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Abstract

Frailty is an age-related syndrome that exposes individuals to increased vulnerability. Although it is potentially reversible, in most cases it leads 
to negative outcomes, including mortality. The different methods proposed identify frailty after the onset of clinical manifestations. An early 
diagnosis might make it possible to manage the frailty progression better. The frailty pathophysiology is still unclear although mechanisms, in 
particular, those linked to inflammation and immunosenescence, have been investigated. A common feature of several clinical aspects involved 
in senescent organisms is the increase of oxidative stress, described as one of the major causes of deoxyribonucleic acid (DNA) damage 
accumulation in aged cells including the adult stem cell compartment. Likely, this accumulation is implicated in frailty status. The oxidative 
status of our frail, pre-frail, and non-frail population was characterized. In addition, the DNA damage in hematopoietic cells was evidenced by 
analyzing the peripheral blood mononuclear cell and their T lymphocyte, monocyte, circulating hematopoietic progenitor stem cell (cHPSC) 
subpopulations. The phosphorylation of C-terminal of histone H2AX at amino acid Ser 139 (γ-H2AX), which occurs at the DNA double-
strand break focus, was evaluated. In our frail population, increased oxidative stress and a high level of DNA damage in cHPSC were found. 
This study may have potential implications because the increment of DNA damage in cHPSC could be suggestive of an organism impairment 
preceding the evident frailty. In addition, it may open the possibility for attenuation of frailty progression throughout specific drugs acting on 
preventing DNA damage or removing damaged cells

Keywords:  γ-H2AX, Biology of aging, Oxidative stress, Cellular senescence

Frailty is an age-related syndrome, which results from a decline in 
physiological capacities across several organ systems and exposes 
the individual to an increased vulnerability toward internal and ex-
ternal stressors (1). It is a potentially reversible condition, but in 
most cases it progresses toward disability and/or leads to several 
negative outcomes, including falls and fractures, hospitalizations, 
iatrogenic complications, and mortality (1–3). The risk of these ad-

verse events can occur independently of the presence of comorbidity 
(4). Several methods have been proposed to assess frailty in research 
and in clinical practice, without clear evidence that one method is 
preferable to the others. Fried et  al. (4) developed the phenotype 
model of frailty that is one of the most widely employed in clinical 
research. It considers frailty as a biological entity and classifies the 
individuals as frail when three or more of the following five criteria 
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are present: Unintentional weight loss, exhaustion, slow walking 
speed, low level of physical activity, and low muscle strength. A clas-
sification of pre-frailty is also possible when only one or two of these 
criteria are present. The pathophysiological mechanisms underlying 
the frail phenotype are still unclear although mechanisms, in par-
ticular, those linked to inflammation and immunosenescence, have 
been investigated (5,6). However, the complex interactions between 
the studied molecules and these mechanisms during the aging pro-
cess are yet to be defined.

A common feature of several clinical aspects involved in senes-
cent organisms is the increase of oxidative stress that is described as 
one of the major causes of deoxyribonucleic acid (DNA) damage ac-
cumulation, well documented in the different tissues of older people 
(7). Likely, this accumulation might be implicated in frailty status (8) 
because DNA damage can lead to molecular and cellular alterations 
(genomic instability, altered gene expression, loss of cell division 
potential, cell death, and organ dysfunctions) (7,9) that are a good 
background on which frailty can arise.

The phosphorylation of the C-terminal of histone H2A, variant 
H2AX, at the highly conserved amino acid Ser 139 (γ-H2AX) is an 
early response to DNA double-strand breaks (DSBs). γ-H2AX and 
DSB correlate in a 1:1 manner (10), and transient and persistent 
γ-H2AX foci can be present in the cells. In the persistent foci, DSB 
are not repairable and appear to be common in senescent cells and 
to increase in older subjects (11–13). γ-H2AX foci detection is one 
of the most sensitive ways to examine DNA damage (14). In recent 
years, the role of DNA damage has been investigated on whole blood 
(15) and lymphocytes (16), evaluating the relationship between the 
level of persistent γ-H2AX foci and frail status of older patients.

With our study, we wanted to deepen the characterization of 
DNA damage in hematopoietic cells, analyzing the peripheral 
blood mononuclear cells (PBMCs) and the T lymphocyte, mono-
cyte, and circulating hematopoietic progenitor stem cell (cHPSC) 
subpopulations present in PBMC of frail, pre-frail, and non-frail 
older adults.

Method

Study Population
A group of 85 subjects (40 frail, 13 pre-frail, 32 non-frail) aged 
65  years and above were recruited from the Geriatric Unit, San 
Gerardo Hospital ASST Monza. All of them were outpatients. The 
exclusion criteria for the recruited subjects were: (a) illiteracy, (b) 
psychiatric disorders, (c) Parkinson’s disease, (d) cognitive function 
impairment, (e) multiple sclerosis, (f) neurodegenerative diseases, (g) 
hip fracture or other severe traumas affecting mobility. The identifi-
cation of frail phenotype in all subjects occurred at recruitment and 
was based on the presence of five criteria (4): (i) shrinking, which 
was determined as an unintentional weight loss of 5% or more than 
usual, over the last year; (ii) self-reported exhaustion, which was 
evaluated as present or absent by asking the individual: “In the last 
month, do you have less energy to do the things of daily living you 
want?”; (iii) slow walking speed, which was defined as present when 
an individual took more than 7 s to cover a distance of 4 m (17); 
(iv) low physical activity, which was assessed using Physical Activity 
Scale for the Elderly (PASE) over 1 week. The PASE score combines 
information on leisure, household, and occupational activity (18); 
(v) weakness, which was measured using the dynamometer handgrip 
strength for three consecutive times on the dominant hand. The cri-
terion is positive if the best value is less than the cutoff value (<27 

for males and <16 for females) (19). Participants were considered 
frail if they fulfilled three or more criteria, pre-frail if they fulfilled 
one or two criteria, and robust or non-frail if they did not meet any 
criteria. Forty-six young subjects, aged between 25 and 35  years, 
without functional disability, acute pathologies in progress or abuse 
of drugs, alcohol, smoke, and with a healthy lifestyle, were recruited 
among blood donors as the control group. The study was conducted 
according to the principles of the Declaration of Helsinki II and ap-
proved by the Ethics Committee Brianza (Monza, Italy) code FRA-
ARSC on March 22, 2018. The participation in the study was on a 
voluntary basis, all subjects were fully informed about the aims of 
the study and about the nature of their participation, and all of them 
signed the informed consent.

Comprehensive Geriatric Assessment
After recruitment, all 85 older adults underwent a comprehensive 
geriatric assessment (CGA) including a survey on demographics (age 
and sex) and life habits (smoking and alcohol consumption), and 
several tools to evaluate nutritional, cognitive, functional, and som-
atic health status. Nutritional status was evaluated using the Mini 
Nutritional Assessment-short form (MNA-sf) (20) and cognitive 
status using the Mini-Mental State Examination (21). The functional 
status was assessed with the modified Barthel Index (22), the Lawton 
and Brody’s Instrumental Activity of Daily Living (23), and the Short 
Physical Performance Battery (17). Lastly, the somatic health status 
was assessed with the Charlson Comorbidity Index (CCI) (24). Also 
the number of drugs taken at home was determined.

PBMC Collection, Cell Characterization, DNA 
Damage Evaluation
Whole blood from frail, pre-frail, non-frail, and young subjects 
was collected into BD Vacutainer CPT Cell Preparation Tubes with 
sodium heparin (Becton Dickinson, Franklin Lakes, New Jersey, 
USA). The isolation of PBMC by Ficoll-Paque (GE Healthcare Bio-
Sciences AD, Uppsala, Sweden) density gradient separation was per-
formed according to the manufacturer’s instructions. The isolated 
PBMC were suspended in blocking solution (PBS with 5% fetal 
bovine serum) at room temperature (RT) for 15 min then treated 
following a protocol modified by Beaton et al. (25). Briefly, mem-
brane cell staining was performed for 15 min at RT with the fol-
lowing antibodies: APC Mouse Anti-Human CD3 (Clone UCHT1; 
BD Pharmingen, San Jose, CA, USA; 1:200), T lymphocyte marker; 
APC-H7 Mouse anti-Human CD14 (Clone MφP9; BD Pharmingen; 
1:200), monocyte marker; PE Mouse Anti-Human CD34 (Clone 
8G12; BD Pharmingen; 1:100), hematopoietic progenitor stem cell 
(HPSC) marker. The stained PBMCs were then centrifuged, sus-
pended, fixed with 4% methanol-free formaldehyde (Thermo Fisher 
Scientific, Waltham, MA, USA), and permeabilized with 0.1% Triton 
X-100 (Sigma–Aldrich, St. Louis, MO, USA). After centrifugation, 
70% cold methanol was added dropwise while vortexing the cellular 
pellet, then the samples were stored at −20°C for 24 h. Successively, 
these samples were washed and stained for 2 h at 4°C with Anti-
phospho-Histone H2AX (Ser139) FITC conjugate (Clone JBW301; 
Millipore, Burlington, MA, USA; 2.5 mg/mL) to identify DNA DSB. 
The samples were then analyzed using a MoFlo Astrios cell sorter 
and Kaluza 2.1 software (both from Beckman Coulter, Miami, FL, 
USA). On the basis of the gating strategy (Supplementary Figure 1) 
used on the PBMC (a minimum of 105 events were acquired), the 
percentage of T lymphocytes CD3+, monocytes CD14+, and cir-
culating HPSC (cHPSC) CD34+/CD3−/CD14− was evaluated as 
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well as the respective cells positive for γ-H2AX. The mean fluores-
cence intensity (MFI), calculated as the median of the fluorescence 
intensity values of the γ-H2AX+ cells (represented on the X-axis 

of Figure 1 and Supplementary Figure 1), has also been evaluated. 
MFI provides information on the amount of DNA damaged foci in 
the cells (26,27).

Figure 1. DNA damage in PBMC isolated by Ficoll-Paque and in the respective cell subpopulations: cHPSC CD34+/CD3-/CD14-, T lymphocytes CD3+, monocytes 
CD14+. Representative FACS analysis of γ-H2AX dot plots of the different studied groups (40 frail, 13 pre-frail, 32 non-frail, 46 young samples). Histograms 
represent the percentage of cells positive for DNA damage (γ-H2AX) in the different groups. SSC: side scatter. Data are expressed as means ± SEM. *p < .05.
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For the characterization of cHPSC on fresh whole blood, 700 µL of 
peripheral blood were lysed using erythrocyte lysis buffer (BioLegend, 
San Diego, CA, USA). Then the white blood cells underwent mem-
brane cell staining as described above using the following antibodies: 
APC anti-human Lineage cocktail against CD3/CD14/CD16/CD19/
CD20/CD56 (Lin1) (BioLegend; 1:5); APC/Fire 750 anti-human CD45 
(Clone 2D1, BioLegend; 1:20); PE anti-human CD34 (Clone 8G12; 
BD Pharmingen; 1:100). Flow cytometry analysis was performed on 
the basis of the gating strategy described in Supplementary Figure 2. 
A minimum of 2 × 105 events were acquired in the PBMC region.

Evaluation of Oxidative Stress
Oxysterols as markers of oxidative stress and 8-hydroxy-2-deoxy 
guanosine as a marker of oxidative DNA damage were analyzed in 
a set of randomly chosen samples of plasma collected from frail, 
pre-frail, non-frail, and young individuals. 7-Keto-cholesterol 
(7KC), 7β-hydroxycholesterol (7βOHC), 5α6α-epoxycholesterol 
(5α,6αEC), 5β6β-epoxycholsterol (5β,6βEC), and 3β5α6β-3OH-
cholesterol (triol) (3β,5α,6β-3OHC) were quantified using isotope 
dilution mass spectrometry (28) as cholesterol oxidation and choles-
terol autoxidation products resulting from oxidative stress (29–31). 
8-Hydroxy-2-deoxy guanosine (8-OH-dG) was analyzed in dupli-
cate by enzyme-linked immunosorbent assay (ab201734, 8-hydroxy-
2-deoxy guanosine, ELISA kit, Abcam, Cambridge, UK), according 
to literature (32) and the manufacturer’s instructions.

Statistical Analysis
Continuous variables were reported as mean ± standard deviation and 
as median with first quartile–third quartile. Categorical variables were 

reported as absolute and relative frequencies. The comparison between 
groups was performed with the one-way analysis of variance test with 
Tukey’s test correction and with pairwise multiple comparison proced-
ures (Holm–Sidak method), with Wilcoxon–Mann–Whitney test in case 
of non-Gaussian distribution. When significant, the single pairs (frail, 
pre-frail, non-frail, and young) were also compared. Significance was 
for p < .05. Receiver operating characteristic (ROC) curve analysis was 
performed using one-way analysis (Wilson–Brown method) and the re-
sults were reported as a fraction. The GraphPad Prism program has 
been used (GraphPad Software, Inc., La Jolla, CA, USA).

Results

Study Population
Among the 85 older adults recruited, 40 were frail (17 males, 23 
females); 13 pre-frail (4 males, 9 females), 32 non-frail (21 males, 
11 females), these subjects underwent the CGA (Table 1) and la-
boratory analyses (Supplementary Table 1). Forty-six young subjects 
(17 males, 29 females; mean age ± SD 29.9 ± 2.9 years; median age 
29.5 years) were also recruited.

As expected, age was higher in frail and pre-frail adults in com-
parison to non-frail older adults. Furthermore, frail and pre-frail 
subjects had lower scores at the MNA-sf, were more impaired in 
cognitive and functional status, and had a higher CCI score. Lastly, 
non-frail subjects took a lower number of drugs when compared 
with both frail and pre-frail subjects. The distribution of chronic dis-
eases (most of them used to calculate the CCI score) and the classes 
of drugs taken in the frail, pre-frail, and non-frail groups are de-
scribed in Supplementary Table 2.

Table 1. Comprehensive Geriatric Assessment of 85 Older Adults, According to Frail, Pre-frail, and Non-frail Status

Characteristics Frail, n=40 Pre-frail, n=13 Non-frail, n=32 p value* p value† p value‡ 

Age, years

 Mean ± SD 81.9 ± 6.2 79.5 ± 6.9 73.8 ± 6.7 .197 <.001 .059

 Median (first–third quartile) 82 (78–86) 81 (73.5–84) 71 (67–77) .109 <.001 .004

Females, n (%) 23 (57.5) 9 (69.2) 11 (34.4) .415 .090 .044

Smoke, n (%)

 Current smoker 3 (7.5) 1 (7.7) 1 (3.1) .872 .397 .337

 Past smoker 12 (30) 5 (38.5) 7 (21.9)    

Alcohol, n (%)

 Moderate consumption 12 (30) 5 (38.5) 19 (59.4) .595 .014 .175

 Consumption of >1 unit (males) or >1/2 unit (females) 2 (5)      

History of allergies, n (%) 4 (10) 2 (15.4) 3 (9.4) .616 .868 .537

Mini nutritional assessment-short form

 Median (first–third quartile) 11 (9–12) 13 (12–14) 14 (13–14) <.001 <.001 .800

Mini-mental state examination

 Median (first–third quartile) 26 (23–28) 27 (26–28.5) 30 (28–30) .510 <.001 .002

Modified Barthel index

 Median(first–third quartile) 65 (60–90) 98 (90–100) 100 (100–100) <.001 <.001 <.001

Instrumental activity of daily living

 Median (first–third quartile) 4 (3–5) 7 (5–7) 7 (6–8) .010 <.001 .083

Short physical performance battery

 Median (first–third quartile) 5 (3–6) 7 (6.5–8.5) 12 (10–12) <.001 <.001 .001

Charlson comorbidity index

 Median (first–third quartile) 2 (1–4) 1 (0–1) 0 (0–1) .006 <.001 .080

Number of drugs

 Median (first–third quartile) 7 (5–9) 4 (3–7) 3 (1–3.5) .199 <.001 .004

Note: Values are expressed as mean ± SD, unless otherwise specified.
*Comparison between pre-frail vs. frail.
†Comparison between non-frail vs. frail.
‡Comparison between non-frail vs. pre-frail.
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Hematological Data of Study Population
The hematological parameters were obtained on fresh blood of the 
85 older and 46 younger adults (Supplementary Table 1). There were 
no differences in all variables considered, with two exceptions. The 
hemoglobin levels were lower in frail older adults (11.0 ± 1.6 g/dL) 
than in pre-frail (12.9 ± 1.3 g/dL), non-frail (14.1 ± 1.0 g/dL), and 
young (14.7 ± 1.3 g/dL) adults. The lymphocyte counts were lower 
in frail subjects. In a set of randomly chosen frail (5 samples), non-
frail (4 samples), and young (5 samples) subjects, we analyzed the 
cHPSC (Lin1-/CD45+/CD34+) present in the gate of mononucleated 
cells (Supplementary Figure 2). The results showed a percentage of 
cHPSC in the range of 0.040–0.071 (Supplementary Table 1).

In all 85 older adults and 46 young adults (Table 2), we per-
formed the separation of PBMC by Ficoll-Paque sedimentation, 
with a yield of around 40%. By FACS analysis, using the gating 
strategy shown in Supplementary Figure 1, we evaluated the 
PBMC, T lymphocytes as CD3+ cells, monocytes as CD14+ cells, 
CD3−/CD14− cells considered B-lymphocytes for the majority 
and cHPSC as CD34+/CD3−/CD14− cells (Table 2). In the Ficoll-
Paque isolated PBMC, the ratio between the T and B lymphocytes 
was maintained in favor of T lymphocytes. There was a slight re-
duction of monocytes in the separated PBMC (Table 2) compared 
with monocytes of the fresh whole blood (Supplementary Table 
1), probably due to their typical stickiness. In any case, there were 
no significant differences in the monocyte counts of the different 
subject groups but only a trend toward higher counts was found 
in frail patients. The percentage of the cHPSC CD34+/CD3−/
CD14− subpopulation was around 0.068–0.099 (Table 2). This 
percentage is close to the one seen in the fresh whole blood, in 
which the more restricted Lin1-/CD45+/CD34+ phenotype has 
been evaluated (Supplementary Table 1).

In conclusion, the separation by Ficoll-Paque maintained the re-
ciprocal ratios among the different cell populations in the different 
groups.

DNA Damage in PBMC and in the Respective Cell 
Subpopulations
We detected the percentage of cells positive for γ-H2AX foci in the 
frail, pre-frail, non-frail older adults and young individuals, assessing 
the DNA damage in the Ficoll-Paque isolated PBMC (Figure 1). We 
evaluated by FACS the C-terminal phosphorylation of H2AX his-
tone at serine 139 (γ-H2AX), the early event in response of DSB, 
using the gating strategy shown in Supplementary Figure 1. Our data 
showed an evident significant increase of cells positive for γ-H2AX 
in the PBMC, cHPSC, and T cells of the frail patients (Figure 1). 
The difference between frail and pre-frail groups was significant 
only in cHPSC and not in PBMC and CD3+ T cells. The percentage 
of γ-H2AX+ cells in CD14+ monocytes increased in the frail group 
without a statistical significance compared with all the other groups 
(Figure 1). However, this finding on monocytes was also strength-
ened by the non-significant differences in the number of monocytes 
in the PBMC of all studied groups, after Ficoll-Paque sedimentation 
(Table 2). In monocytes, the DNA damage in pre-frail and non-frail 
subjects had the same level as the young individuals. The differences 
of age and gender, already observed among our older adult groups 
at recruitment, could be potential confounders for the differences 
observed in DNA damage. For this reason, at the initial evaluation 
of our data, we analyzed the frail, pre-frail, non-frail people also 
stratifying them according to their age class and gender. We did not 
have evidence that these variables had a specific influence on DNA 
damage, but the number of cases was low in such stratified groups. 
Therefore, we analyzed the groups of our older adults without 

Table 2. Ficoll-Paque Isolated PBMC and the Respective Mononucleated Cell Subpopulations Analyzed by FACS With the Gating Strategy 
Shown in Supplementary Figure 1

 Frail Pre-Frail Non-Frail Young 

N = 40 N = 13 n=32 n=46

PBMC
 n* 800 503 ± 784 393 942 967 ± 763 245 846 580 ± 696 317 1 068 624 ± 766 984
 474 416 812 920 595 650 807 084
 (205 072–1 168 448) (343 009–1 315 235) (286 251–1 321 378) (400 997–1 856 148)
T cells CD3+
 % 57.4 ± 14.1 59.2 ± 17.7 59.1 ± 9.5 62.2 ± 12.0
 58.6 66.2 56.6 62.6
 (50–69) (49–72) (52–67) (56–70)
Cells CD3−/CD14−
 % 33.8 ± 12.0 32.2 ± 17.8 33.2 ± 9.7 31.1 ± 12.0
 33.5 24.0 34.7 29.4
 (24–40) (17–40) (25–39) (23–35)
Monocytes CD14+
 % 7.0 ± 4.6 5.9 ± 3.5 6.3 ± 4.3 5.5 ± 3.5
 6.6 5.5 5.0 4.5
 (4–8) (7–3) (3–7) (3–7)
cHPSC CD3−/CD14−/CD34+
 % 0.076 ± 0.070 0.099 ± 0.068 0.068 ± 0.040 0.081 ± 0.072
 0.062 0.092 0.05 0.07
 (0.06–0.09) (0.03–0.14) (0.04–0.09) (0.03–0.10)

Notes: PBMC = peripheral blood mononuclear cell. Samples obtained from 85 older adults divided according to the frail, pre-frail, non-frail status and from a 
group of 46 young subjects. Values are expressed as mean ± SD and median (first–third quartile). Statistical analysis was not significant among all groups.

*PBMC were analyzed with the non-parametric Wilcoxon–Mann–Whitney test.
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additional stratification, even to achieve a more solid statistical 
evaluation.

We also evaluated the mean fluorescence intensity (MFI) as-
sessing the amount of DNA damage foci per cell in each specific 
cell population of the different subject groups (Figure 2). The quan-
tification of the MFI provided a distinct and additional parameter 
to the percent of cells positive for DNA damage. In PBMC, CD3+, 
and CD14+ cells, we observed higher MFI in frail subjects compared 
with other groups, although nonsignificantly different (Figure 2). 
Instead, the MFI significantly increased in cHPSCs γ-H2AX+ of frail 
subjects compared with both pre-frail and non-frail groups and to 
young individuals (Figure 2).

The ROC curve analysis (Supplementary Figure 3), assessing 
the percentage of DNA damaged cHPSC in our frail and non-frail 
subjects, showed that the area under the curve (AUC) was 0.835 
(95% C.I. 0.740–0.931). This suggested a good discriminating 
power of the percentage of DNA damaged cHPSC to potentially dis-
criminate between frail and non-frail subjects. The Youden Index 
that determines the optimal cutoff value was 0.611. The comparison 
between frail and pre-frail subjects gave an AUC of 0.780 (95% CI 
0.640–0.920) with a Youden Index of 0.548.

These data showed that cHPSC of the frail group had both a 
higher percentage of cells with DNA damage and an increased MFI, 
as an indicator of the median number of γ-H2AX foci per cell, com-
pared with the other groups.

Increment of Oxidative Stress in Frail Population
We evaluated the oxidative status in a set of plasma of our subjects to 
verify whether in the frail subjects an increase of oxidative stress was 
detectable. We observed significant increments of auto-oxidation of 

oxysterols 7KC and 7βOHC, markers of oxidative stress (29–31) in 
the frail plasma with respect to pre-frail and non-frail plasma (Figure 
3A). Even the oxysterols 5α6αEC, 3β5α6β-3OHC, and 5β6βEC sig-
nificantly increased in plasma of frail subjects (Supplementary Figure 
4). These findings were suggestive for increased oxidative stress in 
frail compared with pre-frail, non-frail, and young individuals.

To reinforce the hypothesis that the DNA damage found in the 
hematopoietic cells had an oxidative origin, we also evaluated in 
a different set of plasma the 8-OH-dG, which is produced by the 
oxidative damage of DNA (32). We observed a significant increase 
of 8-OH-dG in frail compared with pre-frail, non-frail, and young 
subjects (Figure 3B) as with 7KC and 7βOHC.

Discussion

The daily intake of drugs, malnutrition, together with comorbidity, 
are significantly represented in our frail patients and these may con-
tribute to the shift to a higher level of their oxidative metabolism. 
In fact, the oxysterols analysis evidenced increased oxidative stress 
in frail individuals. We found that the increased oxidative status and 
the increased 8-OH-dG matched with DNA damage in the hemato-
poietic cells of frail patients. We observed a trend of an increased 
percentage of PBMC, CD34+ cHPSC, and CD3+ T lymphocytes 
with DNA damage in non-frail older adults compared with young 
controls. This finding was in accordance with the literature (33,34) 
and can be considered as an event associated with aging. However, 
our work also showed a significant percentage increment of PBMC, 
CD34+ cHPSC, and CD3+ T cells with DNA damage in frail in com-
parison to non-frail individuals. In case of cHPSC, this significant 
increment was evident even in comparison to the pre-frail group. 
Instead, the CD14+ monocytes in the frail group showed only a 
trend to the increment of DNA damage compared with the other 
older adult groups. It was similarly very interesting that the number 
of DNA damage foci per cell, evidenced by the MFI, was significantly 
higher in the CD34+ cHPSC of frail patients compared with pre-
frail, non-frail, and young subjects. In PBMC, CD3+ T lymphocytes, 

Figure 2. Mean fluorescence intensity (MFI) of DNA damage in peripheral 
blood mononuclear cell (PBMC) isolated by Ficoll-Paque and in the 
respective cell subpopulations: cHPSC CD34+/CD3-/CD14-, T lymphocytes 
CD3+, monocytes CD14+. Histograms represent the averaged median values 
of MFI in the different study groups (40 frail, 13 pre-frail, 32 non-frail, 46 
young samples). Data are expressed as means ± SEM. *p < .05.

Figure 3. Representation of oxidative stress evaluated in plasma. (A) Level 
of 7-keto-cholesterol (7KC, left) and 7β-hydroxycholesterol (7βOHC, right) in 
17 frail, 9 pre-frail, 18 non-frail, 10 young samples. (B) Level of 8-hydroxy-
2-deoxy Guanosine (8-OH-dG) in 10 frail, 9 pre-frail, 10 non-frail, 10 young 
samples. *p < .01. Data are expressed as means ± SD.
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and CD14+ monocytes, the MFI value was higher in the frail group 
but not significantly. It has to be noted that T lymphocytes are con-
sidered long-lived and quiescent cells (35) and their high DNA 
damage level may represent the accumulation of DNA damage foci 
that occurred over the lifespan. Instead, the monocytes are typically 
proliferating short-lived cells (36,37) and DNA damage foci occur in 
these cells that die precociously. Likely, monocytes do not have time 
to accumulate foci during lifespan, except in the frail period in which 
the risk for DNA damage increases.

In aging, genomic instability has raised a great and per-
sistent interest and it has also been recognized as a determinant of 
age-related stem cell decline that accelerates age-related pathologies 
in several tissues and organs (38,39). It is known that genomic alter-
ations accumulate at a linear rate in human HPSC during life, simi-
larly to adult stem cells of other tissues (33). It is also known that the 
long-lived CD34+ hematopoietic stem cells accumulate DNA dam-
ages, particularly during aging, when they come out of their dormant 
state by cell-intrinsic mechanisms (40) and by the shift of the basal 
metabolism to a higher level of oxidative metabolism (41,42). Both, 
the loss of dormant status and the increment of ROS, may have a 
direct consequence in the progressive increase of γ-H2AX leading 
toward frailty status. It has to be mentioned that, in mice, part of the 
γ-H2AX foci found in aged hematopoietic stem cells can be due to 
ineffective dephosphorylation rather than persistent DNA damage. 
In any case, this situation pushes the cells to transcriptional silencing 
and functional decline (43).

In conclusion, in our frail population, the clinical characteristics 
(age, malnutrition, and drug intake) and comorbidity (diabetes mel-
litus, cardiovascular diseases, kidney diseases, and obstructive pul-
monary diseases) causing oxidative stress can justify the high level 
of DNA damage in cHPSC. In addition, the oxidative DNA damage 
probably affects several other adult stem cells and the DNA damage, 
as a process interconnected with other biological processes, may in-
duce an amplification of dangerous effects. Therefore, our findings 
suggest that, in the tissues of older adults, the occurrence of DNA 
damage accumulation, the DNA damage repair deficiency, as well 
as the cellular functional decline can limit the adult stem cell com-
partment functions (44). All these factors may be implicated in the 
decline of tissue renewal capacity, in the appearance of aging-related 
pathology (45) and in a more severe and progressive frailty.

Our study has potential implications: (i) the increment of DNA 
damage in cHPSC might be a suggestive signal of organism impair-
ment that precedes the evident frailty in older people. The evaluation 
of cHPSC CD34+/γ-H2AX+ can be improved for its eventual clinical 
use. However, it is promising that the ROC curve analysis showed 
the possibility to distinguish the frail from non-frail and pre-frail 
subjects by the percentage of DNA-damaged cells in the hematopoi-
etic adult stem cell compartment. (ii) Future studies could replicate 
or corroborate our findings, also recruiting individuals of similar 
age and gender and stratifying them according to the presence of 
frailty. In this case, it would be possible to hypothesize that pro-
gression of frailty may be attenuated through specific drugs that act 
on preventing DNA damage or on removing damaged cells. Indeed, 
drug therapies (eg, geroprotectors, senolytic drugs, and repurposed 
drugs) have been shown to attenuate frailty in preclinical and/or 
clinical studies (46).
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Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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