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Aging has been shown to contribute to both the declined biofunctions of aging brain and
aggravation of acute brain damage, and the former could be reversed by young plasma.
These results suggest that young plasma treatment may also reduce the acute brain dam-
age induced by intracerebral hemorrhage (ICH). In the present study, we first found that the
administration of young plasma significantly reduced the mortality and neurological deficit
score in aging ICH rodents, which might be due to the decreased brain water content, dam-
aged neural cells, and increased survival neurons around the perihematomal brain tissues.
Then, proteomics analysis was used to screen out the potential neuroprotective circulating
factors and the results showed that many factors were changed in health human plasma
among young, adult, and old population. Among these significantly changed factors, the
plasma insulin-like growth factor 1 (IGF-1) level was significantly decreased with age, which
was further confirmed both in human and rats detected by ELISA. Additionally, the brain
IGF-1 protein level in aging ICH rats was markedly decreased when compared with young
rats. Interestingly, the relative decreased brain IGF-1 level was reversed by the treatment of
young plasma in aging ICH rats, while the mRNA level was non-significantly changed. Fur-
thermore, the IGF-1 administration significantly ameliorated the acute brain injury in aging
ICH rats. These results indicated that young circulating factors, like IGF-1, may enter brain
tissues to exert neuroprotective effects, and young plasma may be considered as a novel
therapeutic approach for the clinical treatment of aging-related acute brain injury.

Introduction

Acute brain injury caused by intracerebral hemorrhage (ICH) results in high mortality and morbidity
rates, as approximately half of ICH patients die within six months of the hemorrhage and those patients
who survive often have permanent brain damage [1,2]. Importantly, advanced age is a predominant risk
factor for the development of ICH [3,4], as more severe disabilities occur in elderly stroke patients [5].
These phenomena and results suggest that the aging could significantly aggravate the outcomes of ICH
patients.

Aging is a chronic process of progressive functional decline at the cellular, tissue, and organ levels [6].
Recent studies have shown a direct correlation between aging and the decline of normal brain function
[7,8], which also contributes to acute brain damage and increased risk of death when associated with
active brain injury [5,9]. Intriguingly, heterochronic parabiosis, a technique that links the circulatory sys-
tems of an old and young mouse together, and young plasma could rejuvenate several hallmarks of aging
and improve the biofunctions in old mice [10-12]. Furthermore, circulating factors have been shown to
modulate aging and rejuvenate several organs in the human body, such as the brain, heart, and muscles
[10,12-15].

Therefore, we hypothesized that young plasma and its factors may also reduce acute brain injury caused
by ICH in aging animals. In the present study, we found that the young plasma can significantly reduce
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the acute brain injury and mortality of aging rodents after ICH. The circulating insulin-like growth factor 1 (IGF-1)

level was markedly decreased with age detected by using the proteomic analysis and ELISA, and the IGF-1 supple-
ment treatment reduced the acute brain injury and mortality of aging rats after ICH, which may partly mimic the
therapeutic effects of young plasma. Our research data showed that young plasma and its circulating ‘youth factors,
such as IGF-1, could be considered as novel therapeutic strategies for the treatment of ICH in aging patients.

Materials and methods

Rats and mice

Young Sprague-Dawley rats (3 months old, 300-350 g) and adult rats (10-11 months old) were obtained from the An-
imal Center of Daping Hospital, The Army Medical University (The Third Military Medical University, Chongqing,
China) and maintained in specific pathogen free (SPF) conditions in our Experimental Animal Center. Aging rats
were purchased at 12-13 months old and maintained in our animal center for an additional 10 months (weight
500-650 g). Adult rats (13 months old) weighing between 450 and 600 g and aging rats were used for our experi-
ments. Furthermore, young C57BL/6 male mice (3 months old, 25-30 g) and adult mice (12-13 months old) were
purchased from the Animal Center of Daping Hospital and maintained in our Experimental Animal Center. The old
mice were purchased at 12-13 months old and were maintained in our animal center until they were 20-21 months old
and weighed 30-35 g. Rats and mice were randomly divided into groups and investigators were blinded to the group
information. Our animal study protocols were approved by and conducted in accordance with the Animal Ethics
Committee of the Army Medical University (Third Military Medical University, Chongging, China), and ARRIVE
(Animal Research: Reporting In Vivo Experiments).

Acute brain injury animal model induced by ICH

We created the rat ICH model by inducing an ICH in the striatum (caudate + putamen) according to a previous study
[16]. In brief, the rats were anesthetized with isoflurane at 3.5% for induction and 1.5% for maintenance before being
immobilized on a stereotaxic apparatus (RWD Life Science Co., Shenzhen, China). A 1-mm diameter burr hole was
drilled 0.2 mm anterior and 3.5 mm lateral to the bregma. A total of 75-pl autologous blood was injected into the
striatum after attaching a Hamilton needle to the micropump (RWD Life Science Co.) located at 5.5 mm ventral to
the skull surface. The mouse ICH model was established according to our previous study [17], which is similar to the
rat model. A total of 20 ul autologous blood was injected into the striatum (bregma 0: 0.8 mm anterior, 2 mm left
lateral, and 3.5 mm deep) for mice.

Parabiosis model

Male mice of similar weight and size were first paired for 2-3 weeks before the parabiotic surgery to ensure mini-
mal variation and compatibility with our previous study [17]. After 2-3 weeks, we performed the old-young hete-
rochronic and old-old isochronic parabiotic surgeries to investigate the effect of periphery blood on the treatment
of ICH-induced acute brain injury. The parabiotic mice ICH model was conducted 50 days after parabiotic surgery
and 5 days recovery after the separating surgery because the aging-related phenotypes would require 5 weeks for
improvement after parabiotic surgery, according to a previous study [12].

Rat plasma collection and injection into experimental animals

Blood samples were collected from the young (3-4 months old) and aging (22-23 months old) rats by removal of the
eye using ethylenediaminetetraacetic acid (EDTA)-coated tubes. The samples were centrifuged at 1000x g for 20 min
to extract the plasma. Next, the plasma samples were dialyzed using 3.5 kDa D-tube dialyzers (Millipore, Billerica,
MA, US.A.) in PBS to remove the EDTA before being stored at —80°C. For our experiments, aging ICH rats were
systemically treated with 500 pl of plasma from young or old rats and the same volume of 0.9% saline as control by a
single tail vein injection 30 min after the ICH surgery.

Analysis of brain water content (BWC)

Three days after the ICH procedure, the rats were re-anesthetized and the ipsilateral brain tissues were resected for
analysis of the brain water content (BWC) levels according to our previous study [17]. First, the resected brain tissues
were wiped with filter paper to remove any excess water on the surface before being weighed. Next, the brain tissues
were dried at 100°C for 24 h to determine the dry weight, and the BWC was calculated using the following formula:
(%) = (wet weight — dry weight)/wet weight x 100%.
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Assessment of neurological deficient score (NDS)

On days 1, 3, 5, and 7 after ICH surgery with or without treatments, the mouse [17] and rat [18] neurological defi-
cient score (NDS) were assessed, along with neurological deficiency scoring, by three trained investigators who were
blinded to the experimental data. The NDS values were averaged and summarized as mean + SD.

Hematoxylin and eosin (H&E) staining

Brain tissues were resected from euthanized mice and rats, three sections from each animal were selected at random
and fixed in a 10% neutral-buffered formalin solution. Next, the tissues were dehydrated in ethanol solutions and
embedded in paraffin for sectioning with a rotary microtome at 5 pum thickness. Last, the sections were subsequently
stained with hematoxylin and eosin (H&E) and visualized under a Leica microscope.

Fluoro-Jade B (FJB) staining

We utilized the Fluoro-Jade B (FJB) stain to assess degenerative neurons according to our previous study [19]. Briefly,
brain tissues were dehydrated in 15-30% sucrose solutions and cut into 25 pm thick sections. Next, three sections from
each animal were selected at random and these sections were immersed in 1% sodium hydroxide in 80% alcohol for 10
min, followed by 70% alcohol for 2 min, and distilled water for 5 min. The sections were incubated in 0.06% potassium
permanganate for 10 min at room temperature and then washed with distilled water. After washing, the sections
were incubated in 0.01% FJB solution (Millipore, MA, U.S.A.) for 30 min and washed with distilled water. Next, the
sections were dehydrated in gradient alcohol solutions and cleared in xylene and covered with coverslips in DPX
(Sigma-Aldrich, St. Louis, MO, U.S.A.), a non-aqueous, non-fluorescent, plastic mounting medium. The FJB-stained
tissue sections were reviewed and quantified based on the number of cells in each standardized microscopic field
independently by three researchers with Image] (version 1.46], National Institutes of Health). Positively stained cells
were counted around the hematoma, and the number of positive cells in each field (magnified 100 times) was the
averaged values of three regions of interest.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

and Nissl staining

A commercial In Situ Cell Death Detection kit (Roche, Basel, Switzerland) was used for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining according to the manufacturer’s instructions. Briefly, 50 pl
TUNEL reaction mixture was added to the three brain sections selected at random from each animal and incubated
at 37°C for 1 h. Next, the slides were washed three times with Tris-buffered saline (TBS), while 50 pl of the mark-
ing solution was added to the negative control sections. After washing, the sections were incubated with 50-100 pl
3,3'-diaminobenzidine (DAB) solution or POD substitute solution for 10 min, and then dehydrated with gradient al-
cohol solutions, cleared in xylene, and covered with coverslips using neutral gum (Sigma-Aldrich). For the Nissl stain-
ing, tissue sections were stained with thionin (Sigma-Aldrich), dehydrated in alcohol, cleared in xylenes, and sealed
with coverslips. The perihematomal and contralateral brain tissues were analyzed. The TUNEL and Nissl-stained tis-
sue sections were analyzed under a Lycra microscope. For quantification of TUNEL and Nissl staining results, the
number of cells in each standardized microscopic field was evaluated independently by three researchers using Im-
age] (version 1.46], National Institutes of Health). Positively stained cells were counted around the hematoma, and
the number of positive cells in each field (magnified 100 times) was the averaged values of three regions of interest.

Human plasma collection

Normal plasma was obtained from the Health Examinations Center of Xinqgiao Hospital, Army Medical Univer-
sity (Third Military Medical University). The plasma donations and experiments were reviewed and approved by
the Ethics Committee of Xingiao Hospital, Army Medical University (Third Military Medical University). Written
informed consent was obtained before the acquisition of plasma samples from all participants. Samples were con-
tirmed to be normal based on the following assessments: blood pressure, serum glucose, serum lipid, leukocyte, and
hemoglobin (Table 1). Additionally, we excluded participants who had chronic diseases, such as hepatitis, heart dis-
ease, viral and bacterial infection within 6 months, and immune system-related diseases. A total of 118 participants
were used in the present study and divided into three groups (Young, Middle, and Old) by age. Blood (5 ml) was
drawn from the antecubital vein and collected in EDTA tubes. Blood samples were centrifuged at 1000 xg for 20
min. The plasma samples were stored at —80°C until further analysis. From each age group, including young (21-30
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Table 1 General and clinical characteristics of human participants

Characteristics Young (n=36) Middle (n=52) Old (n=30)
Age (years), mean + SD 26.5 +2.69 45.3 +2.96 66.1 +6.85
Male sex, n (%) 18 (50.00%) 22 (42.31%) 17 (56.67%)
Systolic pressure, mean + SD 1189+ 8.79 124.0+7.89 129.1+9.69
Diastolic pressure, mean + SD 74.7 + 8.01 77.8+5.90 732+ 7.39
Triglyceride, mean + SD 0.95+0.39 1.08 + 0.64 1.14 4+ 0.37
Blood glucose, mean + SD 5.03+0.33 5.30 + 0.41 5.59 + 0.46
Hemoglobin, mean + SD 141,97 + 15.93 136.87 + 13.40 133.40 + 14.58
Leukocyte, mean + SD 6.20 +1.34 5.45 + 0.99 5.80 +1.63
Lymphocytes percentage, mean + SD  33.45 + 7.15 31.45 +5.70 28.99 +5.32
Neutrophil percentage, mean + SD 57.69 + 7.56 60.18 + 6.69 60.52 + 11.53

years old), middle (41-50 years old), and old (> 60 years old), three to five samples were mixed as one to be mea-
sured by LC-MS/MS and ELISA. In addition, the research has been carried out in accordance with the World Medical
Association Declaration of Helsinki.

Tandem mass tag (TMT) labeling and HPLC fractionation

The peptide was desalted using the Strata X C18 SPE column (Phenomenex, Torrance, CA, U.S.A.) and vacuum-dried.
The peptide was reconstituted in 0.5 M tetraethylammonium bromide (TEAB) and processed according to the man-
ufacturer’s protocol for the tandem mass tag (TMT) kit/iTRAQ kit. Briefly, 30 samples were divided into five groups.
Each group was labeled with one unit of six-plex TMT reagent kits. The TMT reagents were thawed and reconsti-
tuted in acetonitrile. The peptide mixtures were then incubated for 2 h at room temperature and pooled, desalted,
and dried by vacuum centrifugation. The labeled peptides were fractionated by high pH reverse-phase HPLC using
Agilent 300Extend C18 column (5 pwm particles, 4.6 mm ID, 250 mm length). Next, the peptides were first separated
using a gradient of 8-32% acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, the peptides were combined into
18 fractions and dried by vacuum centrifugation.

LC-MS/MS analysis

Peptides were dissolved in 0.1% formic acid (solvent A), directly loaded into a home-made reversed-phase analytical
column (15 cm length, 75 pm i.d.). The gradient was comprised of an increase from 6 to 20% of solvent B (0.1%
formic acid in 98% acetonitrile) over 60 min, 20 to 30% in 22 min, climbing to 80% in 4 min, and then holding at
80% for the last 4 min, all at a constant flow rate of 350 nl/min on an EASY-nLC 1000 UPLC system.

The peptides were subjected to NSI source followed by MS/MS in Orbitrap fusion lumos (Thermo Fisher) coupled
online to the UPLC. The electrospray voltage applied was 2.4 kV. The m/z scan range was 350-1550 for the full
scan, and intact peptides were detected in the Orbitrap at a resolution of 60000. Peptides were then selected for
MS/MS using the NCE setting as 28 and the fragments were detected in the Orbitrap at a resolution of 15000. A
data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans with a 15.0 s dynamic
exclusion. Automatic gain control (AGC) was set to 5E4, and the fixed first mass was set to 100 m/z.

Data analysis

The resulting MS/MS data were processed using the Maxquant search engine (v.1.5.2.8). Tandem mass spectra were
searched against UniProt Human database concatenated with reverse decoy database. Trypsin/P was specified as the
cleavage enzyme allowing up to two missing cleavages. The mass tolerance for precursor ions was set to 20 ppm in first
search and 5 ppm in the main search, and the mass tolerance for fragment ions was set as 0.02 Da. Carbamidomethyl
on Cys was specified as the fixed modification and oxidation on Met was specified as the variable modification. The
FDR was adjusted to less than 1%, and the minimum score for peptides was set to greater than 40.

Real-time PCR

Total RNA was extracted by using Trizol reagent (Thermo Fisher Scientific), and cDNA was reverse transcribed in a
20 ml reaction volume using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). Real-time
PCR was performed using primers for IGF-1 gene coding the following: F: GCTGAAGCCGTTCATTTAGC, R: GAG-
GAGGCCAAATTCAACAA. PCR was conducted in accordance with the Maxima SYBR Green/ROX qPCR Master
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Mix manufacturer’s instructions (Thermo Fisher Scientific). The thermal cycling conditions were as follows: 2 min
at 50°C and 10 min at 95°C followed by 40 cycles at 95°C for 15 s and 1 min at 60°C. The experimental data were
analyzed by using the 2 C, method. The mRNA expression of genes of interest was normalized to the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA level.

Plasma IGF-1 measurements
Plasma IGF-1 levels were determined using a commercial IGF-1 detection kit according to the manufacturer’s rec-
ommendation (human and rat IGF-1: R&D system, Minneapolis, MN, U.S.A.).

Injection of IGF-1 into experimental animals

Recombinant rat IGF-1 (R&D system, Minneapolis, MN, U.S.A.; 10 pg/ml) and a vehicle (PBS) were administered via
intraperitoneal injection 30 min after the ICH surgery to assess the effects of IGF-1 on the regulation of ICH-induced
acute brain injury.

Statistical analysis

Analyses were performed with SPSS 13.0 software, and all values are presented as mean + SD or percentage. The
Student’s t-test for independent samples was used to compare two groups, and multiple groups were compared by
using 1-way ANOVA followed by the Student-Newman-Keuls post hoc test. Two-way ANOVAs with repeated mea-
sures were performed when appropriate to compare repeated measured data. *P<0.05, **P<0.01, and ***P<0.001
presented different levels of statistical significance.

Results

Young plasma reduces acute brain injury in aging ICH rodents

We explored whether blood or plasma from young rodents were able to reduce the severity of acute brain injury in
aging ICH rodents. The old (22 months) isochronic and heterochronic parabiont mice were produced and about 50
days later and 5 days recovery of separating surgery, ICH surgery was conducted (Figure 1A); while all the para-
biont rats in the present study were dead at about 3-5 days after symbiotic surgery with unknown reasons, although
we have used the antibacterial agents. Therefore, we only observed the data of mice and found a significant reduc-
tion in ICH-induced acute brain damage, along with an improvement of mortality and neurological function, in the
heterochronic parabionts when compared with the isochronic parabionts (Figure 1B-H).

Then, we investigated whether the young plasma could also have potential therapeutic effects on acute brain injury
in aging ICH rats. Five hundred microliter young plasma was injected once into aging ICH rats via tail vein 30 min
after surgery. The results showed that the mortality rates (Figure 2A) and neurological deficit scores (NDS) (Figure
2B) in young plasma-treated aging ICH rat group were significantly reduced when compared with treatment with
old plasma or saline. In addition, we found that treatment with young plasma significantly reduced the BWC (a mea-
surement of brain damages) of perihematomal brain tissues (Figure 2C). The H&E staining showed that the severity
of edema, the degree of necrosis, and inflammatory cell infiltration around the hematoma site were significantly al-
leviated in the young plasma treatment group compared with the other two groups (Figure 2D). Furthermore, the
numbers of degenerative and apoptotic neural cells in aging ICH rats showed by FJB (Figure 2E) and TUNEL (Figure
2F) staining, respectively, were significantly decreased in young plasma-treated aging ICH rats compared with that
treated with old plasma or saline; in contrast, the number of surviving neurons evidenced by Nissl staining in perihe-
matomal brain tissues of aging ICH rats treated with young plasma were significantly increased (Figure 2G). These
data indicated that young plasma treatment plays markedly therapeutic roles in the reduction of acute brain injury in
aging ICH rodents.

Plasma IGF-1 level was markedly decreased with age both in human and

rats

Given that circulating factors are key in reversing age-related brain functions [7,10,13,14,20]. Therefore, to determine
the changes in circulating factors with age and explore their potential for use as therapeutic approaches to acute brain
injury in aging ICH rodents, we first performed the proteomics analysis to identify proteins in plasma from young
(20-30 years old), middle (40-50 years old), and older (>60 years old) healthy humans (Table 1) and more than
1000 proteins of diverse functional classes were detected, among them 845 proteins can be quantified (Supplemen-
tary Table S1). Proteomics analysis further showed that many circulating proteins were significantly up-regulated or
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Figure 1. Favorable indices of neurological injuries in heterochronic parabiont mice compared with isochronic parabiont
mice after ICH surgery

(A) Establishment of parabiosis and parabiont ICH mouse models. (B) Mortality rates of heterochronic and isochronic para-
biont ICH mice (n=20). (C) NDS of heterochronic and isochronic parabiont ICH mice (n=4-11 for each group). (D) BWC lev-
els in the perihematomal brain tissues of heterochronic and isochronic parabiont mice 3 days after ICH surgery (n=4). (E)
H&E staining of perihematomal brain tissues derived from heterochronic and isochronic parabiont mice 3 days after ICH. Scale
bars, 200 um on the top and 100 um on the bottom. (F) FJB staining and quantification of degenerative neural cells in peri-
hematomal brain tissues derived from heterochronic and isochronic parabiont mice 3 days after ICH. Scale bars, 100 pm on
the top and 50 um on the bottom. (G) TUNEL assay and quantification of apoptotic neural cells in perihematomal brain tis-
sues derived from heterochronic and isochronic parabiont mice 3 days after ICH. Scale bars, 100 um on the top and 50
um on the bottom. (H) Nissl staining and quantification of Nissl bodies in perihematomal brain tissues derived from hete-
rochronic and isochronic parabiont mice 3 days after ICH. Scale bars, 100 um on the top and 50 pm on the bottom. The
bar graphs show the mean + SD. P-values were determined by the Student’s t test. *P<0.05 and **P<0.01, respectively.
Abbreviation: NDS, neurological deficit score
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Figure 2. Treatment of aging ICH rats with young plasma reduces ICH-induced acute brain injury

(A) The mortality rates of aging ICH rats after treatment with young or old plasma (n=20). (B) The NDS in aging ICH rats after
treatment with young or old plasma or saline (n=4-12 for each group). (C) BWC in the perihematomal brain tissues of aging ICH
rats 3 days after being treated with young or old plasma or saline (n=4). (D) H&E staining of perihematomal brain tissues obtained
from aging ICH rats 3 days after being treated with young or old plasma or saline (Scale bars, 200 pm on the top and 100 um on
the bottom). (E) FJB staining and quantification of degenerative neural cells in the perihematomal brain tissues derived from aging
ICH rats 3 days after being treated with young or old plasma or saline (Scale bars, 100 um on the top and 50 um on the bottom).
(F) TUNEL assay and quantification of apoptotic neurons in perihematomal brain tissues derived from aging ICH rats 3 days after
being treated with young or old plasma or saline (Scale bars, 100 um on the top and 50 um on the bottom). (G) Nissl staining and
quantification of Nissl bodies in perihematomal brain tissues obtained from aging ICH rats 3 days after being treated with young or
old plasma or saline (Scale bars, 200 um on the top and 50 um on the bottom). The bar graph data are expressed as the mean +
SD. P-values were determined using the Student’s t-test. “P<0.05 and **P<0.01, respectively.

down-regulated in plasma range from young to old participates (Figure 3A-C); among them, the plasma IGF-1 levels
gradually and markedly decreased with age (Figure 3D). Moreover, we found that IGF-1 was higher in the young
plasma compared with the middle and old plasma both in health human (Figure 4A) and normal rats (Figure 4B)
using an ELISA. Before investigating whether blood-borne IGF-1 could reduce brain injury in aging ICH rats, we
assessed IGF-1 levels in the perihematomal brain tissues of rats. The QPCR data showed that IGF-1 mRNA levels in
normal brain tissues gradually decreased from young to old rats (Figure 4C), as well as the IGF-1 protein levels de-
tected by ELISA (Figure 4D). 3 days after ICH, the increasing folds of IGF-1 mRNA level in the perihematomal brain
tissues in young rats was higher than that in adult and old rats (Figure 4C), and the same changes in IGF-1 protein
level were also obtained after ICH (Figure 4D). Meanwhile, the young and old plasma treatment did not significantly
increase the level of brain IGF-1 mRNA in aging ICH rat brains (Figure 4E), but the level of IGF-1 protein in the
perihematomal brain tissues was increased in the young plasma treatment group (Figure 4F). These results suggested
that the blood-borne IGF-1 could enter the brain tissue crossing the blood-brain barrier (BBB) [21,22], and may
exert neuroprotective roles in aging ICH rats.

IGF-1 protects against acute brain injury in aging ICH rats

To further confirm this hypothesis, we administered the IGF-1 protein to the old ICH rats via intraperitoneal injec-
tion 30 min after ICH surgery and found that IGF-1 treatment significantly reduced the mortality (Figure 5A) rates
and NDS (Figure 5B) of aging ICH rats, which were closely correlated with the reduction of BMC (Figure 5C), edema
severity, necrosis degree, inflammatory cell infiltration around the hematoma site (Figure 5D), the numbers of de-
generative and apoptotic neural cells (Figure 5E,F), and the increase in the number of surviving neurons (Figure 5G).
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Figure 3. The potential neuroprotective circulating factors were screened using LC-MS/MS analysis

(A) Differentially expressed protein summary (filtered with threshold value of expression fold change and P-value <0.05). (B)
Heatmap shows the representative circulating factors significantly elevated and decreased in human plasma. (C) Representative
changed circulating proteins between young and old plasma. MetaCore was used to identify core proteins in each plasma data set.
(D) IGF-1 level changes in human plasma across different age groups detected by LC-MS/MS analysis. **P<0.01 and **P<0.001,
respectively.

These results suggested that the circulating IGF-1 could enter the brain and exert neuroprotective effects on reducing
acute brain injury in aging ICH rats.

Discussion

In the current study, we revealed the therapeutic effects of young plasma treatment on reducing acute brain injury
in aging ICH rats. The acute brain injury in aging ICH rats was significantly reduced when received the treatment of
young plasma, which contains many functional circulating factors that have been shown to reverse the brain biofunc-
tions in aging [10,12-14,20]. Among these functional circulating factors, using the proteomics analysis we screened
out that plasma IGF-1 were markedly decreased with age, which was further confirmed in rats. In addition, the sup-
plement treatment of IGF-1, which likely replaced the IGF-1 loss in old plasma, resulted in reduced acute brain injury
in the aging ICH rats. Our study showed that young plasma may be considered as a potential clinical application for
treatment of acute stroke in elderly patients.

Aging can influence the systemic responses to chronic brain dysfunction and acute brain injury [14], and young
plasma has been shown to reverse chronic brain dysfunction in aging mice [10,11]. Clinical trials have been conducted
to investigate its role in human cognitive disorders [6,7,10,23]. Many of these previous studies showed the protective
effects of young plasma on aging were chronic dysfunction, and our study found that the young plasma could also
protect against the acute injury in aging. Among these indices, the very high mortality of aging ICH rats may be cor-
related with the advanced age (22-23 months old) and larger autologous blood volume (75 pl), and the two factors
added-up might be deadly to the rats. While, treating them with young plasma significantly reduced their mortality
in the present study. These results strongly suggest that young plasma also have protective effects on aging-related
acute brain injury. Although the injection time of young plasma might be so early for the vast majority of clinical
subjects and lacking of mechanistic insights into how young plasma would result in better function after ICH in our
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Figure 4. Changes in brain and plasma IGF-1 levels in rats across all age groups

(A, B) IGF-1 levels in human (A) and rat (B) plasma in young, middle (adult), and aging rats detected by ELISA (n=4). (C, D) IGF-1
mRNA (C) and protein (D) levels in ipsilateral and contralateral brain tissues of young, adult, and aging ICH rats detected by RT-PCR
and ELISA, respectively (=4). (E, F) IGF-1 mRNA (E) and protein (F) levels in ipsilateral brain tissues of aging ICH rats treated with
young or old rat plasma detected by RT-PCR and ELISA, respectively (n=4). The bar graphs show the mean + SD. P-values were
determined by the Student’s t test. “P<0.05, **P<0.01, and ***P 0.001, respectively, n.s. indicates no significance.

study, which may not influence the young plasma treatment as a novel therapeutic direction for the clinical patients
with ICH. Besides, there is no reference dose of young rat plasma to treat diseases, so we just tried the 500 pl volume
of young rat plasma and did not investigate the other dosages. Although effective of 500 pl young rat plasma admin-
istrated at as early as 30 min after ICH in the present study, the other therapeutic time and best dosages and how the
young plasma changes the brain tissues after injury still deserve to be investigated in future studies.

Given that young plasma has complex factors that may be beneficial or harmful, finding out the beneficial circu-
lating factors may also be helpful for improving brain functions. Therefore, studies have revealed some circulating
factors, such as myostatin [24], IGF-1 [25], IGF-2 [26], and TIMP2 [14], in the young plasma from animals and hu-
man, and also known as ‘youth factors, because which have been shown to improve organ or tissue dysfunctions in
aging rodents. However, it is unknown what kind of circulating factors in the young plasma could protect against
acute brain injury caused by ICH in aging. Therefore, we identified changes in plasma proteins in healthy human
of different age groups using proteomics analysis. More than 1000 plasma proteins were identified, and the IGF-1
level was markedly decreased with age both in human and rats. Many studies have revealed the IGF-1 has important
roles in regulating brain injury [27-29] and aging [30,31], some studies conclude beneficial roles [21,22,32], while
some thought IGF-1 confers impairment roles [33-35]. In our study, consisting with some of these previous studies
[21,22], we found that circulating IGF-1 in the young plasma could enter the brain and significantly protect against
acute brain injury. However, the exact reasons of controversial conclusion of IGF-1 on regulating brain injury and
aging were unknown. Besides, several other plasma proteins were also found to be significantly changed with age
in our study, such as APOC1, which may also exert similar neuroprotective roles and deserves further investigating.
Altogether, these findings suggest that the circulating ‘youth factors, like IGF-1, may act as the critical regulator in the
systemic proteome and perhaps as the systemic CNS communication to reduce the aging-related acute brain injury
after stroke.
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Figure 5. IGF-1 reduction of acute brain injury in aging ICH rats

(A) The mortality of aging ICH rats after treated with the IGF-1 protein or vehicle (=20). (B) The NDS of aging ICH rats after being
treated with the IGF-1 protein or vehicle (n=4-9). (C) Level of the BWCs in the perihematomal brain tissues in aging ICH rats 3
days after treatment with the IGF-1 protein or vehicle (n=4). (D) H&E staining of the perihematomal brain tissues derived from aging
ICH rats 3 days after treatment with the IGF-1 protein or vehicle. Scale bars, 200 um on the top and 100 um on the bottom. (E)
FJB staining and quantification of degenerative neural cells in the perihematomal brain tissues derived from aging ICH rats 3 days
after treatment with the IGF-1 protein or vehicle. Scale bars, 100 um on the top and 50 um on the bottom. (F) TUNEL assay and
quantification of apoptotic neural cells in perihematomal brain tissues derived from aging ICH rats 3 days after treatment with the
IGF-1 protein or vehicle. Scale bars, 100 um on the top and 50 um on the bottom. (G) Nissl staining and quantification of Nissl
bodies in perihematomal brain tissues derived from aging ICH rats 3 days after treatment with the IGF-1 protein or vehicle. Scale
bars, 200 um on the top and 50 um on the bottom. The bar graphs show the mean + SD. P-values were determined by the Student’s
t test. *P<0.05, **P<0.01, and ***P<0.001, respectively. n.s. indicates no significance.

Conclusion

In summary, our study provided a novel therapeutic strategy for treatment of acute brain injury caused by ICH in
aging, and future studies are needed to further assess whether such treatment could reduce the severity of acute stroke
in aging patients. Collectively, identification of these rejuvenating factor or factors could be exploited to develop new
drugs to treat brain injuries in diseases of pathologic aging.

Clinical perspectives

e Aging has been shown to contribute to both the declined biofunctions of aging brain and aggravation
of acute brain damage and the former could be reversed by young plasma; however, whether young
plasma treatment may also reduce the acute brain damage induced by ICH remains explore.

e Young plasma treatment significantly reduced the improved outcomes of aging ICH rodents, which
might be due to the neuroprotective circulating factors from young plasma, such as IGF-1.
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e These results indicated that young plasma may be considered as a novel therapeutic approach for
the clinical treatment of aging-related acute brain injury.

Funding

The present study was supported in part by grants from the National Natural Science Fund for Distinguished Young Scholars
[grant number 81525008]; National Key R&D Program of China [grant number 2016YFC1300505] and the Cultivation Project of
Science and Technology Nova in Chongging [grant number KJXX2017021].

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Author Contribution

X.-Y.X and Q.-W.Y. conceptualized the present study and designed the experiments; K.Z., R.X., and L.L. established the ICH mod-
els for the present study; Q.Z. and C.-X.G. performed the plasma treatment and IGF-1 injection experiments; Q.Z., C.-X.G., and
Q.C. evaluated the NDS and mortality of ICH models; F.-X.W., J.-C.H., and J.-J.Y. conducted the staining experiments; G.-Q.Y.
and Y.Z. performed the ELISA experiments; C.-X.G. and Q.Z. performed PCR experiments and data analysis; X.-Y.X. and Q.-W.Y.
drafted the manuscript; Q.-W.Y. supervised the study.

Abbreviations

BBB, blood-brain barrier; BMC, brain water content; EDTA, ethylenediaminetetraacetic acid; FJB, Fluoro-Jade B; H&E, hema-
toxylin and eosin; HPLC, high-performance liquid chromatography; ICH, intracerebral hemorrhage; IGF-1, insulin-like growth
factor 1; NDS, neurological deficient score; PBS, phosphate buffered saline; TMT, tandem mass tag; TUNEL, terminal deoxynu-
cleotidyl transferase dUTP nick end labeling.

References

1 Flower, 0. and Smith, M. (2011) The acute management of intracerebral hemorrhage. Curr. Opin. Crit. Care 17, 106—114,
https://doi.org/10.1097/MCC.0b013e328342f823

2 Mayer, S.A. and Rincon, F. (2005) Treatment of intracerebral haemorrhage. Lancet Neurol. 4, 662-672,
https://doi.org/10.1016/S1474-4422(05)70195-2

3 Partridge, L. (2014) Intervening in ageing to prevent the diseases of ageing. Trends Endocrinol. Metab. 25, 555-557,
https://doi.org/10.1016/j.tem.2014.08.003

4 van Asch, C.J., Luitse, M.J., Rinkel, G.J., van der Tweel, I., Algra, A. and Klijn, C.J. (2010) Incidence, case fatality, and functional outcome of
intracerebral haemorrhage over time, according to age, sex, and ethnic origin: a systematic review and meta-analysis. Lancet Neurol. 9, 167-176,
https://doi.org/10.1016/S1474-4422(09)70340-0

5 Ruiz-Sandoval, J.L., Romero-Vargas, S., Chiquete, E., Padilla-Martinez, J.J., Villarreal-Careaga, J., Cantd, C. et al. (2006) Hypertensive intracerebral

hemorrhage in young people: previously unnoticed age-related clinical differences. Stroke 37, 2946—2950,

https://doi.org/10.1161/01.STR.0000248766.22741.4b

Booth, L.N. and Brunet, A. (2016) The aging epigenome. Mol. Cell 62, 728-744, https://doi.org/10.1016/j.molcel.2016.05.013

Wyss-Coray, T. (2016) Ageing, neurodegeneration and brain rejuvenation. Nature 539, 180-186, https://doi.org/10.1038/nature20411

Bouchard, J. and Villeda, S.A. (2015) Aging and brain rejuvenation as systemic events. J. Neurochem. 132, 5-19, https://doi.org/10.1111/jnc.12969

Radholm, K., Arima, H., Lindley, R.l., Wang, J., Tzourio, C., Robinson, T. et al. (2015) Older age is a strong predictor for poor outcome in intracerebral

haemorrhage: the INTERACT2 study. Age Ageing 44, 422—427, https://doi.org/10.1093/ageing/afu198

10 Sinha, M., Jang, Y.C., Oh, J., Khong, D., Wu, E.Y., Manohar, R. et al. (2014) Restoring systemic GDF11 levels reverses age-related dysfunction in mouse
skeletal muscle. Science 344, 649-652, https://doi.org/10.1126/science.1251152

11 Conboy, I.M., Conboy, M.J., Wagers, A.J., Girma, E.R., Weissman, I.L. and Rando, T.A. (2005) Rejuvenation of aged progenitor cells by exposure to a
young systemic environment. Nature 433, 760-764, https://doi.org/10.1038/nature03260

12 Villeda, S.A., Plambeck, K.E., Middeldorp, J., Castellano, J.M., Mosher, K.I., Luo, J. et al. (2014) Young blood reverses age-related impairments in
cognitive function and synaptic plasticity in mice. Nat. Med. 20, 659-663, https://doi.org/10.1038/nm.3569

13 Loffredo, F.S., Steinhauser, M.L., Jay, S.M., Gannon, J., Pancoast, J.R., Yalamanchi, P. et al. (2013) Growth differentiation factor 11 is a circulating
factor that reverses age-related cardiac hypertrophy. Cell 153, 828-839, https://doi.org/10.1016/j.cell.2013.04.015

14 Castellano, J.M., Mosher, K.I., Abbey, R.J., McBride, A.A., James, M.L., Berdnik, D. et al. (2017) Human umbilical cord plasma proteins revitalize
hippocampal function in aged mice. Nature 544, 488-492, https://doi.org/10.1038/nature22067

15 Villeda, S.A., Luo, J., Mosher, K.I., Zou, B., Britschgi, M., Bieri, G. et al. (2011) The ageing systemic milieu negatively regulates neurogenesis and
cognitive function. Nature 477, 90-94, https://doi.org/10.1038/nature10357

© 0 N

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

11


https://doi.org/10.1097/MCC.0b013e328342f823
https://doi.org/10.1016/S1474-4422(05)70195-2
https://doi.org/10.1016/j.tem.2014.08.003
https://doi.org/10.1016/S1474-4422(09)70340-0
https://doi.org/10.1161/01.STR.0000248766.22741.4b
https://doi.org/10.1016/j.molcel.2016.05.013
https://doi.org/10.1038/nature20411
https://doi.org/10.1111/jnc.12969
https://doi.org/10.1093/ageing/afu198
https://doi.org/10.1126/science.1251152
https://doi.org/10.1038/nature03260
https://doi.org/10.1038/nm.3569
https://doi.org/10.1016/j.cell.2013.04.015
https://doi.org/10.1038/nature22067
https://doi.org/10.1038/nature10357

o = PORTLAND
09 rress

12

Bioscience Reports (2019) 39 BSR20190537
https://doi.org/10.1042/BSR20190537

16 Ni, W., Okauchi, M., Hatakeyama, T., Gu, Y., Keep, R.F, Xi, G. et al. (2015) Deferoxamine reduces intracerebral hemorrhage-induced white matter
damage in aged rats. Exp. Neurol. 272, 128-134, https://doi.org/10.1016/j.expneurol.2015.02.035

17 Xiong, X.Y., Liu, L., Wang, EX., Yang, Y.R., Hao, J.W., Wang, PF. et al. (2016) Toll-like receptor 4/MyD88-mediated Signaling of Hepcidin Expression
Causing Brain Iron Accumulation, Oxidative Injury, and Cognitive Impairment After Intracerebral Hemorrhage. Circulation 134, 1025-1038,
https://doi.org/10.1161/CIRCULATIONAHA.116.021881

18 Chen, J., Li, Y., Wang, L., Zhang, Z., Lu, D., Lu, M. et al. (2001) Therapeutic benefit of intravenous administration of bone marrow stromal cells after
cerebral ischemia in rats. Stroke 32, 10051011, https://doi.org/10.1161/01.STR.32.4.1005

19 Wang, FX., Yang, X.L., Ma, Y.S., Wei, Y.J., Yang, M.H., Chen, X. et al. (2018) TRIF contributes to epileptogenesis in temporal lobe epilepsy during TLR4
activation. Brain Behav. Immun. 67, 65-76, https://doi.org/10.1016/j.bbi.2017.07.157

20 Paul, S.M. and Reddy, K. (2014) Young blood rejuvenates old brains. Nat. Med. 20, 582-583, https://doi.org/10.1038/nm.3597

21 Santi, A., Genis, L. and Torres Aleman, I. (2018) A coordinated action of blood-borne and brain insulin-like growth factor | in the response to traumatic
brain injury. Cereb. Cortex 28, 2007—2014, https://doi.org/10.1093/cercor/bhx106

22 Trueba-Saiz, A., Fernandez, A.M., Nishijima, T., Mecha, M., Santi, A., Munive, V. et al. (2017) Circulating insulin-like growth factor | regulates its
receptor in the brain of male mice. Endocrinology 158, 349-355

23 Rando, T.A. and Chang, H.Y. (2012) Aging, rejuvenation, and epigenetic reprogramming: resetting the aging clock. Cell 148, 46-57,
https://doi.org/10.1016/j.cell.2012.01.003

24 Schafer, M.J., Atkinson, E.J., Vanderboom, P.M., Kotajarvi, B., White, T.A., Moore, M.M. et al. (2016) Quantification of GDF11 and myostatin in human
aging and cardiovascular disease. Cell Metab. 23, 1207-1215, https://doi.org/10.1016/j.cmet.2016.05.023

25 Trejo, J.L., Carro, E. and Torres-Aleman, I. (2001) Circulating insulin-like growth factor | mediates exercise-induced increases in the number of new
neurons in the adult hippocampus. J. Neurosci. 21, 1628-1634, https://doi.org/10.1523/JNEUROSCI.21-05-01628.2001

26 Stern, S.A., Kohtz, A.S., Pollonini, G. and Alberini, C.M. (2014) Enhancement of memories by systemic administration of insulin-like growth factor I1.
Neuropsychopharmacology 39, 2179-2190, https://doi.org/10.1038/npp.2014.69

27 Feeney, C., Sharp, D.J., Hellyer, P.J., Jolly, A.E., Cole, J.H., Scott, G. et al. (2017) Serum insulin-like growth factor-I levels are associated with improved
white matter recovery after traumatic brain injury. Ann. Neurol. 82, 30-43, https://doi.org/10.1002/ana.24971

28 Santi, A., Genis, L. and Torres Aleman, |. (2018) A coordinated action of blood-borne and brain insulin-like growth factor | in the response to traumatic
brain injury. Cereb. Cortex 28, 2007-2014, https://doi.org/10.1093/cercor/bhx106

29 Endres, M., Piriz, J., Gertz, K., Harms, C., Meisel, A., Kronenberg, G. et al. (2007) Serum insulin-like growth factor | and ischemic brain injury. Brain
Res. 1185, 328-335, https://doi.org/10.1016/j.brainres.2007.09.053

30 Pardo, J., Uriarte, M., Cdnsole, G.M., Reggiani, P.C., Outeiro, T.F., Morel, G.R. et al. (2016) Insulin-like growth factor-I gene therapy increases
hippocampal neurogenesis, astrocyte branching and improves spatial memory in female aging rats. Eur. J. Neurosci. 44, 2120-2128,
https://doi.org/10.1111/ejn.13278

31 Lee, C.H., Ahn, J.H., Park, J.H., Yan, B.C., Kim, |.H., Lee, D.H. et al. (2014) Decreased insulin-like growth factor-l and its receptor expression in the
hippocampus and somatosensory cortex of the aged mouse. Neurochem. Res. 39, 770-776, https://doi.org/10.1007/s11064-014-1269-3

32 Toth, P, Tucsek, Z., Tarantini, S., Sosnowska, D., Gautam, T., Mitschelen, M. et al. (2014) IGF-1 deficiency impairs cerebral myogenic autoregulation in
hypertensive mice. J. Cereb. Blood Flow Metab. 34, 1887-1897, https://doi.org/10.1038/jcbfm.2014.156

33 De Magalhaes Filho, C.D., Kappeler, L., Dupont, J., Solinc, J., Villapol, S., Denis, C. et al. (2017) Deleting IGF-1 receptor from forebrain neurons confers
neuroprotection during stroke and upregulates endocrine somatotropin. J. Cereb. Blood Flow Metab. 37, 396-412,
https://doi.org/10.1177/0271678X15626718

34 Ewald, C.Y., Landis, J.N., Porter Abate, J., Murphy, C.T. and Blackwell, T.K. (2015) Dauer-independent insulin/IGF-1-signalling implicates collagen
remodelling in longevity. Nature 519, 97-101, https://doi.org/10.1038/nature14021

35 Cohen, E., Paulsson, J.F., Blinder, P., Burstyn-Cohen, T., Du, D., Estepa, G. et al. (2009) Reduced IGF-1 signaling delays age-associated proteotoxicity in
mice. Cell 139, 1157-1169, https://doi.org/10.1016/j.cell.2009.11.014

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).


https://doi.org/10.1016/j.expneurol.2015.02.035
https://doi.org/10.1161/CIRCULATIONAHA.116.021881
https://doi.org/10.1161/01.STR.32.4.1005
https://doi.org/10.1016/j.bbi.2017.07.157
https://doi.org/10.1038/nm.3597
https://doi.org/10.1093/cercor/bhx106
https://doi.org/10.1016/j.cell.2012.01.003
https://doi.org/10.1016/j.cmet.2016.05.023
https://doi.org/10.1523/JNEUROSCI.21-05-01628.2001
https://doi.org/10.1038/npp.2014.69
https://doi.org/10.1002/ana.24971
https://doi.org/10.1093/cercor/bhx106
https://doi.org/10.1016/j.brainres.2007.09.053
https://doi.org/10.1111/ejn.13278
https://doi.org/10.1007/s11064-014-1269-3
https://doi.org/10.1038/jcbfm.2014.156
https://doi.org/10.1177/0271678X15626718
https://doi.org/10.1038/nature14021
https://doi.org/10.1016/j.cell.2009.11.014

