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Abstract Proteins that misfold into hyper-stable/degra-
dation-resistant species during aging may accumulate
and disrupt protein homeostasis (i.e., proteostasis),
thereby posing a survival risk to any organism. Using
the method diagonal two-dimensional (D2D) SDS-
PAGE, which separates hyper-stable SDS-resistant pro-
teins at a proteomics level, we analyzed the plasma of
healthy young (<30 years) and older (60–80 years)
adults. We discovered the presence of soluble SDS-
resistant protein aggregates in the plasma of older adults,
but found significantly lower levels in the plasma of
young adults. We identified the inflammation-related
chaperone protein haptoglobin as the main component
of the hyper-stable aggregates. This observation is con-
sistent with the growing link between accumulations of
protein aggregates and aging across many organisms. It
is plausible higher amounts of SDS-resistant protein

aggregates in the plasma of older adults may reflect a
compromise in proteostasis that may potentially indicate
cellular aging and/or disease risk. The results of this
study have implications for further understanding the
link between aging and the accumulation of protein
aggregates, as well as potential for the development of
aging-related biomarkers. More broadly, this novel ap-
plication of D2D SDS-PAGE may be used to identify,
quantify, and characterize the degradation-resistant pro-
tein aggregates in human plasma or any biological
system.

Keywords Inflammation . Haptoglobin . Kinetic
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Introduction

Aging is a biological process in which the essential
physiological functions of an organism deteriorate over
time culminating in death. All forms of life—from mi-
croorganisms to animals—must deal with the terminal
role of aging on life. The mechanism of aging in nature
is highly diverse, and lifespans across different species
vary tremendously (Jones et al. 2014). It has been sug-
gested the presence of protein aggregates may act as
aging factors in many organisms throughout different
kingdoms (Koga et al. 2011; Labbadia and Morimoto
2014). Interestingly, studies have shown protein aggre-
gation is likely the most important contributor of bacte-
ria senescence (Baig et al. 2014; Lindner et al. 2008;
Maisonneuve et al. 2008), and protein sequences in
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Escherichia coli exhibit a bias towards protein residues
with low aggregation potential (Rousseau et al. 2006).
Similarly, longer-lived eukaryotic organisms appear to
have proteomes that are less likely to aggregate
(Tartaglia et al. 2005). Therefore, the phenomenon of
aberrant protein misfolding-aggregation is a constant
risk throughout the life span of all organisms and a likely
contributor to their aging, consistent with the universal
presence of molecular chaperones (David 2012;
Labbadia and Morimoto 2014).

In recent years, the loss of protein homeostasis (i.e.,
proteostasis) has been proposed as a primary factor in
aging (Koga et al. 2011; Lepez-Otin et al. 2013).
Proteostasis involves a Bcradle-to-grave^ regulation of
protein synthesis, folding, trafficking, and degradation.
This quality control system, known as the proteostasis
network (PN), is fundamental to the well-being of an
organism and consists of molecular chaperones, protein
degradation machines, and stress response pathways
that sense and respond to protein misfolding in cellular
compartments (Balch et al. 2008). An ominous conse-
quence of proteostasis disruption is the accumulation of
aggregated proteins, thereby accelerating cellular aging
and increasing the risk of disease. Indeed, protein ag-
gregation is associated with many age-related disorders,
and increased protein oxidation and aggregation are
observed in aged organisms (Knoefler et al. 2012;
Morimoto 2008; Rana et al. 2013). An even greater
challenge to proteostasis would occur if proteins were
to aggregate into hyper-stable/degradation-resistant spe-
cies, as these would be more likely to persist and further
compromise the organism.

Since the aberrant increase of degradation-resistant
proteins is likely to result in their accumulation during
aging, the detection of hyper-stable protein aggregates
may be useful to assess biological/cellular aging. We
have shown that hyper-stable (i.e., kinetically stable)
proteins are resistant to SDS (Manning and Colon
2004; Xia et al. 2012) and have developed a diagonal
two-dimensional (D2D) SDS-PAGE method to identify
such proteins at a proteomics level (Xia et al. 2007). In
this study, we used human plasma as a model system
and carried out D2D SDS-PAGE to determine whether
the plasma of older age adults contains higher
amounts of SDS-resistant aggregates (SRA) than
the plasma of younger adults. The results show the
plasma of older adults contains significantly higher
amounts of SRA tha t con ta in mos t ly the
inflammation-related protein haptoglobin.

Material and methods

Sample source

Plasma was purchased from Bioreclamation, Inc
(Westbury, NY) (individual and pooled control human
plasma), and PrecisionMed, Inc. (San Diego, CA) (in-
dividual controls) and also collected from St. Peter’s
Hospital (Troy, NY) (individual controls) following
consensus guidelines for blood biobanking (Teunissen
et al. 2011). All participants were recruited with in-
formed consent and approval by the Institutional
Review Board. All samples were immediately aliquoted
and snap frozen and kept at −80 °C until processed with
a depletion kit. Individual samples from young adults
and older adults obtained from PrecisionMed were from
individuals who reported to be in general good health.
Individuals with diabetes; uncontrolled hypertension;
cardiac, malignant, or neurological conditions; sleep
disorder; psychiatric disorder; substance abuse history;
or evidence of chronic disorder were excluded.
Likewise, the samples obtained from St. Peter’s
Hospital were from healthy individuals with no known
disease or chronic condition. The plasma obtained from
Bioreclamation was pooled from 5 to 10 individuals
who were tested and cleared from infectious disease
markers, but lacked information about their health status
regarding chronic diseases or conditions. Because of the
pooled nature of these samples, the lack of health status
information is not a major concern, especially for the
plasma from young adults. In terms of gender and
ethnicity, the individual samples were of mixed gender
and mostly Caucasians. The lack of strict control of
gender and ethnicity is a caveat of the study.

Sample processing and depletion kit

To increase the gel resolution and decrease the in-
terference from the top two abundant proteins, plas-
ma samples were processed to remove albumin and
IgG proteins. Two different products were used to
ensure the results were not influenced by the deple-
tion method used. Pierce Antibody-Based Albumin/
IgG Removal Kit from Thermo (Pierce, Rockford,
IL) and BIOHPLC Multiple Affinity Removal
Column HSA/IgG (Agilent, Santa Clara, CA) were
used to remove albumin/IgG from plasma. We strict-
ly followed vendor’s protocol, including using 40 μl
from each plasma sample processed.
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D2D SDS-PAGE analysis

Processed plasma was concentrated into 150 μl and
incubated for 5 min in SDS sample buffer (pH 6.8) to
a final concentration of 45 mM Tris HCl, 1 % SDS,
10 % glycerol, and 0.01 % bromophenol blue at room
temperature. Sample was loaded without prior heating
onto a well of a 12 % acrylamide gel (16 cm × 14
cm × 1.5 mm). Electrophoresis was performed in a
Protean II xi cell (Bio-Rad, Hercules, CA) by using
480 V and 50 mA. The gel was kept at 10 °C by using
a circulating water bath. Running buffer contained
25 mM Tris base, 0.2 M glycine, and 0.1 % SDS.
After the first-dimension run, the gel strip was cut out
and incubated for 10 min in equilibration buffer (45 mM
Tris HCl, 1% SDS, 10% glycerol, 0.01% bromophenol
blue, pH 6.8) at 98 °C. The gel strip was drained briefly
and placed on top of a 12 cm × 14 cm × 2 mm 12 %
acrylamide gel. A small amount of 12 % acrylamide
solution was used to re-polymerize and fuse the strip to
the resolving gel. The second-dimension separation was
performed under similar conditions as the first-
dimension run, except 65 mA was used per gel. Gels
were stained with Coomassie blue (Bio-Rad Biosafe).
Destained gels were imaged by a Bio-Rad Gel Doc XR+
system and then analyzed by ImageJ software.
Background was subtracted by rolling ball subtraction
methodwith radius of 50 pixels. The relative intensity of
each spot/field was calculated by multiplying the
area × density.

Spots digestion and MS

Protein spots below the diagonal protein band were
picked by using a OneTouch 2D gel spot picker
(1.5 mm), then digested with trypsin (Promega,
Madison, WI). The resulting peptide mixtures were
analyzed using an Agilent 1200-Series LC system
coupled to an LTQ-Orbitrap mass spectrometer
(Thermo Scientific, Bremen, Germany). The LC system
was equipped with a 75-μm ID, 15-μm tip, 105-mm
picochip (New Objective, Cambridge, MA) bed packed
with 5 μm BioBasic (Thermo Scientific, Bremen,
Germany) C18, 300A resin. Sample loading was fin-
ished in 2 % buffer B (98 % ACN in 0.1 % formic acid)
in 10 min. Elution was achieved with a gradient of 15–
90%B in 75min. The flow rate was passively split from
0.3 ml/min to 200 nl/min. The mass spectrometer was
operated in data-dependent mode to switch between MS

andMS/MS. The six most intense ions were selected for
fragmentation in the linear ion trap using collision-
induced dissociation.

Mass spectrometry data obtained from all LC-MS-
MS analysis were searched against Uniprot Homo sapi-
ens Proteome (Proteome ID UP000005640, 2015 June
version) using Sequest (Eng et al. 1994) search algo-
rithms through Proteome Discoverer (Thermo
Scientific, Bremen, Germany). Enzyme specificity was
set as trypsin with a maximum of three missed cleavage
allowed. Carbamidomethylation of cysteine and oxida-
tion of methionine were included as variable modifica-
tions. The mass error of parent ions was set to 10 ppm
and 0.8 Da for fragment ions.

We used commonly accepted criteria for high-
confidence peptide identifications (xCorr 1.8 for +1,
2.5 for +2, 3.5 for +3) to screen peptides (Kang et al.
2008). To achieve low false-positive rates of protein
identification, each protein included in the results table
contains more than two high-confidence unique pep-
tides. Some overlapping spots from different gels
contained different proteins. Therefore, in this study,
we only report haptoglobin, which was ID in all SRA
spots analyzed.

Results

In designing the experiments to compare the pres-
ence of SRA between the plasma of older adults
and young adults, we took into account various
parameters, such as the donor pool and the source
of plasma that could affect the results. Most plas-
ma samples were obtained commercially from two
different companies, PrecisionMed, Inc. and
Bioreclamation, Inc., and some samples were ob-
tained from a local physician. For both young and
older adult groups, we included plasma from sin-
gle adults, as well as plasma pooled from 5 to 10
adults. All plasma samples from single individuals
were from healthy controls, but the health status of
the donors of the pooled plasma is not known (see
BMaterial and methods^ for more details). We also
used two different immuno-depletion kits to reduce
the two most abundant proteins, human serum
albumin (HSA) and gamma globulin (IgG). The
conditions for all plasma samples analyzed are
summarized in Table 1.
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D2DSDS-PAGE of plasma from young and older adults

All plasma samples were analyzed by D2D SDS-PAGE
(Fig. 1), a method in which (1) unheated protein samples
are analyzed by SDS-PAGE, (2) the relevant gel strip is
then excised and heated in a boiling buffer solution
containing SDS, and (3) the heated strip is analyzed by
a second-dimension SDS-PAGE. The resulting 2D gel
exhibits a diagonal pattern from the SDS-sensitive pro-
teins migrating the same distance in both SDS-PAGE
runs. However, because kinetically stable proteins
(KSPs) are SDS-resistant, they migrate less in the first-
dimension than in the second-dimension SDS-PAGE.
Thus, KSPs migrate on the left side below the gel
diagonal (Xia et al. 2007). D2D SDS-PAGE may also
be used to identify soluble SRA that enter the stacking
gel in the first-dimension gel, but are trapped at the
interface of the stacking and resolving gel. This is rep-
resented by the red band in the upper part of the 1D gel

in Fig. 1. Dissociation of the SRA during boiling in SDS
should allow the constitutive proteins to migrate in the
2D gel according to their respective size, as illustrated in
Fig. 1 (red bands in 2D gel).

All plasma samples from young and older adults were
divided into three different groups, labeled in Table 1 as
a1–a2, b1–b12, and c1–c8. Figure 2 shows the 2D gels
for the a–c plasma groups. Comparison of a1 (young
group pooled) and a2 (old group pooled) samples showed
an off-diagonal strip in a2 that is nearly absent in a1. The
strip contains two obvious protein spots and is located at
the interface of the stacking and resolving gels, indicating
that it involves a soluble SRA too large to enter the
resolving gel. The b1–b12 samples are mostly from
young (b1–b4) and old (b5–12) adults whose plasma
was HSA- and IgG-depleted with the Pierce antibody-
based Btop 2^ depletion kit. Visual inspection shows the
gels from young adults (b1–b4) appear to have less
intense SRA compared to gels (b5–b12) from older

Table 1 Plasma sample characteristics and depletion kit source

Gel ID Plasma type Sample source Age Depletion kit

a1 Pooled Bioreclamation <25 Agilent/HPLC

a2 Pooled Bioreclamation >60 Agilent/HPLC

b1 Pooled Bioreclamation <25 Pierce

b2–b4 Individual Local physician 19–28 Pierce

b5, b6, b12 Individual Local physician 71, 72, 65 Pierce

b7–b11 Individual PrecisionMed >79 Pierce

c1–c4 Individual PrecisionMed <25 Agilent/FPLC

c5–c8 Individual PrecisionMed >80 Agilent/HPLC

Fig. 1 Illustration of how D2D SDS-PAGE may be used for
identifying SDS-resistant/kinetically stable aggregates (SRA). Un-
heated protein samples are analyzed by SDS-PAGE, and the
relevant gel strip is then excised and heated in a boiling buffer
solution containing SDS. The heated gel strip is analyzed by
second-dimension SDS-PAGE. The resulting 2D gel exhibits a
diagonal pattern from the SDS-sensitive proteins migrating the
same distance in both SDS-PAGE runs. However, SDS-resistant

proteins migrate less in the first dimension and thus end up
migrating left of the gel diagonal. SDS-resistant soluble aggregates
enter the stacking gel in the first-dimension gel but are trapped at
the interface of the stacking and resolving gel (red band). Since the
boiling step dissociates the SDS-resistant aggregates, the constitu-
tive proteins migrate along the left edge of the 2D gel according to
their respective size, as illustrated by the red bands in the 2D gel
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adults. Panel c shows gels of plasma samples with HSA
and IgG depleted by the Agilent bioHPLC Multiple
Affinity Removal Column. Young samples (c1–c4) were
processed by fast protein liquid chromatography (FPLC)
while old (c5–8) samples were processed by HPLC due
to the high back-pressure observed for FPLC. As was the
case for samples a1 and a2, using HPLC containingmetal
parts (e.g., loading loop) appears to cause the loss of
spots on the diagonal. Despite the experimental differ-
ences, gels from young adults (c1–c4) still appear to have
less SRA compared to gels (c5–c8) from older adults.
Thus, regardless of the plasma source and depletion
method used, visual inspections of the gels suggest that
the plasma of younger individuals contains less amounts
of SRA.

Statistical analysis of gel data

Because of potential differences in loading amounts and
other factors, visual inspection of raw band intensity is
not reliable for determining whether the amount of SRA
is indeed higher in the plasma of older adults. Therefore,
each gel was digitalized and analyzed by ImageJ to
quantitatively determine the amount of SRA relative to
the whole gel. Table 2 shows the results of the analysis
for each gel shown in Fig. 1. The statistical significance
of the differences of relative intensity between young
and old groups was determined by both ANOVA and t
test methods (Bailey 2008; Casella 2008). The statistical
analyses show SRA/diagonal band (SRA/dia), and
SRA/whole protein density in the gel exhibits a signif-
icant difference between young and old groups. The
average SRA/dia percentage in the old group is
17.7 %, 2.5-fold higher than for the young group aver-
age (7.0 %), p < 0.00004. The average SRA/whole in
the old group is 7.8 %, about 1.9-fold higher than for the
young group average (4.1 %), p < 0.0004. The resulting
p value is significantly better than the p = 0.01 threshold
for high statistical significance and clearly indicates
older adults have higher amounts of SRA than younger
adults. The relative amount of SRA in all gels from old
and young plasma, respectively, was averaged and is
shown in Fig. 3 along with their respective standard
deviation values.

Protein identification by LC-MS/MS

Several major spots of SRAwere chosen for identifica-
tion (Fig. 4). Protein spots a1–a3 were picked and

digested with trypsin, and the resulting peptide mixtures
were analyzed by LC-MS/MS (see BMaterial and
methods^ and Supplementary Fig. 1). Mass spectrome-
try data were searched against Uniprot Homo sapiens
Proteome using Sequest search algorithms through
Proteome Discoverer. Commonly accepted criteria for
high-confidence peptide identifications (×Corr 1.8 for
+1, 2.5 for +2, 3.5 for +3) were used to screen peptides.
To achieve low false-positive rates of protein identifica-
tion, each protein included in the results table contains
more than two high-confidence unique peptides. It was
clear various proteins were present in different gels, but
only one protein, haptoglobin (Hp), was consistently
identified with high confidence in different gels. The
various Hp bands identified are consistent with the
heterogenous structure of Hp in plasma. Hp is a highly
abundant dimeric plasma protein that contains various
alpha and beta subunits. The alpha subunit has two
versions of 83 (alpha 1) and 142 (alpha 2) residues,
whereas the beta subunit has 245 residues. The alpha
and beta subunits interact via disulfide bonds to form the
Hp monomer, which further dimerizes via two disulfide
linkages. Depending on which alpha subunit interacts
with the beta subunit, three different Hp dimer isoforms,
Hp1-1, Hp2-1, and Hp2-2, may be found in human
plasma.

Discussion

The goal of this study was to determine whether we
could use D2D SDS-PAGE to identify differences in the
presence of SRA between the plasma of young and
older adults. Although other differences may be present,
statistical analyses of our gel data demonstrate the most
significant difference between the plasma of young and
older adults is the presence of a strip of aggregated
proteins that migrated at the interface of the stacking
and resolving gel. It should be noted as a caveat that the
health status of the individuals associated with the
pooled plasma sample is not known, and there was no
strict gender control. Since only three samples were
from pooled plasma, including two for young adults
(Table 1: a1 and b1 plasma samples) and one for older
adult (Table 1: a2 plasma sample), it seems unlikely the
limitations of the present study would have confounded
the results. Nevertheless, future studies under more rig-
orous match control conditions will be needed, especial-
ly in a larger study, to explore further the potential
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biomedical significance of the amount of SRA in
plasma.

It is not clear whether the higher amounts of soluble
aggregates in the plasma of older adults reflect a defi-
ciency of the proteostasis network (PN) related to aging.
However, Hp identified in the SRA is linked to inflam-
mation and chaperone activities. Hp exerts a broad range
of anti-inflammatory activities and acts indirectly as a
bacteriostatic agent and an antioxidant by binding free
hemoglobin (Hb) in plasma and facilitating its clearance
by macrophages (Theilgaard-Monch et al. 2006). Hp is
also an extracellular chaperone that inhibits the precip-
itation of stressed proteins by forming solubilized high

molecular weight complexes with them. It has been
suggested its mode of action is similar to clusterin,
which is associated with the clearance of cellular debris
and apoptosis (Yerbury et al. 2005). Thus, it is plausible

�Fig. 2 Probing the presence of SDS-resistant aggregates (SRA) in
the plasma of healthy young and older adults by D2D SDS-PAGE.
a) a1 and a2 are gels from pooled plasma samples of healthy young
and older adults, respectively. The red circle in a2 gel represents
the location of the hyper stable SRA, which is present predomi-
nantly in the pooled plasma of older adults. Plasma samples were
treated with Agilent Top 2 depletion kit using HPLC. b) b1-b4 and
b5-b12 are gels of individual plasma samples (except b1, which is
pooled) from young and older adults, respectively. All samples
were treated with Pierce "top 2" depletion kit using FPLC. c) c1-c4
and c5-c8 are gels of individual plasma from young and older
adults, respectively. All samples in panel c were treated with
Agilent Btop 2^ depletion column using FPLC (c1-c4) and HPLC
(c5-c8)

Table 2 Relative quantification of SRA and statistical test result

Gel ID SRA/Dia (%) SRA/whole (%)

Young Old Young Old Young Old

a1 a2 2.0 18.7 1.3 9.5

b1 b5 5.1 26.9 2.9 8.5

b2 b6 13.8 11.7 7.4 5.6

b3 b7 6.0 12.1 2.8 6.7

b4 b8 7.4 13.3 3.4 7.4

c1 c5 8.3 17.2 5.7 8.9

c2 c6 10.4 12.8 6.7 7.0

c3 c7 3.6 24.8 2.4 11.7

c4 c8 6.3 13.2 3.9 7.1

b9 16.6 6.6

b10 15.8 5.5

b11 22.7 8.6

b12 24.7 8.6

AVG. 7.0 17.7 4.1 7.8

STDV. 3.4 5.2 2.0 1.6

ANOVA p 4.00E-05 1.59E-05

t test p 1.61E-05 4.48E-04

Fig. 3 Relative amount of SRA present in the plasma of young
(blue) and older (red) adults. The bar plot shows the percentage of
SRA relative to the proteins on the gel diagonal (SRA/Dia) and all
the proteins present (SRA/whole) in the D2D gel. Error bars
represent the standard deviation from all the gels shown in Fig.
2. See Table 2 for detailed data and statistical analysis

Fig. 4 LC-MS/MS analyses reveal the inflammation-related and
chaperone protein haptoglobin as the main component of SRA in
the plasma of older adults. Representative D2D gel of plasma
sample from older adult (c7 in Fig. 2) shows location of SRA-
related proteins. Numbered protein strip/bands inside the red box
were analyzed by LC-MS/MS (see BMaterial and methods^). The
main protein identified in bands a1–a3 was haptoglobin (Swiss Pro
ID p00738), on the basis of 10, 18, and 10 unique peptides,
respectively. For MS data, see Supplementary Fig. 1
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the higher amounts of Hp-containing SRAs identified in
older adults may arise from stressed proteins
chaperoned by Hp. If that were the case, then reducing
the burden of SRA would be a desirable objective that
may be achieved through small molecules able to pro-
mote the clearance of SRA or reduce their formation in
the first place. For example, trehalose, a biologically
common disaccharide, has been shown to stabilize pro-
teins, reduce protein aggregation via a chaperone-like
function, and activate autophagy (Emanuele 2014).
These properties of trehalose make it a promising com-
pound for reducing protein aggregates that contribute to
aging and aging-related diseases.

Hp has been proposed as an aging biomarker inmouse
(Ding and Kopchick 2011) and has also been shown to
increase with age in rat hippocampus (Spagnuolo et al.
2014b). In humans, high levels of Hp in older adults have
been observed in some studies (Miura et al. 2011; Shamsi
et al. 2012) but not in others (Byerley et al. 2010;
Napolioni et al. 2011). Thus, it appears that direct mea-
surement of total Hp expression may not serve as a
reliable biomarker of aging. In older adults, high concen-
tration of Hp in plasma is correlated with infection or
inflammation (Katz et al. 1990). Since increased inflam-
mation is associated with aging (Ferrucci et al. 2006), the
presence of Hp in SRA shown in this study may indicate
a state of increased inflammation in older adults. Thus,
the presence of degradation-resistant aggregates in plas-
ma, as we have identified in this study, may have better
prospects as a biomarker for cellular aging, although this
remains to be seen. In humans, it is known that the aging
process results in a significant increased risk of disease
beginning during middle age. However, it is known that
health status does not always correlate with chronological
aging, as some people are in good overall health at
the age of 80, whereas others are physically and
mentally frail by age 70. Therefore, there is a need
for fundamental research to discover molecular
markers that reflect the true Bbiological age^ (Baker
and Sprott 1988; Rowe and Kahn 1987). The exis-
tence of centenarians, individuals >100 years old
who escape common aging-related diseases, is a fas-
cinating group for future studies (Pareja-Galeano et
al. 2015). It would be very interesting to analyze the
plasma of such individuals to determine whether they
lack the higher amounts of SRA observed here for
typical older adults. Such a study could help establish
the usefulness of SRA levels in plasma to assess
aging-related disease risk during aging.

Hp has been recently linked to the pathogenesis of
Alzheimer’s disease (AD) (Song et al. 2015; Spagnuolo
et al. 2014a). In one study, the serum levels of Hp were
found to be higher in individuals with AD compared to
healthy controls (Song et al. 2015). The higher levels of
Hp in AD patients suggest high levels of oxidative stress
and inflammation, potentially caused by a compromised
proteostasis network, leading to increased misfolded
and aggregated proteins. In another study, it was found
that Hp promotes complex formation between Apo E
and beta-amyloid by binding to both of them
(Spagnuolo et al. 2014a). The formation of the Apo E-
beta-amyloid complex is believed to play an important
role in beta-amyloid homeostasis in the brain. Thus, if
Hp levels are syphoned to deal with protein aggregation,
as suggested by our findings here, this could negatively
impair the clearance of amyloid-beta in the brain. Our
results showing higher amounts of Hp-containing SRA
in the plasma of older adults are consistent with these
prior findings linking Hp and AD. Because of the
known link between aging-related neurodegenerative
disease and protein aggregation, the putative link be-
tween Hp and neurodegenerative diseases is particularly
intriguing, and our approach for identifying SRA in
plasma, CSF, or brain tissue could be applied to further
probe this link. Overall, our findings and application of
D2D SDS-PAGE provide a unique opportunity to di-
rectly probe the amount of SRA and content of Hp and
other proteins, not only in older adults with AD but also
in people with other types of aging-related neurodegen-
erative diseases.

This study is to our knowledge the first example of a
biophysical property, kinetic stability, being used to dis-
cover degradation-resistant protein aggregates in an or-
ganism. Because protein aggregation has been suggested
to be a common phenomenon associated with aging in all
organisms (Koga et al. 2011; Labbadia and Morimoto
2014), D2D SDS-PAGE is a convenient method to dis-
cover degradation-resistant aggregates that may accumu-
late during the aging process of any organism.
Furthermore, it offers novel possibilities for exploring
the link between Hp-SRA complexes and aging-related
ailments, in particular neurodegenerative diseases.
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