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Growth differentiation factor 11 (GDF-11) has been implicated in reverse effects of ageing
on the central nervous system of humans. 2-microglobulin (32-MG) has been reported to
negatively regulate cognition. However, there is a lot of controversy about the role of GDF-11
and 32-MG in ageing and cognitive regulation. To examine the involvement of GDF-11 and
2-MG in the ageing process and cognitive dysfunction, a total of 51 healthy subjects and
41 elderly patients with different degrees of age-related cognitive impairment participated
in the study. We measured plasma GDF-11 and 32-MG levels using ELISA and immunotur-
bidimetry, respectively. The results were statistically analyzed to evaluate the associations
between levels of GDF-11 and 32-MG, and ageing and cognitive impairments. Circulating
GDF-11 levels did not decline with age or correlate with ageing in healthy Chinese males.
We did not detect differences in circulating GDF-11 levels amongst the healthy advanced
age and four cognitive impairment groups. 32-MG levels increased with age, but there was
no significant difference between healthy elderly males and advanced age males. Increased
levels of 32-MG were observed in the dementia group compared with the healthy advanced
age group. Our results suggest that circulating GDF-11 may not exert a protective effect
during the ageing process or on cognitive function, and 32-MG may play a role in ageing
and cognitive impairment. However, it is possible that the relatively small sample size in the
present study affected the quality of the statistical analysis, and future studies are needed
to further validate our findings.

Introduction

Growth differentiation factor 11 (GDF-11) comprises 407 amino acids and is a member of the trans-
forming growth factor 3 (TGF-{3) superfamily that regulates diverse cellular processes [1]. Stud-
ies from animal experiments and large human cohorts showed that levels of circulating GDF-11
declined during ageing [2-4]. In heterochronic parabiosis experiments, which can rejuvenate sev-
eral organs in the older organism of the pair, GDF-11 was identified as a rejuvenation factor
[5,6]. Interestingly, injecting recombinant GDF-11 (rGDF-11) into aged animals recapitulates the ef-
fects of heterochronic parabiosis [7]. It was also shown that GDF-11 exerts rejuvenating effects
on the central nervous system of mice by reversing age-related dysfunction in neuronal stem cells
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[8]. GDF-11 seems to help the cerebral vasculature and enhance neurogenesis [9]. Currently, a randomized,
placebo-controlled, double-blind trial at Stanford University is assessing the safety and efficacy of using plasma from
young individuals to treat Alzheimer’s disease [10].

In contrast, a study by Egerman et al. [11] analyzing the function of GDF-11 in young and aged mice found
that GDF-11 serum levels increased during ageing, and systemic injection of GDF-11 impaired satellite cell expan-
sion and differentiation, which led to decreased regenerative capacity. Furthermore, an innovative LC-tandem MS
(LC-MS/MS) assay performed by Schafer et al. [12] indicated that GDF-11 levels did not decline with age in healthy
men. These results were inconsistent with the previous studies described above.

Experiments using heterochronic parabiosis also indicated that circulating pro-ageing factors from the blood of
older individuals drove ageing phenotypes in the brain [8,13]. 32-microglobulin (32-MG), a component of MHC
class I (MHCI) molecules that form an active part of the adaptive immune system [14], was identified as a circulating
factor that negatively regulates cognitive and regenerative functions in the adult hippocampus in an age-dependent
manner [13]. In aged mice, elevated levels of 32-MG were observed in both the plasma and the hippocampus com-
pared with the young mice [15]. Importantly, these findings were validated in banked human plasma and cere-
brospinal fluid. Increased systemic levels of soluble 32-MG have been implicated in cognitive impairment associated
with chronic hemodialysis [16,17]. Moreover, increased soluble 32-MG has been detected in the cerebral spinal fluid
of patients with HIV-associated dementia [18,19] and Alzheimer’s disease [20]. Finally, exogenous 32-MG injected
systemically or locally in the hippocampus has been shown to impair hippocampal-dependent cognitive function and
neurogenesis in young mice [15].

To further examine the possibility that GDF-11 and 32-MG are involved in the ageing process and cognitive dys-
function, we measured the levels of GDF-11 and 32-MG in human plasma from healthy adult males, healthy elderly
males, and elderly males with different degrees of age-related cognitive impairment.

Materials and methods
Study population

This was a prospective cohort study. The institutional review board of the Beijing Proteome Research Center State
Key Laboratory of Proteomics approved the present study (approval number: SKLP-0201401).

Briefly, between January 2015 and December 2015, we recruited 15 healthy adults, 36 healthy elderly people,
and 41 elderly patients with different degrees of age-related cognitive impairment from Chinese PLA General Hos-
pital. Eligible participants met one or more of the following criteria: (i) healthy adults were male, 25-40 years
old, and had evidence of healthy medical examinations; (ii) healthy elderly people were male, 60-85 years old,
and had evidence of healthy medical examinations and normal cognitive function. Individuals with high blood
pressure/diabetes/hyperlipidemia were accepted; (iii) healthy advanced age people were male, >85 years old, and
had evidence of healthy medical examinations and normal cognitive function. Individuals with high blood pres-
sure/diabetes/hyperlipidemia were accepted; (iv) elderly patients with age-related cognitive impairments were male,
>60 years old, and in a stable general condition. They showed evidence of cognitive impairment by neuropsycholog-
ical scale assessments that included visuospatial skills, orientation to time and place, executing skills, memory, count-
ing, judgement and understanding, insight, intonation and facial expressions, consciousness, and unresponsiveness.
In addition, they had a diagnosis of Alzheimer’s disease or vascular cognitive impairment; and (v) all the participants
completed medical examinations that included an interview, a questionnaire, fasting blood tests, urine and stool ex-
aminations, an electrocardiogram, an ultrasound, and a chest X-ray or CT scan. We excluded older individuals with
congenital cognitive disorders, elevated serum C-reactive protein (>1.0 mg/dl), fever (>37.5°C), impaired liver or
kidney function, elevated troponin, or surgery in the previous 2 weeks. The 101 eligible participants were the analytic
cohort for the present study, and they provided written informed consents.

Participant demographic characteristics (age, sex, and race), disease history (such as hypertension, diabetes, hy-
perlipidemia, stroke, and myocardial infarction), as well as history of blood or plasma transfusion and administration
of blood products in the previous 1 month were recorded.

GDF-11, 32-MG, and other biomarker measurements

Venous blood samples were drawn into Vacutainer® Lithium Heparin tubes (BD, Franklin Lakes, NJ, U.S.A.) and
centrifuged for 15 min at 2000x g to separate the plasma. The plasma was divided into aliquots and stored at —50°C.
Hemolytic or chylous samples were excluded. The concentration of GDF-11 in plasma was determined using the
human GDF-11 sandwich ELISA Kit (catalog number: E-EL-H1908c¢, Elabscience Biotechnology Co., Ltd, Wuhan,
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Table 1 Comparison of demographics and clinical features amongst the patients in different groups
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Variable Groups X
Healthy (%) Cognitive impairment (%)
Advanced
Adult Elderly age Va-MCI VaD Ad-MCI AdD
Number of subjects 15 12 24 6 9 8 18
Age (years) 42.7+138 782464 90.0 + 2.6 93.7 + 4.7 91.4+54 90.2+49  89.44+45 32,204
Gender N
Male 15 (100.0) 12 (100.0) 24.(100.0) 6 (100.0) 9(100.0) 8(100.0) 18 (100.0)
Female 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Blood/plasma transfusion 8.996
No 15 (100.0) 12 (100.0) 24.(100.0) 5(83.9) 9(100.0) 8(100.0) 16 (88.9)
Yes 0(0.0) 0(0.0) 0(0.0) 1(16.7) 0(0.0) 0(0.0) 2(11.1)
Administered human aloumin 8.830
No 15 (100.0) 12 (100.0) 22(92.0) 4(66.7) 7(77.8) 7(87.5) 14 (77.8)
Yes 0(0.0) 0(0.0) 2(8.0) 2(33.3) 2(22.2) 1(12.5) 4(22.2)
Taking deproteinated calf 9.846
blood jelly
No 15 (100.0) 12 (100.0) 24.(100.0) 5(83.3) 8 (88.9) 8 (100.0) 15 (83.3)
Yes 0(0.0) 0(0.0) 0(0.0) 1(16.7) 1(11.1) 0(0.0) 3(16.7)
Mid-value of detected indexes
GDF-11 (pg/m) 25.96 21.40 30.32 101.08 33.95 17.62 23.95 9.668
B2-MG (mg/d) 0.160 0.255 0.295 0.325 0.450 0.315 0.390 34.66144
AA between-group comparison P<0.01; N, not determined.
China) according to the manufacturer’s instructions. Two parallel measurements were performed for each sample.
The quantitation sensitivity of this assay was 9.38 pg/ml, and the intra-assay and inter-assay CVs were <10%.
Concentrations of 32-MG, high-sensitivity C-reactive protein (hs-CRP), and Ig G, A, M, and E as well as light
chains in plasma were determined using an immunoturbidimetric analyzer (BN II, Siemens Healthcare Diagnostics
Products GmbH, Marburg, Germany). Correlations amongst changes in these measures and cognitive impairments
in the elderly were evaluated.
Statistical analysis
Data were analyzed using the SPSS 17.0 statistical software package. Normality and homogeneity tests of variables
were conducted. One-way ANOVA was used for each variable fitting a normal distribution after log transformation,
and Dunnett’s test was used for comparison amongst groups of variables with unequal variance. The Kruskal-Wallis
rank test was performed for non-normal data in multiple samples, and Mann-Whitney U and Wilcoxon W tests were
used for two independent samples. Linear correlation analysis and logistic regression models were used to estimate
associations amongst variables. Mean values, S.D., mid-values, and percentiles were calculated using SPSS 17.0. All
reported P-values are two-tailed with P<0.05 set as statistically significant.
Results
Demographic and baseline data
A total of 92 male individuals met our inclusion criteria and participated in the present study. Of these, 15 were
healthy adults with a mean age of 42.7 years, 12 were healthy elderly people with a mean age of 78.2 years, and 24
were healthy advanced age people with an average age of 90.0 years. Finally, 41 participants were elderly people with
cognitive impairments. Based on their clinical diagnosis, we divided the elderly people with cognitive impairments
into four subgroups: vascular mild cognitive impairment (MCI) (Va-MCI), vascular dementia (VaD), Alzheimer’s
disease cognitive impairment (Ad-MCI), and Alzheimer’s disease dementia (AdD), with 6, 9, 8, and 18 participants
per group, respectively. Amongst the 92 individuals, 16 had been administered fresh frozen human plasma, human
serum albumin, and/or deproteinated calf blood jelly in the previous month. Differences in age, the three indexes,
and medical history amongst the groups were compared by ANOVA. As shown in Table 1, there were significant
differences amongst the seven groups in age and the three indexes.
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n correlation of GDF-11 and 32-MG with age in healthy groups

32-MG (mg/dl) GDF-11 (pg/ml)
r-value 0.4862% 0.229
P 0.000 0.106
AA between-group comparison P<0.01.
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Figure 1. Changes in 32-MG and GDF-11 levels with age in the healthy groups.
Although 32-MG levels tended to increase with age (A), GDF-11 levels did not depend on age (B).

First, the Kolmogorov-Smirnov test indicated that all levels of GDF-11 and 32-MG were not normally distributed
(both P=0.000). After log transformation, 32-MG levels fitted a normal distribution, but GDF-11 levels did not.

The correlation analysis of two indexes with age in the healthy groups indicated that levels of 32-MG were corre-
lated with age (P=0.000); however, GDF-11 levels were not dependent on age (P=0.106) (Table 2 and Figure 1).

After log transformation, the data from the healthy groups were analyzed by ANOVA. Levels of 32-MG and hs-CRP
in the healthy adult group differed significantly from those in the healthy elderly group (P=0.000 and 0.018, respec-
tively) and the healthy advanced age group (P=0.000 and 0.001, respectively). However, no significant differences
were found between the healthy elderly and advanced age groups (P=0.256 and 0.702, respectively). For GDF-11, no
differences were found amongst the three healthy groups using the Kruskal-Wallis test (P=0.127).

Next, we analyzed the data from the patient groups. There was no difference in age amongst the healthy advanced
age group and the four patient groups, Va-MCI, VaD, Ad-MCI, and AdD (P=0.274), which eliminated an effect of
age on indexes. Levels of 32-MG and GDF-11 did not differ amongst these five groups based on the Kruskal-Wallis
test (P=0.113 and 0.125, respectively) (Figure 2).

Furthermore, we reclassified all elderly patients into two groups, MCI and dementia (D). We observed that there
was still no difference in GDF-11 between the healthy advanced age group and the MCI and D groups (P=0.455 and
0.901, respectively). However, we detected a significant difference in 32-MG levels between the healthy advanced age
group and the D group at the 0.05 level (P=0.027) (Figure 3).

We also analyzed hs-CRP levels in all the participants and found that hs-CRP was related to 32-MG, since their
changes were concordant (r =0.571, P=0.000) (Figure 4A,B). There were significant differences in hs-CRP between
the healthy advanced age and D groups (P=0.000). In both the healthy and patient groups, 32-MG levels were signif-
icantly associated with hs-CRP levels (r =0.545, P=0.000, and r =0.416, P=0.001, respectively) (Figure 4C). Upon
reclassification of the patient groups into two groups (MCI and D), we found that the correlation between 32-MG
and hs-CRP was still present (r =0.301, P=0.015) (Figure 4D).

To assess the specificity of the ELISA kit, we measured the levels of Ig G, A, M, and E as well as light chains in the
plasma of ten randomized subjects, including a patient with multiple myeloma accompanying high levels of IgG and
k light chains. We did not detect correlations between GDF-11 levels and immunoglobulins (A, G, M, and E) or light
chains, which indicated that GDF-11 measurements were not affected by immunoglobulins or light chains in plasma
(Figure 5).

These results suggest that circulating GDF-11 may not exert a protective effect during the ageing process or on
cognitive function. However, an elevated 32-MG level may contribute to the ageing process and age-related cognitive
impairments. The observation that $2-MG levels were closely related to hs-CRP levels suggests that increased levels
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Figure 2. The plasma GDF-11 and 32-MG levels
Levels of 32-MG and GDF-11 did not differ amongst the patient groups or between the healthy advanced age group and the four patient

groups.
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Figure 3. The comparisons of GDF-11 and 32-MG levels between the healthy advanced age group and the D group
Levels of 32-MG differed between the healthy advanced age group and the D group after reclassification, but there were no significant
differences in GDF-11 levels.
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Figure 4. The correlation of 32-MG level with hs-CRP

Levels of hs-CRP were closely related to those of 32-MG, and their changes were consistent. (A) Pearson correlation of 32-MG with hs-CRP
in all participants. (B) Consistent changes in 32-MG and hs-CRP in the healthy groups. (C) Consistent changes in 32-MG and hs-CRP in
the five groups. (D) Consistent changes in 32-MG and hs-CRP in the healthy advanced age, D, and MCI groups.
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Figure 5. The correlation analysis of GDF-11 and immunoglobulins levels

Changes in GDF-11 levels measured in ten subjects were not concordant with immunoglobulins (A, G, M, and E) or light chains, which
suggested that the GDF-11 ELISA kits were not affected by immunoglobulins or light chains in plasma.

of 32-MG may result from various diseases, such as microinflammation, that further promotes the ageing process

and age-related cognitive impairments.
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Discussion

Vascular cognitive impairment often results from cerebral ischemia, and Alzheimer’s disease is characterized by loss
of neurones. For both the diseases, ageing remains to be the dominant risk factor. Ageing drives cognitive and regen-
erative impairments in the adult brain, increasing susceptibility to neurodegenerative disorders in healthy individuals
[21-24].

Several lines of evidence indicate beneficial effects of GDF-11 on the brain and many other organs. rGDF-11 treat-
ment can partially recapitulate increases in cerebral blood vessel volume, which may ameliorate microvascular is-
chemic brain disease linked to cognitive decline in the elderly [25]. This effect is due to rGDF-11-induced activation
of the TGF-f3 signaling pathway in brain capillary endothelial cells, which increases their proliferation. rtGDF-11
treatment also increases the number of Sox2+ cells in the subventricular zone of aged animals, though not to the
extent observed with heterochronic parabiosis [8].

In contrast, Egerman etal. [11] found that GDF-11 serum levels did not decrease but rather increased during ageing.
In addition, systemic injection of GDF-11 impaired satellite cell expansion and differentiation, leading to decreased
regenerative capacity of aged skeletal muscle [11]. Other researchers also demonstrated that GDF-11 increased during
ageing [2]. Several studies [3,11,26] suggested that the monoclonal antibodies and commercial ELISA kits used in
previous papers did not discriminate between GDF-11 and myostatin, immunoglobulin, or the IgG light chain, since
myostatin (also called GDF-8) is a closely related TGF-3 member with an amino acid sequence that is 90% identical
with that of GDF-11 [27], and some experiments revealed an affinity of the anti-GDF11/8 antibody (Abcam) for the
IgG light chain.

An additional study reported that circulating GDF-11 levels had little physiological relevance, since circulat-
ing GDF-11 levels were almost 500 times lower than those of myostatin and could not outcompete myostatin for
ActRIIB-binding sites [28]. It was also shown that 74.52% of the variation in GDF-11 levels in different strains of
mice was due to the genetic background or strain being used [29]. More recently, a study found that GDF-11 levels
increased with age in serum but not in plasma [30].

In the present study, high levels of circulating GDF-11 were detected in some participants with advanced age or
dementia, and low levels of circulating GDF-11 were detected in some older subjects with MCI and healthy adults.
Plasma transfusions and administration of blood products during the previous 1 month appeared to have little effect
on circulating GDF-11 levels despite the relatively few subjects enrolled. The statistical analysis revealed that circulat-
ing GDF-11 levels did not decline with age or correlate with ageing in a healthy Chinese population. In addition, we
did not detect differences in circulating GDF-11 levels amongst the healthy advanced age, Va-MCI, VaD, Ad-MCI,
and AdD groups, or amongst the healthy advanced age, MCI, and D groups. Our results are consistent with those
reported by Schafer et al. [12] and Bueno et al. [30]. Together, these findings suggest that circulating GDF-11 is not
associated with the causes or severity of cognitive impairment and may not exert protective effects during the ageing
process or on cognitive function in humans.

32-MG is a component of the MHC I complex, which is used by all the cells (except red blood cells) to present
intracellular antigens to cytotoxic T cells. Human genome-wide association studies have linked the MHC locus on
chromosome 6p21 to degenerative diseases of ageing, which further suggests an active role for these molecules in
age-dependent impairments [31]. Elevated levels of 32-MG were observed in both plasma and the hippocampus
in aged mice compared with the young mice [15]. These findings were validated in banked human plasma and cere-
brospinal fluid. $2-MG has been identified as a potential pro-ageing factor [13] and are found to play a previously un-
recognized role in the progression of ageing and age-related impairment of cognitive function [15]. 32-MG-injected
young mice resembled aged mice by performing poorly in two cognitive tasks, the radial arm maze and contextual
fear conditioning, and they exhibited reduced hippocampal neurogenesis compared with non-injected controls [32].
Furthermore, mice lacking 32-MG were protected against age-related cognitive deficits and maintained normal adult
neurogenesis.

In the brain, 32-MG and MHC I can act independent of their canonical immune function to regulate normal
brain development, synaptic plasticity, and behavior [33-39]. Results from studies in which isolated hippocampal
neural progenitor cells (NPCs) were treated with 32-MG have suggested that 32-MG-induced cognitive deficits may
result at least in part from the direct effects of 32-MG on NPCs.

The observation that systemic 32-MG promotes age-related cognitive dysfunction and impairs neurogenesis sug-
gests that 32-MG could be targetted therapeutically in old age. A recent clinical trial in California was the first to test
benefits of young blood in older people with Alzheimer’s disease [40].

In our study, levels of 32-MG were correlated with age in a healthy Chinese population. Levels of 32-MG were lower
in the healthy adult group than in the healthy elderly and advanced age groups, but there was no significant difference
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between the healthy elderly and advanced age groups. Moreover, we observed increased levels of 32-MG in the D
group compared with the healthy advanced age group. These results suggest that 32-MG may play a role in the ageing
process and age-related cognitive impairment. In addition, we analyzed hs-CRP levels in all the participants and found
that 32-MG levels were closely related to hs-CRP levels, and their changes were consistent in both the healthy groups
and the patient groups. The mechanism underlying these effects is not clear. We hypothesize that, unlike disease
biomarkers such as hs-CRP, increased levels of 32-MG may result from various diseases, such as microinflammation,
that further promote the ageing process and age-related cognitive impairment.

To the best of our knowledge, no previous study has investigated an association between the ageing process and
GDEF-11 or 32-MG in the Chinese population. Moreover, little is known regarding the role of GDF-11 or 32-MG in
the ageing process and cognitive impairment in the Chinese population. It is possible that the accuracy and specificity
of measurements in the current study were not sufficient, and future studies are needed to further clarify the biological
activities of GDF-11 and 32-MG in ageing and cognitive impairment.

Clinical perspectives

e Currently, the effects of GDF-11 and 32-MG on ageing and cognitive impairment remain contro-
versial.

e Inthe present study, we found that circulating GDF-11 levels did not decline with age or correlate
with ageing in healthy Chinese males. We did not detect differences in circulating GDF-11 levels
amongst the healthy advanced age and four cognitive impairment advanced age groups. Levels
of p2-MG increased with age, but there was no significant difference in 32-MG levels between
healthy elderly and advanced age males. Increased levels of $2-MG were observed in the D
group compared with the healthy advanced age group.

e These results suggest that circulating GDF-11 may not exert a protective effect during the ageing
process or on cognitive function in humans, and that 2-MG may play a role in the ageing process
and age-related cognitive impairment.
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