of this
comparative de-novo proteomics via the sex-annotated
Heatmap on DEPs and the merged between males and
females protein noise curves. The full BONCAT data are
provided in the Supplementary Data 1.

Overall, these results establish that even though female
mice did not show life- and health-span benefits of
OT+ASi, in the short term this pharmacology promotes
younger states of systemic proteome in both sexes.

After 4 months of OT+ASi treatment, systemic
proteome is youthfully calibrated in male but not in
female mice

Next, we studied the serum proteomes of the mice after
4 months of OT+AS5i treatment versus vehicle control
(HBSS). The results of the RayBiotech arrays
demonstrated that in the old male mice, which were
administered ~ with ~ OT+A5i, numerous  pro-
inflammatory proteins were attenuated (Figure S5A).
Interestingly, and in agreement with the lack of life- and
health-span extension, OT+AS5i failed to modulate the
systemic proteome in the old female mice, at 4-months
of administration (Figure 5B).

To better understand the mechanisms driving the
differences between the acute effects of OT+AS5i and
the long-term responsiveness to this pharmacology, we
compared the 7-day and 4-months proteomic datasets
via Venn diagrams. Because the animals in our
longitudinal study underwent regular treadmill
exercises, we compared the proteomes of the 4-months
treated mice to that of not only sedentary, but also
treadmill exercised mice of the 7-day cohort. The
systemic differentially expressed proteins, DEPs
(p <0.05 sex-matched OT+AS5i vs. control vehicle),
were compared between the total proteomes at 4-months
of the treatments and the de-novo synthesized after 7
days of injections (Figure 5C, 5D). As compared to
sedentary animals, the number of de-novo synthesized
systemic DEPs was higher after exercise, particularly,
for the old female mice, after the 7-day treatment; for
the old males some of these DEPs were also present at
4-months; however, almost none were shared between
the 4-months old female group and other cohorts
(Figure 5C, 5D). Supplementary Figure 5 shows
Volcano plots for the sedentary and exercised male and
female mice, as compared to their sex-matched vehicle
treated controls. The full list of proteins is provided in
the Supplementary Data 1.
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To gain further insight into the involved pathways, tissue homeostasis and associate with age-related

enrichment analysis was performed using the Kyoto pathologies when dysregulated, were found to be
Encyclopedia of Genes and Genomes (KEGG) and youthfully normalized in the old male mice by the long-
visualized through the KOBAS-i web platform. Key term in vivo treatment with OT+AS5i, such as Jak-STAT,
signaling pathways, which are important for cell and MAPK, and AGE-RAGE networks (Figure 5E).

A

AIKS inhibitor + oxytocin injection
& ANL or AHA injection

(dady for 7 days)
| = 1 Downstream
o 1 *=*» proteomic analysis
0 day 7
Tissue
collection /
Antibody array
B Old Control Sex Cc Male B B )
e OIdOT+ASI e M [ 1 Proteins
* Young Control o F JL e R e
. CXCR4
"~ Fas / TNFRSF6
= IGFBP-1
XN { 1GFBP-3
5 ' ‘ \ K10
. %o 0.1 i v \ R-20
‘ . \ \¥ —— ne¢
_’. b lymphotactin
0 S \ . MMP-2
(@) ‘01;_ M + SIGRR
§ 3 o Y o) O: OT+AS5i
O
. 2 Female
- 5 = 1) y | po—
© \ A ?
| == | \ N -
o : NN
0 { 4 ‘\\\
8‘ 01 N
0.1

7 S S s S S .0.01]
6 8 10 12 14 16 18 |

UMAP2 _ ;
(o] Y (o) O: OT+ASI
D E .
‘ R Chemokine signaling
TNF pathway . “ Cytoklncjcytoklno interaction
¢ Fatty acid metabolism
< s AGE-RAGE Insulin signaling
NF kappa B _
A" e ® GnRH
JAK-STAT pathway JAKSTAT | b3 Akt E,{,o:o,, AMPK
o
Adipocytokine pathway IL-17 pathway  poaxin

Figure 4. Acute effects of OT+A5i on de novo systemic proteomes of males and females. (A) Schematics of the experimental
approach. (B) Uniform Manifold Approximation and Projection (UMAP) plots of the profiles of de-novo synthesized systemically present
proteins of young control, old control, and old OT+A5i mice, males and females. AHA and ANL data are merged. (C) Sex-annotated
comparison of the mean SDs of the Levene’s test passed proteins (p < 0.05) with lower noise in young control vehicle mice compared to old
control vehicle mice and in old mice administered with OT+A5i vs. vehicle control. In the shown line graphs, SDs of all groups are
normalized by the SDs of the old vehicle control and presented on a log scale. (D) cirFunMap visualization of KEGG enriched pathways of
de-novo synthesized systemic proteomes after OT+A5i treatment. (E) cirFunMap visualization of KEGG enriched pathways of the de-novo
synthesized proteins that are noisier in the old as compared to young mice and become youthfully normalized by OT+A5i in old males and
females. n = 4 each young and old MetRS!2746 vehicle control, n = 4 each young and old C57.B6 vehicle control, n = 4 old OT+A5i C57.B6.
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Thus, old female mice become unresponsive to the
positive effects of this OT+ASi on the normalization
of systemic protecome by 4 months of in vivo
administration, while old male mice continuedly have
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Figure 5. Proteomic changes in male and female mice after 4-months of OT+A5i vs. vehicle. (A) Volcano plot showing DEPs in
male mice, based on antibody arrays data. (B) Volcano plot showing DEPs in female mice, based on antibody arrays data. (C) Venn diagram
on the overlap of DEPs (p < 0.05 OT+Ab5i vs. vehicle control) between sedentary 7-day treated males and females, and 4-month treated
males, and females. (D) Venn diagram on the overlap of DEPs (p < 0.05 OT+A5i vs. vehicle control) between exercised 7-day treated males
and females, and the same as in C 4-month treated males, and females. (E) Enrichment analysis for differentially expressed proteins in the
male mice, using KOBAS with KEGG pathway analysis. 7-days n = 8 control vehicle (4 males, 4 females), n = 8 OT+A5i (4 males, 4 females).

4-months: n = 4 all cohorts, except, n = 3 OT+A5i males.

www.aging-us.com

AGING



DISCUSSION

This work establishes that continuous re-calibration of
two signaling pathways, which change with aging in
opposite ways, is sufficient for robust rejuvenation of
physical and cognitive capacities of already old and frail
male animals, and moreover prolongs not only their
lifespan, but increases their healthspan and resistance to
morbidity.

One of the most interesting findings of this study is the
clear sex-specific difference in the capacity of OT+AS5i
to expand the life- and health-spans. Female mice are
generally understudied in the work on acute tissue
rejuvenation by blood heterochronicity [18]. Yet sex-
specific differences have been repeatedly found in
lifespan and healthspan studies (metformin [45],
rapamycin [8], acarbose [46], nordihydroguaiaretic acid
[46, 47], Aspirin [47], 17-o estradiol [48]). The data
points toward interesting sex-specific mechanisms of
responses to longevity therapeutics, warranting further
research.

Positive effects of OT+ASi on fertility of middle-aged
females indicates that starting treatment earlier in life
could be more effective for their healthspan extension.
The mechanisms, by which OT+AS5i therapeutic
improves fertility would be interesting to establish, for
example, performing analysis of the levels and the
composition of fertility-related hormones. In humans,
menopause leads to a sharp decline in estrogen and
progesterone, however, female mice do not experience
menopause in the traditional sense and instead reach
a less severe state of reproductive senescence [49].
Interestingly, estrogen and oxytocin have positive
feed-backs for each other and influence other
reproductive hormones, e.g., oxytocin regulates activity
of gonadotropin-releasing hormone (GnRH) neurons,
which control luteinizing hormone and follicle
stimulating hormone, leading to estrogen production
in the ovaries [50]. Indeed, based on our data, estrogen
was a participant in the protein networks that are
modulated by OT+AS5i at 7 days of administration.
On the opposite end of this spectrum, TGF-beta
promotes ovarian degenerative process, known as
follicular atresia [51]. Thus, OT+AS5i may improve
fertility of older female animals through multiple
mechanisms.

The hormonal landscape is linked to metabolism and
interestingly, AgRP, which is reduced by OT+AS5i,
regulates lifespan, such that attenuation of AgRP
promotes longer lifespan through changes in food
consumption [52]. Moreover, at young healthy levels,
AgRP neurons mediate activity-dependent oxytocin
connectivity [53].

When considering the availability and safety for
human use, it is notable that oxytocin is approved by
the FDA, and it was in clinical practice for many
decades [54]. ASi drugs, like Vactosertib [55] are
undergoing clinical trials for treating cancer and
myelodysplastic syndromes, and no major adverse side-
effects were reported so far [56]. Thus, while being
effective for multi-parametric rejuvenation, on par with
non-clinically  feasible heterochronic  parabiosis,
OT+AS5i holds a promise of rapid medical translation
and use as a health-expansion therapy.

Compared to other established lifespan-extending
interventions, OT+AS5i demonstrates unique outcomes,
such as significantly (over 70%) increased life
expectancy from the start of this therapy in old and frail
male mice, and a robust decrease in mortality risk. In
comparison, a meta-analysis of 29 rapamycin studies
revealed that when measured from the start of the
therapy female mice had a 15.1% increase in
survivorship with a hazard ratio of 0.41, while male
mice had only a 9.4% extension [57] and hazard ratio of
0.63. Metformin, another proposed lifespan-extending
treatment, has shown variable results. In a study on
129/Sv mice, males had an increase in mean and median
lifespan (measured from birth) by 20% and 19.3%,
respectively with a hazard of 0.2, while females
experienced a decrease in mean and median lifespan by
9.1% and 13.8%, respectively [45]. Yet, a study on
Fischer 344 rats contradicted metformin’s efficacy as a
life-extending therapeutic reporting the hazard ratio of
0.983 and no difference between the lifespans of control
and treated groups [58]. According to a review of 53
studies, metformin’s potential as a lifespan therapeutic
remains controversial, with ongoing debate over its
aging-relevant mechanisms of action [59]. Therefore,
OT+AS51 is well-positioned as a promising, clinically
feasible intervention for extending male life- and
healthspan through systemic calibration of key signaling
determinants, distinguishing it from other approaches.

In addition to the findings on rejuvenation via OT+AS5i,
our novel statistical approach provides a methodology
to evaluate the entire range of healthspan. Previous
studies on health of old, young, and middle-aged mice
[8, 60, 61] did not account for the morbidity that
invariably occurs in longitudinal studies. Since the least
healthy, frailest animals typically die first, the health
data becomes skewed. If in one cohort, all mice were to
quickly lose health and die except for a most resilient
mouse, one wouldn’t say that the average healthspan of
that cohort is equivalent to a cohort with all healthy
mice. Using our approach with log-rank analysis
significantly improves the accuracy of the statistics on
healthspan in experiments with morbidity-related
dropout.
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With respect to the mechanisms of the extension of life-
and health-spans by OT+AS5i, and only in male mice,
our proteomics identified key sex-specific differences.
Namely, in the old male mice, there were numerous
DEPs, resulting in a youthful calibration JAK-STAT,
both at 7 days and at 4 months of OT+AS5i treatment. In
old females, the changes in systemic proteome by
OT+ASi were detectable at 7-days, increasing in the
exercised group, which is consistent with the common
knowledge that exercise promotes healthspan, however,
no effects were seen at 4-months. The reasons for the
sex-specific differences remain unknown and warrant
future research. In the exercised old males and females,
OT+ASi, interestingly, promoted protein synthesis of
the regulators of angiogenesis, adaptive immunity, and
homeostasis, similarly to the positive effects of old
plasma dilution [20-22].

Regarding the beneficial effects of OT+ASi on the
healthy longevity of old male mice, TNF and JAK-
STAT pathways crosstalk with TGF-B, MAPK and
AKT/mTOR through IL-1, IL-3, IL-15 [62—64], which
were some of the DEPs identified in this study. Thus,
the network of major aging-dysregulated signaling
pathways becomes systemically recalibrated to a
younger state. Reduction of inflammaging by OT+AS5i
is expected, as TNF pathway activates this process and
also increases apoptosis and senescence, promoting
muscle loss, platelet hyperreactivity and thrombosis
[65—67]. Similarly, TGF- and JAK-STAT are involved
in chronic inflammation, senescence and age-associated
diseases, such as cancer, tendinopathies, atopic
dermatitis, and immunodeficiencies [68, 69]. Down-
regulation of TNF and JAK-STAT results in clinical
benefits, including reduced inflammation and cellular
senescence, increase in healthy tissue homeostasis, and
improved outcomes for myopathies, rheumatoid
arthritis, liver diseases, and cancer [69-71].

Further, TGF-beta is a key player in the activation and
proliferation of Coll A2 expressing fibroblasts and the
production of collagen [72, 73]. Aberrant signaling in
the TGF-B pathway has been linked to several
connective tissue disorders [74], and severe fibrotic
pathologies of the lungs, kidneys and liver [75, 76].
Accordingly, inhibition of TGF-B signaling with AS5i
effectively blocks the progression of pulmonary fibrosis
by reducing collagen levels [76]. In liver, ASi
ameliorates overproduction of collagen and TIMP-1,
attenuating fibrosis, etc., pathological changes in extra-
cellular matrix [77]. Thus, while the long-term effects
of AS5i on collagen remodeling remain unknown and
warrant further investigation, short-term treatment has
shown promise in managing diseases of connective
tissues. Interestingly, blocking IL-11 failed to attenuate
the TGF-B-caused fibrosis [78]. Therefore, A5i, which

breaks the auto-induction of TGF-B1 expression, might
more optimally ameliorate certain age-related patho-
logical hallmarks.

In summary, this study establishes OT+A5i as a
promising, clinically viable strategy for extending
lifespan and healthspan in aged, frail male mammals.
Importantly, the favorable safety profiles of both
components emphasize the translational feasibility for
human use. The findings reveal intriguing sex-specific
differences that warrant further mechanistic exploration
and underscore the potential for more tailored
therapeutic approaches in longevity medicine.

MATERIALS AND METHODS
Animals

All in vivo experiments and procedures were performed
in accordance with the policies set by the Office of
Laboratory Animal Care and under the approved
protocol. Aged C57BL/6J mice (25 months old) were
purchased from the National Institute of Aging.

Breeding

Female mice were injected with either HBSS or
OT+AS5i every day for 7 days. Female mice were bred
with young (3—7 mo) male mice at 8, 10 and 12
months of age.

Oxytocin (OT)

Was purchased from Bachem (H-2510) and a 30mM
stock prepared in sterile water.

AIKS inhibitor (A5i)

TGF-B1 Type 1 Receptor Kinase AlkS inhibitor
2-(3-(6-Methylpyridin-2-yl)- 407 1H-pyrazol-4-yl)-1,5-
naphthyridine, was purchased from Enzo Life Sciences,
and a 25 mM concentrated stock dissolved in DMSO.

Subcutaneous injections

OT and ASi or control vehicle (HBSS) were injected
subcutaneously to old male C57BL/6J mice (25 months
old), on Monday, Wednesday and Friday for two weeks
before two weeks of health tests. This continued in a
cycle every four weeks until the death of the mice.

Azido-nor-leucine treatment
Mice were injected intraperitoneally with azidonorleucine

(ANL) (Jena Biosciences CLK-AA009, 0.02 mmol/kg)
daily for 7 days.
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31-Item clinical frailty index test

The frailty index test was conducted as previously
published [36]. 31 different metrics of health and frailty
including items such as alopecia, tumors, and gait were
all individually assessed and averaged together to make
a composite index. This overall describes the frailty of
the mice, which typically increases with age.

Treadmill test

The treadmill test was conducted as previously published,
with some modifications for the aged state of the mice
[37]. The test consists of two days of habituation
followed by a day of testing, which is described below.

Acclimation and training

All mice were acclimated to the treadmill (Columbus
Instruments, Exer-6M Open Treadmill) 2 days prior to the
exercise test session, as follows. Food was removed 2
hours before exercise. Mice were familiarized with the
sounds and experiences of the moving treadmill for 2
sessions (1 session per day). Mice were put on the
stationary treadmill for 30 seconds to explore the
environment. Acclimation began at a low speed of 5 to 8§
meters per minute (m/min) for a total 10 minutes on day 1
and increased to 5 to 10 (m/min) for a total 10 min on day
2. Following training, mice were allowed to rest for 1 day
in their home cage before the test to exhaustion. If an
animal did not adapt to the familiarization protocol, it was
removed from the experiment and not subjected to the
exhaustion test until the next round of tests in 4 weeks.

Exhaustion test

Food was removed 2 hours before exercise. The
treadmill began at a rate of 8 m/min and the treadmill
speed increased at a rate of 1 m/min every 10 min for a
total of 60 min and then increased at a rate of 1 m/min
every 5 min until mice were exhausted. Exhaustion was
determined by refusal of mice to remain on the
treadmill for at least 10 seconds. During the exhaustion
test, mice were removed from the treadmill once
considered to be exhausted, this time was recorded, and
they were returned to the home cage. Once the time
reached 90 minutes, mice were allowed to continue to
run at speed 20 until exhausted.

The treadmill broke down in January of 2021, during
which time some mice were unable to be tested until the
unit was repaired by the following cycle in February of
2021.

Four-limb hanging test

The four-limb hanging test was conducted as previously
published, with some modifications for the aged mice

[20, 38]. Mice are placed on a grid with the following
dimensions: 1 cm mesh, 1 mm wire screen. Position the
grid 25 cm above soft bedding to prevent mice from
harming themselves upon falling, but also to discourage
mice from intentionally jumping off the grid. The
mouse will be placed on the grid so that it grasps it with
its four paws. The grid will be inverted so that the
mouse is hanging and following this, the time will be
recorded. The test session ends for mice that are able to
hang for a duration of 300 sec. Mice are given 3
attempts with at least a 5 min rest between trials and the
average of the trials is calculated. If the mouse slips and
fails to hang on for at least 10 seconds, it will be given
an additional attempt, but not more than 2 additional
attempts total.

Novel object recognition test

The novel object recognition test was performed as
previously published [39, 40]. Two identical objects
will be placed in the arena, and the mouse will be
allowed to explore for 10 minutes. Resting: The mouse
will then be removed from the arena for 2 hours. At this
point, the habituated objects will be removed and
replaced with two new objects: the habituated object
and a novel object. The familiar or novel object/texture
should be randomly selected. Testing: The mouse will
then be allowed to interact with these new objects for a
final 10 minutes. The objects are sanitizable small
objects: a plastic cylinder or a rectangular block made
of different colored building bricks. Every object and/or
texture column will be sanitized (sprayed with NPD
(Non-Phenolic Disinfectant), rinsed and dried), prior to
coming in contact with each set of mice from a cage.

Serum collection

Blood was collected every month and at the end of the
study. For the monthly blood collection, chin bleed
method was performed. Briefly, mice were anesthetized
using 2% isoflurane until unconscious. Blood (at most
150 uL) was collected by puncturing the chin with a
23G needle. No more than 10% of the animal’s total
blood volume was removed per collection, as previously
published [79]. For the terminal procedure, blood was
collected through cardiac puncture using a 1-mL
syringe with a 25G needle. Serum was isolated via
centrifugation at 2,000x g for 10 minutes and stored at
—80°C until used.

Antibody arrays

Levels of 308 proteins (L-308 glass array, RayBiotech,
Norcross, GA, USA) were measured in serum following
manufacturer’s protocol. For BONCAT array, serum
samples were clicked using Click-iT® Protein Reaction
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Buffer Kit (Thermo Fisher Scientific, C10276).
Afterwards, clicked samples were dialyzed in 0.2%
Triton X-100 in PBS. Alongside, the array membranes
were incubated with blocking buffer overnight at 4°C.
After blocking, the array membranes were incubated
overnight at 4°C with 400 pg of clicked-dialyzed serum.
After washing, the arrays were incubated with
Streptavidin-conjugated Cy3 fluorescence dye overnight
at 4°C. The array slides were washed, dried, and
scanned using GenePix Pro 6.1 software (Molecular
Devices, San Jose, CA, USA). Fluorescence intensities
were obtained for each array. Array normalization was
done by the built-in positive and negative controls.

Uniform manifold approximation and projection
(UMAP)

UMAP was conducted as previously published [80].
Confidence ellipses were created for visual clarity of
groupings and represent 0.5, 1 and 1.5 standard
deviations based on each cohort of mice’s coordinate
values along PCA1 and PCA2.

Noise analysis

We detected proteins with elevated noise as previously
published [21]. We used Levene’s test to detect proteins
that had significantly different levels in their standard
deviation values and we applied the Benjamini-Hochberg
procedure. We compared the values of the control old to
the old OT+AS5i, with both sexes combined and all
treated with AHA. From this, we identified 12 proteins
with decreased noise after OT+AS5i treatment. The
normalized SDs of these proteins were then plotted.

Healthspan statistical analysis

The statistical analysis we used was a novel method to
evaluate overall healthspan at a range of frailty points.
For every metric of health, we determined the range of all
points of frailty and proceeded to calculate at which point
in time each animal passed these points of frailty. Within
the range of points, 1000 equidistant different points were
selected, and each was used to calculate a log-rank test
statistic and the average time from the beginning of the
study (25 months for mice) until the time point is graphed
as the average healthspan. The logrank test is specifically
built for longitudinal studies and inherently accounts for
dropout of data-points, which is why it was used. P-
values depicting the ranges at which the improvements to
healthspan were statistically significant are graphed.

Hazard ratio

We used the CoxPHFitter Python function for
calculating hazard ratio. The CoxPHFitter() function in

Python is part of the lifelines library and is used to fit a
Cox Proportional Hazards model to survival data. This
model estimates the hazard ratio for one or more
covariates (predictors) with respect to the time until an
event occurs (e.g., death, failure, etc.).

Volcano plot

Volcano plot was created using normalized antibody
array values. To determine the significance of
differences, comparisons were made using an unpaired
two-tailed #-test.

Enrichment analysis

Enrichment analysis was conducted using the KOBAS-i
web platform [81]. Only significant terms (corrected p-
value <0.05) were visualized, using Kyoto
Encyclopedia of Genes and Genomes (KEGGQG)
pathways through KOBAS-i.

Venn diagram

The Venn diagram was generated from values from
normalized antibody array data using InteractiVenn
[82]. Proteins were selected from each of the groups (1)
7-day treated male mice (sedentary and exercised), (2)
7-day treated female mice (sedentary and exercised), (3)
4-month treated male mice, and (4) 4-month treated
female mice, if their p-value was significant (p > 0.05)
compared to their group and gender-matched vehicle
controls. Textual changes were made with Illustrator.
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Full length lifespan graphs. (A) Overlaid graphs of male and female lifespans. (B) Lifespans of male OT+A5i
mice as compared to control mice graphs are plotted as Kaplan—Meier survival curves (p = 0.0109). Average lifespan of male OT+A5i: 1012
days. Average lifespan of male controls: 908 days. Hazard Ratio of full-length lifespan control vs. OT+A5i mice: 2.864. Control N = 12 and
OT+A5i N = 14. MPD control includes published control data from the Mouse Phenome Database. (C) Lifespans of female OT+Ab5i as
compared to control mice (p = 0.0109). Average lifespan of female OT+A5i: 890 days. Average lifespan of female controls: 923 days. Hazard
Ratio of control to OT+A5i mice: 0.6109. Control N = 13 and OT+A5i N = 10.
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Initial frailty of the old mice
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Supplementary Figure 2. Initial Frailty of old male and female mice. The initial frailties and standard errors from mean are shown
for the 24—26-month-old mouse (each dot represents an animal) before administration of either OT+AS5i or HBSS vehicle control. p-values
were calculated via Welch’s T-test. Male Control vs. Female Control: p = 0.0026. Male OT+A5i vs. Female OT+A5i: p = 0.0093. Male Control
vs. Male OT+A5i: p = 0.4340. Female Control vs. Female OT+A5i: p = 0.1634. Male control mean variance: 0.280, 0.023. Female control

mean variance: 0.112, 0.001. Male OT+A5i mean, variance: 0.325, 0.019. Female OT+A5i mean, variance: 0.171, 0.015.
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Supplementary Figure 3. Additional individual health parameters of old male and female mice. (A) Kaplan-Meier plot
demonstrating the healthspan of the old male mice before they reach a healthspan threshold of a 10-minute running endurance. Average
healthspan of controls = 102.9 days. Average healthspan of OT+A5i: 179.5 days. Control N = 12 and OT+A5i N = 14. ("p = 0.0204). (B) Kaplan-
Meier plot on the healthspan of old male mice before they reach a healthspan threshold of a 30-minute running endurance. Average
healthspan of controls = 82.4 days. Average healthspan of OT+A5i: 153.7 days. Control N = 12 and OT+A5i N = 14. ("p = 0.0311). (C) Kaplan-
Meier plot demonstrating the healthspan of old male mice before they reach a healthspan threshold of a 50-minute running endurance.
Average healthspan of controls = 49.7 days. Average healthspan of OT+A5i: 105.2 days. Control N = 12 and OT+A5i N = 14. ("p = 0.1544: not
statistically significant). (D) The average healthspans of OT+A5i and control old female mice across the range of treadmill running time
thresholds from 0 to 70 minutes. Control N = 13 and OT+A5i N = 10. There were no thresholds at which a statistically significant difference
was observed. (E) The average healthspans of OT+A5i and control old female mice across the range of hang test time thresholds from 0 to
100 seconds. Control N = 13 and OT+A5i N = 10. There were no thresholds at which a statistically significant difference was observed. (F)
NOR test results for the old female mice at 4 months of OT/A5i. There was no statistical significance for novel object preference at
4-months of OT+A5i vs. HBSS administration. (Unpaired t-test p = 0.4139). OT/A5i N = 7, Control N = 7.
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Supplementary Figure 4. Additional comparative proteomics analyses. (A) Heatmap of the designated by sex, differentially
expressed de-novo synthesized proteins of control young, control old and OT+A5i treated old mice; IL-11 levels that are NS-not statistically
different between the cohorts are also shown. (B) Combined for male and female mice comparison of the mean SDs of the proteins with
lower noise in young and Old OT+A5i compared to old AHA-treated control groups, normalized by old control.
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Supplementary Figure 5. Volcano plots on de-novo comparative BONCAT proteomics of sedentary old male and female
mice at 7 days of OT+Ab5i or vehicle control. (A) Significant DEPs of female sedentary mice. (B) Significant DEPs of male sedentary
mice. (C) Significant DEPs of female exercised mice. (D) Significant DEPs of male exercised mice. Red dots represent proteins with p < 0.05
OT+A5i vs. vehicle control; protein names and fold changes are shown. n = 16; 4 animals of each cohort: males control, females control,
males OT+Ab5i, females OT+Ab5i.
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Supplementary Table

Supplementary Table 1. Effects of OT+Ab5i on fertility of 8—12-month-old mice.

Female age, months Treatment Number of females Number of pups born Number of pups weaned
8 HBSS 4 5 1
8 OT+ASi 5 12 5
10 HBSS 4 0 0
10 OT+ASi 5 9 8
12 HBSS 4 5 0
12 OT+ASi 5 7 3

Female mice of the indicted ages (8, 10, 12 months) were administered with either HBSS control vehicle or OT+A5i every day
for 7 days. The female mice were bred with young (3—7 mo) male mice at 8, 10 and 12 months of age. The pups born and the
pups successfully weaned per cohort are shown. Control N =4 and OT+A5i N = 5.
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Supplementary Data
Please browse Full Text version to see the data of Supplementary Data 1.

Supplementary Data 1.
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