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Abstract

This review presents the evidence in support of the IGF-1/mTOR/S6K1 signaling as the primary
factor contributing to aging and cellular senescence. Reviewed are also specific interactions
between mTOR/S6K1 and ROS-DNA damage signaling pathways. Outlined are critical sites
along these pathways, including autophagy, as targets for potential antiaging (gero-suppressive)
and/or chemopreventive agents. Presented are applications of flow- and laser scanning- cytometry
utilizing phospho-specific Abs, to monitor activation along these pathways in response to the
reported antiaging drugs rapamycin, metformin, berberine, resveratrol, vitamin D3, 2-
deoxyglucose, and acetylsalicylic acid. Specifically, effectiveness of these agents to attenuate the
level of constitutive mTOR signaling was tested by cytometry and confirmed by Western blotting
through measuring phosphorylation of the mTOR-downstream targets including ribosomal protein
S6. The ratiometric analysis of phosphorylated to total protein along the mTOR pathway offers a
useful parameter reporting the effects of gero-suppressive agents. In parallel, their ability to
suppress the level of constitutive DNA damage signaling induced by endogenous ROS was
measured. While the primary target of each of these agents may be different the data obtained on
several human cancer cell lines, WI-38 fibroblasts and normal lymphocytes suggest common
downstream mechanism in which the decline in mTOR/S6K1 signaling and translation rate is
coupled with a reduction of oxidative phosphorylation and ROS that leads to decreased oxidative
DNA damage. The combined assessment of constitutive yYH2AX expression, mitochondrial
activity (ROS, ATPm), and mTOR signaling provides an adequate gamut of cell responses to test
effectiveness of gero-suppressive agents. Described is also an in vitro model of induction of
cellular senescence by persistent replication stress, its quantitative analysis by laser scanning
cytometry, and application to detect the property of the studied agents to attenuate the induction of
senescence. Discussed is cytometric analysis of cell size and heterogeneity of size as a potential
biomarker used to asses gero-suppressive agents and longevity.
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Mechanism of Aging: is it ROS or mTOR?

Erosion of telomeres at each cell division resulting in telomere dysfunction is the primary
cause of irreversible cell cycle arrest defined also as intrinsic or replicative cellular
senescence (Hayflick limit) (1-4). Whereas this event is the critical raison d’étre of
organismal aging and age-related mortality other factors contribute to aging as well.
Premature cellular senescence considered to be unrelated to telomere shortening (3-5) is one
of these factors. Among mechanisms inducing premature senescence are continuing cellular
stress particularly the replication stress caused by oxidative DNA damage (4,5), activation
of oncogenes (6), loss of tumor suppressor genes (7) and other causes of DNA damage (8,9).
In fact, the persistent DNA damage by reactive oxygen species (ROS) generated in
mitochondria during oxidative phosphorylation for a long time has been considered the
primary mechanism of aging (ROS mechanism of aging) (10-16). The most deleterious
lesions induced by ROS, the DNA double-strand breaks (DSBSs), are repaired either by
homologous recombination or nonhomologous DNA-end joining (NHEJ). The
recombinatorial repair, which restores DNA integrity rather faithfully, requires DNA
template and therefore can take place in cells that already have it replicated, i.e., in late S
and G, phase cells. In cells lacking the template the repair is carried out by the error-prone
NHEJ which may lead to base pairs deletion or rearrangement (17-19). When such defects
occur at sites coding for an oncogene or tumor suppressor gene it may lead to somatic
mutations predisposing to neoplasia. If they are at the telomeric DNA this may lead to a
dysfunction of telomeres and replicative senescence (20-24). Accumulation of unrepaired or
incorrectly repaired DNA lesions definitely lowers the genome integrity leading to loss of
fidelity of transcription and generation of proteins with defective function.

It recently became a subject of intense dispute however whether the ROS mechanism is the
key culprit of premature aging. The growing body of forthcoming evidence indicates that the
constitutive activation of nutrient- and mitogen-signaling pathways rather than the ROS-
induced DNA damage is the primary mechanism of aging (25-33). Activation of these
pathways leads to enhanced translation, accumulation of proteins, cell growth in size and
mass (hypertrophy), and cellular senescence. Particularly during the slowed down
progression through the cell cycle, such as occurs during replication stress, the growth
continues leading to the imbalance when the ratio of protein or RNA content to DNA
increases, the cells grow in size and acquire the senescence (unbalanced growth) phenotype
(34-36). The key players in this mechanism of aging are the insulin-like growth factors
(IGFs) including the growth hormone (GH) (the “GH/IGFs axis™), AKT/PKB, and
phosphoinositide 3-kinase (PI3K) pathways; their activation converges on mammalian target
of rapamycin (mTOR) and its downstream substrate S6 protein kinase (S6K) (37-43) (Fig.
1). The perpetual activation of mMTOR mediated by these signaling pathways is the driving
force that leads to aging and senescence at the cellular and organismal level (nTOR
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mechanism of aging). The most convincing evidence for the mTOR mechanism stems from
the recently forthcoming results that show the increased lifespan and improved health-span
of several kinds of organisms including mammals treated with the direct (rapamycin) or
indirect (e.g., metformin) mTOR inhibitors (rapalogs) (30,32,44-53). There is also well
documented evidence that impairment of signaling along the IGF-1/GH axis, upstream of
MTOR, leads to increased longevity (54-59). Consistent with this mechanism are findings
that overexpression of oncogenes and activation of the pathways upstream of mMTOR
accelerates cellular senescence and aging (6,60). On other hand, the evidence that anti-
oxidants or other means of oxidative DNA damage prevention can extend the lifespan or
distinctly reduce the symptoms of aging, with a few exceptions (15,16), is scarce (reviewed
in Ref. 28).

Antiaging Strategies—Attenuation of mMTOR/S6 Signaling and ROS-DNA

Damage; Activation of Autophagy

Figure 1 illustrates the mTOR/S6 pathways associated with cellular senescence and aging
and their linkage with the ROS-DNA damage signaling pathways. It also points out the
targets for potential antiaging (gero-suppression) as well as chemopreventive modalities
along these pathways. Results of our experiments reviewed further in the present article are
strongly consistent with this representation. The primary targets for gero-suppression are the
signaling pathways upstream of mMTOR (mTORCZ1; raptor), that include the IGF-1/GH axis,
MAPK, AKT, and PI3K; they are activated by mitogens, growth factors, sugars and amino
acids. Their signaling can be suppressed by calorie restriction mimetics such as 2-deoxy-d-
glucose and by inhibitors of mitogens and growth factors, primarily of somatotropin (growth
hormone, GH) and IGF-1 (54-56). The strongest evidence of gero-suppression by targeting
GH and IGF-1 provide findings of extended health-span and life-span of mammals having
mutations that reduce GH and IGF-1 signaling (57,58).

Downstream of these signals, the kinase activity of mTOR (raptor) is directly suppressed by
its specific inhibitor, rapamycin. The evidence that rapamycin has gero-suppressive
properties is so persuasive (50-52,59,61-63) that it prompted some authors to advice its
instant implementation as an human antiaging drug/supplement extending the lifespan,
preventing the age-associated diseases and reducing costs of health care (64). Indirect
inhibition of mTOR is achieved through activation of AMPK (41). Metformin and berberine
are amonyg its activators that have been shown to have gero-suppressive properties. Both
these drugs are effective to treat diabetes type 2. Their mechanism of AMPK activation
involves inhibition of electron transport chain in mitochondria that leads to a decline in
content of ATP, an increase of AMP/ATP ratio and thus provides the trigger activating
AMPK. There is ample evidence of the gero-suppressive properties of metformin (44-48).
Particularly convincing are results of recent experiments showing extended longevity and
health-span of mice fed with this drug (44,47,48). Similar as in the case of rapamycin (64),
with its long-term clinical usage and already well-known pharmacokinetics and toxicity
profile, the use of metformin as an antiaging drug has been recently postulated (65).
Berberine, a naturally occurring alkaloid with a long history of medicinal use in both
Ayurvedic and old Chinese medicine, was also shown to have antiaging properties and
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found to be effective in treatment of several age associated diseases (66—71). We have
recently reported that both metformin (72) and berberine (73) suppress mTOR signaling as
evidenced by the reduced level of constitutive phosphorylation of the ribosomal protein S6
(RP-S6) on Ser235/236, the key effector of the mTOR/S6K1 signaling, measured in
individual cells by flow and laser scanning cytometry. Similar approach, namely reduction
of phosphorylation of RP-S6, measured ex vivo in T lymphocytes by cytometry, has also
been used to monitor effectiveness of mTOR inhibitors used clinically as immuno-
suppressors (74).

Activation of autophagy plays also significant role as another gero-suppressive mechanism
(75-82). The autophagy-associated genes were shown to be critical for longevity of different
organisms from yeasts, flies, nematodes up to mice. There is also convincing evidence that
induction of autophagy leads to extension of the lifespan while inhibition of autophagy has
the opposite effect. Polyamines, particularly spermidine, are among the most effective
inducers of autophagy (78-81). Interestingly, autophagy is often activated in association
with suppression of signaling along the IGFs and mTOR pathways and inhibitors of these
pathways (e.g., rapamycin) are widely used as inducers of autophagy (80-83). Activation of
autophagy is also triggered during caloric restriction (80). The gero-suppressive properties
of resveratrol, the widely popularized “health benefiting” supplement, are considered to be
mediated by activation of SIRT-1, the member of sirtuins, the family of NAD+-dependent
protein deacetylases, which also are associated with induction of autophagy (78,79).
Activation of sirtuins triggers deacetylation of histones and transcription factors silencing
several genes that regulate stress, metabolism, and survival pathways. It should be noted,
however, that as yet neither there is a definite evidence of life extension of vertebrates by
resveratrol nor of its antiaging properties in human (84).

The scheme presented in Figure 1 illustrates also a special relationship between the gero-
suppressive versus chemopreventive properties of the agents targeting ROS and/or mTOR.
Persistent activation of mMTOR/S6 pathway is associated with translation that requires
constant generation of ATP that involves oxidative phosphorylation which leads to
formation of ROS and oxidative DNA damage. The damage of oncogenes or tumor
suppressor genes can lead to neoplastic transformation. Consistent with this are observations
that antioxidants have chemopreventive properties (85). While they have relatively minor
impact on longevity (reviewed in Refs. 28 and 86) their potential gero-suppressive
properties cannot be disregarded in light of the evidence that oxidative DNA damage of
telomeric DNA as well as lipid peroxidation are among the factors driving the aging process
(20-24). On other hand, the rapalogs because of their effect on suppression of translation as
well as on ROS production demonstrate both the gero-suppressive as well as
chemopreventive properties (86-90).

Effect of the Reported Gero—Suppressive Agents on Constitutive DNA

Damage Response and Abundance of ROS

We have previously reported that constitutive DNA damage response (CDDR) in the
untreated normal or tumor cells, detected as the “background” level of expression of histone
H2AX phosphorylated on Ser139 (yH2AX) and of activated Ataxia Telangiectasia-mutated
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protein kinase (ATM) phosphorylated on Ser1981, is a reporter of the ongoing DNA damage
induced by endogenous ROS, the by-products of oxidative phosphorylation (91-93). These
phosphorylation events were detected with phospho-specific antibodies (Ab) and measured
by flow- or laser scanning-cytometry. Variety of tests has been made to ascertain that CDDR
is indeed caused by the endogenous oxidants. Thus, the level of CDDR was suppressed, in a
concentration-dependent relationship, in cells treated with the classical ROS scavenger N-
acetylcysteine (93) or with another scavenger, hyaluronate (94). It was also markedly
reduced in cells growing in hypoxia as well as when treated with several agents considered
to have either antioxidant properties such as ascorbate and celecoxib or by suppressing
cellular metabolic activity and oxidative phosphorylation by treatment with the calorie
mimetic agent 2-deoxy-d-glucose (95), or with 3-bromopyruvate, the inhibitor of glycolysis
(92). On other hand, activation of metabolic activity, e.g., in the course of mitotic
stimulation of lymphocytes dramatically elevated the level of expression of yH2AX and
activation of ATM (96).

Having established that the constitutive (background) level of DNA damage response to a
large extent is a reporter of DNA damage by endogenous oxidants several drugs reported as
having antiaging and/or chemopreventive properties, were tested with respect to their
capability to attenuate the level of constitutive expression of yH2AX and activation of ATM
(72). Among the tested drugs/supplements were: 2-deoxy-d-glucose (2dG) (97-99),
metformin (MF) (44-49,53), rapamycin (RAP) (50-52), berberine (BRB) (100-104), 1,25-
dihydroxyvitamin D3 (Vit. D3) (105-108), resveratrol (RSV) (79,109-115), and
acetylsalicylic acid (aspirin) (ASA) (116-121).

Figure 2 illustrates the effect of exposure of human lymphoblastoid TK6 cells for 24 h to the
reported antiaging agents on the level of constitutive expression of YH2AX (72). The
expression of YH2AX shows cell cycle specificity being higher in G, and late S compared to
G phase cells. It is distinctly evident that the expression of yYH2AX in cells treated with
each of the agents was decreased and the decline was approximately of similar magnitude
regardless of the cell cycle phase. The highest degree of yH2AX reduction (>50%) was seen
in the cells treated with 2dG and RAP. The treatment with nearly all these drugs had no
apparent effect on the cell cycle distribution; the exception were cells treated with 50 nM
RAP which show about 50% reduction in frequency of cells in S and Go,M (marked by the
arrow in the DNA histogram), consistent with a partial arrest in Gq phase of the cell cycle. In
the drug-treated cultures, there was no evidence of cell death either by the mode of necrosis
or apoptosis. While exposure to these agents for 4 h led to relatively minor (<15%) decline
in YH2AX; the treatment for 48 h had similar effect as for 24 h (72). More detailed
assessment of the effects of MF (122), Vit. D3 (123), and the biscoclaurine alkaloid
cepharanthine (124) in terms of their capability to reduce the level of constitutive activation
of ATM and of phosphorylated yH2AX;, including the time and dose responses to these
agents, have been published separately. In light of the recently revealed properties of MF to
enhance the health-span and life-span of several organisms including mice (44,47,48,65) of
particular interest were observations of the decline of yH2AX in cells treated with this drug.

The reduction of DNA damage signaling by the gero-suppressive agents revealed by the
suppression of YH2AX was paralleled by a drop in the level of endogenous ROS (Fig. 3).
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The data show that the exposure of TK6 cells to each of these agents led to a marked
decrease in cells ability to oxidize 7’-dihydrodichlorofluorescein—diacetate (H,DCF-DA); its
oxidation results in formation of the strongly fluorescent DCF which is considered to be a
marker of endogenous ROS abundance (125) (top panels of Fig. 3). The most effective in
reducing the ROS level were BRB, Vit. D3, RSV, and ASA. Bottom panels of Figure 3
illustrate the treatment-induced changes in electrochemical transmembrane potential of
mitochondria (A¥m) revealed by accumulation of the mitochondrial probe rhodamine 123
(Rh-123), the marker of energized mitochondria (126,127). The reduction of Rh-123 binding
was seen in cells exposed to each of these agents, and was the most pronounced after
treatment with RAP (72). However, the overall degree of reduction of Am was of a lesser
magnitude compared to the decline of ROS abundance.

It should be noted that BRB binds to mitochondria and shows weak fluorescence (73). This
fluorescence has no effect on measurement of YH2AX or RP-S6F, because it is totally
released from the cells following their fixation. However, in the nonfixed cells, even in the
presence of this fluorochrome, the decrease in intensity of Rh123 as well as of DCF was
observed in the BRB-treated cells, indicating that a weak BRB fluorescence was more than
overcompensated by Rh123 or DCF fluorescence so a decrease of the latter could be
observed (73).

Reduction of mTOR Signaling by the Gero—Suppressive Agents

As mentioned earlier, phosphorylation of ribosomal protein S6 (RP-S6), the downstream
target of mTOR activation, is a sensitive gauge that reports the level of protein synthesis
considered to the key element driving the aging process. The effect of exposure of TK6 cells
to the investigated gero-suppressive agents on level of phosphorylation of RP-S6 is shown in
Figure 4. Unlike yH2AX, neither in control nor in the drug-treated cells the phosphorylation
of RP-S6 shows significant differences related to cell cycle phase; somewhat higher
expression of RP-S6F in S and G,M compared to G cells reflects an overall increase in cell
size during progression through cell cycle. It is quite evident however that the treatment with
each of these antiaging agents led to a decrease in the level of phosphorylated S6 protein.
The most dramatic decrease (>95%) was seen in the cells treated with RAP. The cells
treated with 2dG showed the least degree of the decrease (32—38%). There was no evidence
that treatment of TK®6 cells with all these drugs for 4 h had any distinct effect on the cell
cycle progression as detected by analysis of DNA content frequency histograms (not
shown).

To confirm and extend the findings obtained by cytometry we assessed also the effects of
gero-suppressive agents on mTOR signaling by Western blotting (72; Fig. 5). Having
available phospho-specific Abs that detect phosphorylation of mTOR and the eukaryotic
translation initiation factor 4E-binding protein (4EBP1) in addition to RP-S6 applicable to
Western blotting (not yet available for cytometry) we have been able to test the level of
phosphorylation of these proteins as well. Phosphorylation of 4EBP1, similar to that of RP-
S6, is a gauge of a rate of translation (37-41). Exposure of cells to the gero-suppressive
agents lowered phosphorylation of mTOR concurrently with its downstream targets RP-S6
and 4EBP1 (Fig. 5). The most pronounced and consistent effect was seen in the case of RP-
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S6 where the level of phosphorylation of this protein was reduced by each of the studied
agents, most extensively by 95, 78, and 70%, by RAP, BRB, and 2dG, respectively. RAP,
BRB, 2dG, and Vit. D3 were also quite effective in lowering the level of 4EBP1P, by 52, 51,
51, and 25%, respectively, whereas RSV and ASA had no such effect.

Attenuation of the constitutive level of RP-S6 phosphorylation by the gero-suppressive
agents listed in Figures 2-5 was also observed in human pulmonary adenocarcinoma A459
and in diploid WI-38 fibroblasts as well as in mitogenically stimulated human lymphocytes
exposed to these agents (72). Fluorescence of the first two cell types was measured by laser
scanning cytometry while that of lymphocytes by flow cytometry (72). Thus, the observed
effect of these gero-suppressive agents is not related to a particular cell type and is observed
both in normal and tumor cells.

Ratiometric Analysis of Phosphorylated to Total Protein Content Along the

mMTOR Signaling

The results reporting effects of the studied drugs on the “total” mTOR, RP-S6, and 4EBP1
protein content shown in Table 1 were particularly interesting when compared with the
changes in “ratio” of the phosphorylated protein fraction to the “total content” of the
respective protein. They show that exposure of cells to each drug led to a distinct
upregulation of mMTOR and 4EBP1. It was not the case of RP-S6, which with an exception of
2dG and BRB, showed a minor decline. However, compared with the apparent increase of
total protein content, the level of the phosphorylated fractions of the respective protein was
more severely reduced. This overcompensated upregulation of the content and is reflected
by the reduction of the ratio of “phosphorylated to total content” of the respective proteins.
In the case of RP-S6 and 4EBP1, the downstream targets of mTOR driving the translation
rate, the most effective was BRB and RAP, reducing proportion of the phosphorylated to
total protein content by 75 and 72%, respectively (Table 1).

The apparent discrepancy of the effects of the studied drugs in terms of a decrease of
expression of RP-S6F when compared with no change, or even an increase, in expression of
phosphorylated mTOR or 4EBP1 (e.g., in the case of Vit. D3, RSV, or ASA) may be due
that there are parallel signaling pathways, not necessarily solely of mTOR, which affect the
level of phosphorylation of RP-S6 (37-41). These data also point out that the level of RP-S6
phosphorylation may be the more sensitive for detecting the effectiveness of potential anti-
aging drugs compared with mTOR or other upstream signaling pathways.

The data of Western blotting (Fig. 5, Table 1) point out the importance of ratiometric
analysis of the phosphorylated to total protein. In our earlier studies we have introduced this
approach to examine the degree of phosphorylation of retinoblastoma gene product (pRb) by
flow cytometry using the phospho-specific Ab and measuring the ratio of phosphorylated to
total protein content (129,130). Figure 6 presents our recent data showing the effect of BRB,
one of gero-suppressive agents (100-104), on the ratio of phosphorylated to total RP-S6
protein in A549 cells. The concentration—dose reduction in the degree of phosphorylation of
this protein is much evident as the ratio RP-S6P/RP-S6T decreases stepwise in the cells
treated with 5-60 pM BRB concentration range. These plots also demonstrate very large
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heterogeneity between individual cells in the ratio of phosphorylated to total RP-S6 but
essentially no cell cycle-phase difference. The data emphasize the possibility offered by
cytometry to assess the ratio of phosphorylated to total proteins along the mTOR signaling,
by allowing the detection of cell heterogeneity in populations, and through gating analysis,
correlating this ratio with other cell attributes, e.g., such as DNA content viz. the cell cycle
position. This capability is expected to be of particular value in further studies of possible
effectiveness of potential gero-suppressive agents.

Attenuation of Premature Cellular Senescence

As mentioned earlier, the premature cellular senescence is considered to be one of the
factors driving the aging process and persistent replication stress is the primary mechanism
contributing to the induction of premature cell senescence (3,4,9,36). The most characteristic
feature of cells undergoing senescence is their increase in size and change in morphology
marked by their dramatic “flattening” appearance, combined with distinctly reduced cell
density at plateau phase of growth (131). It is possible that increased adherence to
substratum may contribute to the observed “flattening.” We have developed a cytometric
approach to assess the depth of cellular senescence by measurement of these morphometric
changes concurrently with other markers of senescence by laser scanning cytometry (LSC)
(132,133). Figure 7 illustrates features of A549 cells induced to senescence by treatment
with 2 nM concentration of mitoxantrone (Mxt). This drug, targeting DNA topoisomerase I,
at such low concentration induces persistent replication stress that manifests by DNA
damage signaling, such as expression of yH2AX, and ultimately reduces the frequency of
cells progressing through S. The morphometric analysis of the nucleus stained with the
DNA fluorochrome DAPI shows an increase in nuclear area concomitant with the decrease
in intensity of DAPI maximal pixel fluorescence (132,133). The latter is a consequence of
cell flattening which makes the nucleus very thin. The integral of intensity of DAPI
fluorescence over the nucleus reports DNA content and thus the cell cycle phase, which as
seen in Figure 7 (insets) indicates cell arrest in G1 and G,M with paucity of S-phase cells in
the Mxt-treated cultures. As nuclear area in senescent cells is increased and DAPI maximal
pixel decreased the ratio of maximal pixel to the area (Mp:area) provides an even more
sensitive marker reporting this change in cell morphology than either of these measurements
alone (Fig. 7B). The cells arrested in G; and G,M in the Mxt-treated cultures show a 10- to
19-fold increase in expression of the CDK inhibitor p21WAFL another marker of cellular
senescence (3,131-133). Activation of the senescence-associated f-galactosidase (SA-p-gal)
considered the hallmark of cellular senescence (3,131) measured by LSC by light absorption
of the SA-B-gal product was also markedly elevated in cells growing in the presence of Mxt
(132-134). In cells growing with Mxt for 48 and 72 h, respectively, the SA-B-gal activity
when expressed as percent of the enzyme-positive cells was increased from 1.4 to 18 and
41% and when expressed as the mean value of the light absorption, from 1.0 by 7.4- and
14.7-folds (Figs. 7D and 7E). Very similar changes in all these parameters were also
observed in A549 cells treated with low concentration of another DNA damaging
(crosslinking) drug, mitomycin C (134). The data thus reflect that persistent DNA
replication stress induced at low concentration of these DNA damaging drugs when

Cytometry A. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Darzynkiewicz et al.

Page 9

combined with suppression of cell proliferation (G arrest) leads to development of a
classical senescence phenotype.

This model of Mxt-induced cellular senescence has been used to test gero-suppressive
agents as to whether their inclusion into the cultures together with the DNA-damaging drug
can attenuate the induction and progression of the senescence phenotype. Figure 8 illustrates
the effect different concentration of BRB, added into the cultures of A549 cells treated with
Mtx, on the morphometric changes as measured by nuclear area (area) and maximal pixel
(Mp) of DAPI fluorescence as well as on expression of p21, yH2AX, and RP-S6P. The Mxt-
induced senescence of these cells manifested in over 70% reduction of Mp:area ratio, a
dramatic increase in expression of p21 (34.5-fold), 3.5-fold increase in expression of
yH2AX and over 10% decrease in RP-S6P. However, in the cells that were treated with Mxt
in the presence of BRB the increase of all these markers of senescence was distinctly
reduced, in a concentration-dependent mode. At the highest (60 uM) BRB concentration the
Mp:area ratio was increased by 182%, expression of p21 was decreased by 94%, of yH2AX
by 52%, and of RP-S6F by 81% compared to cells treated with Mxt alone. The induction of
p21 by Mxt was paralleled by cell arrest in G,M, and the degree of arrest was to a certain
extent, reduced at 5 and 10 uM BRB concentration. The induction SA-B-gal activity by Mxt
was also significantly prevented at all concentrations of BRB (73). Using the same model of
experiment as presented in Figure 8, attenuation of the Mxt-induced cellular senescence was
also observed when the cells were treated with this drug in the presence of MF and/or RAP
but not of Vit. D3 or RSV (data not shown).

Cytometric Analysis of Cell Size and Heterogeneity, a Potential Biomarker

of Gero—Suppressive Agents and Longevity

As mentioned earlier one of outcomes of replication stress when paralleled by the continuing
translation driven by mTOR/S6 signaling is growth imbalance characterized by the
increased cell size and increased protein to DNA ratio (34-36). Cell size can be easily
assessed by cytometry either through the Coulter volume or forward light scatter
measurement. The increased forward light scatter was shown to be a marker of senescence
of variety of cell types, including normal fibroblasts and cancer cell lines (135,136). It
should be noted however that human T lymphocytes induced to replicative senescence by
continuing growth in vitro show no measurable increase in size (137) indicating that cell
size increase while typical for many cell types cannot be considered a fundamental marker
of cellular senescence, or at least not in the case of replicative senescence. The reduction of
cell size, on the other hand, occurs during cell treatment with gero-suppressive agents.
Figure 9 presents a decrease in forward light scatter (FLS), considered to a marker of cell
size (138,139), of TK6 cells exposed to different concentration of BRB measured
concurrently with a decrease in phosphorylation of RP-S6. While the decrease in FLS is of
similar degree for cells in all phases of the cell cycle, the reduction of RP-S6
phosphorylation is of somewhat higher extent in S and G5 cells than in G4 cells.

Of particular interest in area of aging/longevity and flow cytometry are tantalizing
observations, overlooked in the literature pertaining cytometry, that the red blood cell
distribution width (RDW) is remarkably strong predictor of longevity, including all causes
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of death, for adults aged 45 years and older (140). The RDW is a measure of heterogeneity
of size of erythrocytes, expressed as coefficient of variation (CV) of the mean value of the
erythrocyte Coulter volume, routinely reported in a standard complete blood count, and
increased in certain types of anemia. However, this predictor remains strongly associated
with mortality even after excluding all types of red cell blood diseases or other conditions
that can affect red blood cells, e.g., such as vitamin B12 deficiency (140). Incredibly, the
persons with the bottom quintile of the CV (<12.60%) at age =65 have over 60% longer
survival after12 years compared to persons with the top quintile (>14.05%). It is tempting to
speculate that IGFs/mTOR signaling is one of the factors, if not the key factor, that plays a
role in the observed correlation between the RDW and mortality. In support of this
contention are the data that IGF-1 can enhance erythropoiesis by activation of erythropoietin
(141-144) and also can affect the final stages of erythroid maturation (145). The IGFs/
mTOR signaling dramatically affects the cell size as shown in the case of 32D-derived
myeloid cells which were 50% smaller after having deleted IGF-1 receptor (146). It is
possible there-fore that persistent activation of erythropoiesis through IGF-1/mTOR
signaling leads to heterogeneity of erythrocyte sizes because of their higher turnover rate.
Further support to this contention provide recent findings by Kozlitina and Garcia (147) on
the association between telomere length, size of erythrocytes, and RDW, which show that
persons having short telomeres have increased fraction of larger red cells and most
importantly, increased heterogeneity of their sizes revealed by RDW. However, while there
is an association between the level of IGF-1 in serum and telomere length it is unclear
whether there are mechanistic bases for this association (148,149). Given the above, the
easily measured RDW may be a useful biomarker of the constitutive level of IGF-1
signaling, the critical factor accountable for longevity (54-59). As it is the subject of
analysis using Coulter volume or forward light scatter, it should be of notice and importance
in field of cytometry. It is possible that heterogeneity of other easily accessed cell types
(e.g., other blood cells) may also be associated with constitutive level of IGFS/mMTOR
signaling and longevity. These tantalizing findings, however, have to be reproduced in
further studies and mechanism of this phenomenon, whether linking it with the IGFs/mTOR
signaling or not, explained.

This review does not cover the role of telomeres length, which is the critical marker of
replicative senescence (1-5), plays a role in premature senescence and can be assessed by
flow and imaging cytometry (150-152). Several recent review articles have discussed this
subject (153-157). Although there are several cytometric methods to detect autophagy and
lysosomal activity (155-158) and, as mentioned, autophagy is of importance in aging and in
discovery of gero-suppressive agents (75-83,159-161), application of these methods in such
studies is also not covered by the present review.
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Figure 1.
Schematic presentation of the key pathways associated with cellular senescence and aging

linking mTOR- and DNA damage-signaling as well as marking of sites for potential
antiaging intervention. Signaling from several upstream pathways activated by insulin, IGFs,
growth hormone (GH), or amino acids converges on, and activates, mTOR (raptor). mTOR
stimulation triggers activation of S6K1 that results in phoshorylation of RP-S6 and 4EBP1,
the factors indicative of activation of initiation and continuation of translation, This leads to
cell growth, and particularly when cell division is postponed (e.g., because of replication
stress), to growth imbalance (hypertrophy) characterized by the increased ratio of protein
and RNA to DNA content, the hallmark of cellular senescence. As translation requires
constant generation of energy (ATP), the oxidative phosphorylation in mitochondria
persistently produces ROS. mTOR stimulation, thus, is inherently associated with generation
of ROS. The oxidative DNA damage caused by endogenous ROS, when it occurs in sites
coding for oncogenes or tumor suppressor genes, may lead to neoplasic transformation.
Oxidative DNA damage of the telomeric DNA may cause telomere dysfunction and lead to
replicative senescence, while lipid peroxidation is also a gero-promoting event, one of the
typical features of the cellular senescence phenotype. The potential targets for antiaging
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modalities are marked with the Chinese symbol of longevity (see the text). One of the most
attractive targets is AMPK whose activation inhibits mTOR signaling. Among AMPK
activators that show gero-suppressive properties are metformin and berberine. The
antioxidants, by scavenging ROS, have primarily chemopreventive properties but by
preventing oxidative telomeric DNA damage and lipid per-oxidation they also attenuate the
aging process. The gero-suppressive role of autophagy, which often is seen to be activated
by inhibitors of mTOR, is also well recognized (86). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure2.
Effect of exposure of TK6 cells to different reported antiaging drugs on the level of

constitutive expression of yH2AX. Exponentially growing TK6 cells were untreated (Ctrl)
or treated with the respective agents for 24 h at concentrations as shown. Expression of
yH2AX in individual cells was detected immunocytochemically with the phospho-specific
Ab (AlexaFluor647; AF647), DNA was stained with DAPI; cellular fluorescence was
measured by flow cytometry as described (72). Cells were gated in the respective phases of
the cell cycle based on differences in DNA content, as marked by the dashed vertical lines.
The percent decrease in mean YH2AX fluorescence intensity of the treated cells in particular
phases of the cell cycle, with respect to the respective untreated controls, is shown above the
arrows. Inserts present DNA content frequency histograms from the individual cultures. The
dashed skewed lines show the background level, the mean fluorescence intensity of the cells
stained with secondary Ab only (72).
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Figure 3.
The reduction of intracellular level of ROS measured by DCF fluorescence and of

mitochondrial potential (A¥m) measured by rhodamine 123 (Rh-123) binding, by the
reported gero-suppressive agents. Top panels: TK6 cells untreated (Ctrl) or treated for 24 h
with the investigated agents, were exposed for 30 min to HoDCF-DA and their fluorescence
intensity was measured by flow cytometry (125). The cell-permeant nonfluorescent H,DCF-
DA upon cleavage of the acetate moiety by intercellular esterases and oxidation by ROS is
converted to strongly fluorescent DCF and thus reports the ROS abundance. Left panel
shows the frequency histograms of the untreated (Ctrl) as well MF- and RAP-treated cells
(note exponential scale of the DCF fluorescence). Right panel presents the mean values
(+SD) of DCF fluorescence of the untreated (Ctrl) and treated cells. Bottom panels: The
cells were untreated (Ctrl) or treated as above then exposed for 30 min to the mitochondrial
probe rhodamine 123 (Rh-123), and their fluorescence intensity was measured by flow
cytometry (72). Left panel shows the frequency histograms of the untreated (Ctrl) as well
MF- and RAP-treated cells (note exponential scale of the DCF fluorescence). Right panel
presents the mean values (+SD) of Rh-123 fluorescence of the investigated cells (72,127).
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Figure4.
The reduction of constitutive phosphorylation of ribosomal protein S6 (RP-S6) in TK6 cells

treated with antiaging drugs. Exponentially growing TK6 cells were untreated (Ctrl) or
treated with the respective agents at concentrations as shown, for 24 h. Based on differences
in DNA content cells were gated in the respective phases of the cell cycle, as marked by the
dashed vertical lines (Ctrl). The percent decrease in the RP-S6 mean fluorescence intensity
of the treated cells in particular phases of the cell cycle, with respect to the same phases of
the untreated cells, is shown above the arrows. The dashed skewed lines show the
background level, the mean fluorescence intensity of the cells stained with secondary Ab
only.
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Figure5.
The expression of mTOR-Ser2448P, RP-S6-Ser235/236P, and 4EBP1-Ser65F and their

respective total protein content, as detected by Western blotting. TK6 cells were exposed to
the gero-suppressive agents at concentrations as shown in Figure 2 for 24 h. The protein
expression was determined by Western blot analysis using either the phospho-specific (red)
or total protein Abs (black) Abs and the intensity of the specific immuno-reactive bands
were quantified by densitometry and normalized to actin (loading control). The numbers
indicate the n-fold change in expression of the respective phospho-proteins in the drug-
treated cultures with respect to the untreated cells (Ctrl). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure®6.
Decreased ratio of phosphorylated RP-S6 (RP-S6P) to total RP-S6 (RP-S67) in A549 cells

treated with different concentration of BRB. A549 cells were untreated (Ctrl) or treated for
24 h with BRB at concentration as shown, RP-S6F was then detected using phospho-specific
primary Ab and secondary Ab tagged with AlexaFluor 647 (AF647) while total RP-S6 (RP-
S6T) was detected using primary RP-S6 (not phospho-specific) Ab and secondary Ab
AlexaFluor 488 (AF488), DNA was stained with DAPI. Intensity of cellular fluorescence
was measured by laser scanning cytometry (LSC) and the ratiometric analysis of AF647/
AF488 fluorescence intensities was carried out using the LSC software (128). The numbers
on the left of the panels show the ratio of the mean values of integrated intensity of AF647
to AF488 fluorescence for all cells. The figures on right present the percent decrease of the
ratio of BRB-treated cells vis-a-vis the Ctrl.
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Figure7.

Induction of premature cellular senescence of A549 cells measured by laser scanning
cytometry. Human pulmonary lung adenocarcinoma A549 cells were untreated (Ctrl) or to
induce cellular senescence were treated with 2-nM DNA topoisomerase 11 inhibitor
mitoxantrone (Mxt) for 48 or 72 h. Panel A shows bivariate distributions of nuclear area
versus intensity of maximal pixel of fluorescence revealed by measurement of nuclear DNA
(DAPI) fluorescence. Intensity of maximal pixel is a marker of chromatin condensation and
in the untreated cells has the highest value and marks mitotic (M) and immediately
postmitotic (pM) G cells, which also have low value of DAPI area. In the senescing cells,
while nuclear area increases, the intensity of maximal pixel decreases (128,132-134). These
morphometric changes reflect enlargement of the projected nuclear area and decreased
DAPI local staining per unit area, due to flattened cellular appearance, the hallmark of
cellular senescence (131-133). The insets show DNA content frequency histograms of cells
from the respective cultures. Panel B: Bar plots reporting mean values (+SD) of nuclear
(DNA, DAPI) area, DNA (DAPI) maximal pixel, and ratio of maximal pixel to nuclear area,
respectively, of cells from control and Mxt treated cultures. Panel C: Bivariate distributions
(DNA content vs p21) reporting expression of p21WAFL with respect to the cell cycle phase;
the figures show the n-fold increase in mean expression of p21 of G; and G,M cells from
the Mxt-treated cultures with respect to respective cells in Ctrl. Panel D: Bivariate
distributions of DNA content versus senescence-associated galactosidase (SA-p-gal)
activity. Figures indicate percent of SA-B-gal positive (above the threshold marked by the
horizontal lines) cells. Insets show the frequency distribution of SA-B-gal positive cells; the
figures in insets show the n-fold increase in the mean activity of SA-B-gal in Mxt-treated
cultures over Ctrl (1.0). Panel E: Images of cells growing in the absence (left) and presence
of 2 nM Mxt for 72 h (right) stained to detect activation of SA-B-gal activity recorded by
laser scanning cytometer (Research Imaging Cytometer iCys); 50 um bars mark the length
scale.
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Figure8.
Attenuation of Mxt-induced senescence of A549 cells by berberine (BRB) as measured by

cell morphometric features, expres-sion of p21WAFL yH2AX, and RP-S6P. Exponentially
growing A549 cells were untreated (Ctrl) or treated with 2 nM Mxt in the absence and
presence of BRB at concentration as shown, for 5 days. Top panels: Morphometric analysis,
reporting changes in nuclear area (DNA- DAPI) versus maximal pixel of DAPI
fluorescence. The ratio of maximal pixel to nuclear area (Mp:A) is expressed as a fraction of

that of the untreated cells; shown also is the percent increase in Mp:A in the BRB-treated

DNA content (DAPI)

cultures with respect to cells growing with Mxt alone (with the arrows). Second horizontal
panels: bivariate distributions of p21 versus cellular DNA content; the figures (x =) present
the increase (n-fold) in the mean expression of p21 for all cells with respect to the untreated
cells. The percent reduction in p21 in cultures with BRB with respect to Mxt alone is shown

with the arrows. Third horizontal panels: expression of YH2AX versus DNA content; the

figures (x =) represent the increase (n-fold) in the mean expression of yH2AX with respect

to untreated cells (1.0). The percent reduction in expression of YH2AX in cultures grown

with BRB with respect to cells growing in the presence of Mxt alone is presented with the
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arrows. Bottom panels: expression of RP-S6F versus DNA content. The figures illustrate the
change (n-fold) with respect to the untreated (Ctrl) cells. The percent reduction in expression
of rpS6P in cultures with BRB with respect to cells treated with Mxt alone is shown with the
arrows.
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Figure9.

Suppression of RP-S6 phosphorylation and reduction of size of human lymphaoblastoid of
TKG6 cells maintained at 5-60 UM BRB concentration. Exponentially growing TK6 cells
were untreated (Ctrl) or treated with BRB for 24 h. Top panels: the bivariate distributions of
RP-S6P versus DNA content. Figures show percent decrease in expression of the mean RP-
S6F for cells at G, S, and G,M phases of the cell cycle, respectively, in the presence of

BRB compared to untreated cells. Insets show the frequency histograms of RP-S6P

expression for all cells in culture. Bottom panels: Bivariate distributions of cellular forward
light scatter (FLS) versus DNA content. Percent reduction of mean value of forward light
scatter FLS of G4, S, or GoM of cells growing in the presence of BRB with respect to the

untreated cells is shown with the arrows.
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