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Chapter 7

Abstract

Background: Cellular senescence, a stable growth arrest of cells, is increasingly recognized
as a driver of the aging process. Several studies report higher numbers of senescent cells in a
variety of tissues of older humans when compared to the young.

Objective: To systemically describe the literature on the association between markers of
cellular senescence and chronological age in different types of tissues.

Methods: We searched Pubmed, Web of Science and Embase for articles that reported on
senescence markers dependent on age in any human tissue. Out of 3833 unique articles 43
articles reporting on this topic were identified, including 44 cohorts. Data was extracted on
the origin of tissue, the type of markers being used, and the age and gender distribution of the
donors. A total of 78 associations between senescence markers and age were reported.
Outcomes: Cohortsizes ranged from 3 to 176 donors, and varied widely in their age distribution.
Out of the 78 associations, 34 were positive and statistically significant associations (p<0.05)
between senescence markers and chronological age, six showed positive trends (0.05<p<0.10),
27 associations were inconclusive (p>0.10) and one association showed a negative statistically
significant association (p<0.05). A large proportion of the positive associations were based on
studies conducted in blood, whereas it was less often the case in kidney and skin.

Conclusion: Almost half of the associations between markers of cellular senescence and age
show a positive significant association. This can be interpreted as proof of an evident biological
phenomenon but it is unclear to what extent publication bias explains for these outcomes.
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Introduction

Cellular senescence, a stable growth arrest of the cell, has been widely studied in vitro. This
growth arrest of senescent cells functions as an effective anti-tumor mechanism at the cost of a
diminished capacity to regeneration of tissues '. Furthermore, senescent cells have been shown
to secrete proteins that disrupt functional integrity of tissues and have pro-inflammatory
and tumorigenic properties that act on surrounding cells, termed the senescence-associated
secretory phenotype (SASP) 2. Senescent cells have been found to be more prevalent in

several tissues of aged mammals in vivo ¥

and the SASP has been implicated in the aging
process . Seminal experiments using progeroid and normally aged mice show that health
span was markedly improved when senescent cells were cleared from tissues by inducing
apoptosis *'¢. These data indicate a causal link between the presence of senescent cells and

the rate of aging.

Several attempts have been made to clarify the role of senescent cells in the aging process
of humans. In vitro, cells derived from older humans more often show higher expression
of markers indicative of senescence compared to cells derived from young humans 7%,
Senescent cells have also been shown to be more frequently present in tissue sections from
older compared to younger humans. Studies in various animal models show that these positive
associations between senescence and chronological age markedly differ across various tissues
%1121 and may reflect different rates of tissue renewal and or different sensitivity to triggers of

senescence.

Here we have conducted a systematic review of the literature reporting on the prevalence of
senescent cells dependent on chronological age in various human tissues.

Methods

Selection of studies
A systematic search of the literature was performed on 13-05-2014 in PubMed, EMBASE and

.

Web of Science using the terms “senescence’, “tissue”/”biopsy”/”histology”, different organ/
tissue types and different markers for cellular senescence (see Supplementary methods for
complete search strategies) with no limitations on publication dates. The search yielded 6709
articles, of which 2876 were duplicates. A total of 3833 articles were screened on title and
abstract by one author (MW); exclusion criteria were (1) animal studies; (2) in vitro studies;
(3) reviews; (4) conference abstracts; (5) method and theory papers; (6) editorials; and (7)

articles in another language than English. Then 458 articles were further evaluated based on
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full text by two authors (MW and MS). The same set of exclusion criteria was applied but now
included the following additional criteria: (8) the method how senescent cells were detected
was not reported; (9) the sole use of telomere length as a marker of senescence; (10) the
detection of senescent cells was not related to human tissue; (11) the presence of senescent
cells was not linked to neither age or nor disease; (12) the presence of senescent cells was
linked to malignant tumors.

The following senescence markers were included: markers of cell-cycle arrest (p16, p21, p53),
lack of proliferation markers (Ki67, bmil), senescence-associated { galactosidase (SAP-gal),
senescence-associated heterochromatic foci (SAHF), DNA damage markers, SASP factors
(including cytokines, growth factors, proteases). The lack of or decline of the markers Ki67,
bmil, CD45RA+, CD27+ and CD28+ are considered ‘negative’ markers of senescence, as
the absence of one of these markers is indicative of cellular senescence. Telomere length
was excluded as a marker of senescence as determining telomere length in tissue samples

is cumbersome 2

, sensitivity and specificity of telomere length as a marker of cellular
senescence is low %, and the contribution of telomere attrition to cellular senescence in vivo is

not established (reviewed in 242°),

In 12.2% of the evaluated full text articles evaluators had a different judgment regarding
inclusion or exclusion and in 22.1% of the evaluated full text articles one evaluator was
undecided regarding inclusion or exclusion. Discrepancies in the judgment between evaluators
were solved by including a third author (AM). This resulted in a total of 134 included articles
on the association between markers of senescence and chronological age or disease. For this
systematic review we further excluded 91 articles because the relation of senescence with
chronological age was not reported (only relation with disease reported). The flow diagram of
the articles under study is illustrated in Figure 1.

Extraction of data

From each of the 43 included articles the following data were extracted: type and origin of
tissue; the number age and gender of the subjects; the marker(s) of senescence and techniques
used; the association between the senescence markers and age (primary result), variation of
association senescence markers and age, statistical test. If no information on the trend and/or
a statistical test was given, raw data points for individual subjects were extracted from figures
if possible, in order to calculate the association between senescence markers and age. IBM
Statistics SPSS 20 was used for analyses. The direction of association was defined as followed:
a positive association is defined as higher senescence across higher age groups (i.e. a higher
expression of a positive senescence marker, or a lower expression of a negative marker). A
negative association is defined as lower senescence across higher age groups. Associations
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6709 articles
(2376 Pubmed, 2969 Embase,
1364 Web of Science)

Excluded:
| Duplicates: 2876

‘ Unique articles: 3833 ‘

Based on title and abstract:
3375

‘ Full text evaluation: 458 ‘

| Based on full text: 324

Articles on senescence and
age/disease: 134

Not linked to age: 91

W

Included in systematic review:
43

Figure 1. Flow chart of the in- and exclusion of articles.

were further classified by statistical significance. Associations were classified as a statistically
significant association at p<0.05 and as a trend at 0.05<p<0.10. All other outcomes were
classified as inconclusive (p>0.10 or reported as ‘ns — not significant’ by the source article).

Results

Table 1 depicts the characteristics of the included cohorts (44 cohorts, from 43 articles)
arranged by the tissue type that was sampled. Cohorts predominantly used blood (n=10),
kidney (n=9) or skin (n=9) samples. Most tissues were acquired perioperatively or post-
mortem, resulting in different medical conditions of subjects being studied. The size and the
age distribution of the cohorts ranged widely, and only 22 out of 44 study cohorts provided
information on gender. Several senescence markers were studied, and in some cohorts
multiple markers were used. Among the most frequently used markers were p16 (n=20), SAp-
gal (n=7), p21 (n=5) and p53 (n=>5). Most cohorts used either immunohistochemistry (IHC,
n=21) or polymerase-chain reaction (PCR, n=10) techniques to detect senescence.

131



Chapter 7

(oseastp Jueudifeur 10 L10)eUIWUR[UT

€007  pue[uUOYS Dd 291 IUT'06-FF¢ 28uey ¥L Jo £10351q OU) SIOUOP AYI[ESH]
Adexaygowayd
paaraoar jaed ‘sjusnjed 1ooued
$10¢ q youeg \aDd ord 001/0 69-7¢ 28uey c¢ Jse31q 1I0Y0D JueAn(pe 2A10dsorg
€6-06 a8uex Aderoyjowayd paATadal
$102 e goueg Dd otd  001/0 £/9 UBIPIIA] 9/1 31ed ‘SIOAIAINS 195UBD JSBII] JO 1I0Y0D)
6661 LIRDON od +8D-87AD 1 68-g1 28uey IS s10UOp AYI[ea
€10¢ [BpUON od +29dD-8¢dD o p/-1g 98uey 9¢ sIouop Ayiesy
Surde yo £pms reorSojorwrapids ue jo
SIOATAINS PUE UOTJRUTUIEXD [EDIPIW pue
800¢ B eiiicl) DI +HAD-87AD “+8AD-87AD Iu €6-0 98uey 8/ 11eo1sAyd aunnox SuroSropun s199junjoA
+7dD-1¢dO+VISTydO
8007  prnedmy HpAD+1EAD+VASFAD  61/18 €T AS T UedN 97 syuedonaed enxasoraiey
+£7AD+HAD H48TAD+FAD el syuardroar yuerdsuen)
010T uos[eD) D +LTAD+8AD +8TAD+8AD  19/6€ S ‘6'SS U 1% 10a1] Surkuedwosoe sponuod Ayieay
9'%£-0'19 401
‘T°69 UBIPIN O
ZUTLIRI +8D/+LTAD+VISYAD ‘T'Tr-1'82 01
110 -opueisdg Dd  HPAD/AHLTADHVESTAD  TH/6S ‘§7TE UBIPIN X ¥y A1e8ms oerpres SuroSropun sjuaned
pooiq
71 AS 6°0L (empasoxd
(I-dOI uedN O ‘€'T 4S onoefyord pajerdosse-ewoueur)
€107 ue3I0N ¥0d ‘8-T1‘9-TI) dSVS ‘Ted  TH/6S  TTE eI X 19 Asdorq apou ydwid] punuag
TTHaS ‘T'LL
ued]N O §°S 9S £1981ms ssedAq
1102 pueydIRI am aumpfogzd  0/00T ‘%S UBSIN N $7  A19)Ie ATRUOIOD ‘SOLIBUITUR [BUIU]
L1y
uoneorqnd (%) A/N (s14) s12a(qns adky
e Joyine 31y anbruyosay, IONIR ) SRR o anssi jo urdriQ e

.O&H INSSI) %D PAISPIO SLIOYOD papn[doUuI JO SONSLIa)deIey)) *T 9[qe],

132



Systematic review: cellular senescence in human tissue with age

Asupry
papraoid eLI2)LId UOTSN[OUT [B2130[0ISIY
/[EOUTWIO}UR /[BITUI]D YJeIP JO ISNEd
0102 eImsfey a1 ord  ¢9//S $01-61 28uey ¥/ Te[NOSEAOTPIED OU “WILIOW-}SOJ
SR :E)a
06-6T d8uey
2002 4 8UI0D) DHI 1eS-dvs IU 6’69 UBRIPIA 9% Adoosopus Teunsajuronsed roddn
[eUI)SI)UI-01)SEr)
wnipyds
paSewrep ajesrpur Jou pIp anssi jo
1S-%¢ UonIpUOd pue LI03SIY JIOUO(T ‘SINOY
7102 Suepm Dd o1d IUYQ] {£E UBIPIN c¢ 0€> [eazayur uonjearasaid o3 yreaq
£yserdoyeroy Sunenouad
8007 Suog Dd ccd <red <o1d I 19-67 98uey /7 T9)Je PauUTe}qo SANSST) [ESUIOD [ENPISY
0'7L-0'7L MOI
‘§'TL URIPIN O
10°$5-5'SH YOI
€10C oeD) OHI (VY-TTD) dSVS ~ 6€/19 “0'8F UBIPIN X €7 {IE3P JO SISNED SNOLIBA ‘WIYIOW-)S0]
OHI
710T ynopqy  HI'gM o1d ‘TING o og/-0¢>98uey (36 WA}I0W-}50g
Uy
(o19)n UT PaIp) $3SNJJJ I0J UTR)IDUN
SINOY G'¢F 0) ¢ dFUel [eAId)UT
10T . Jeyqg a1 o1d  09/0% 06-1e39) oSuey Tz woayounsod ‘spenprarput parsdoyny
urexgq
9, dsS ‘6'0S
uedN O ‘8°7 AS oM /3SIOIIXD INOY
110C IQUIIAN am ¢cd  8¢/79 QT UBIN X [V 1> ‘s109)unjoA Ayyfeay SunjowsuoN
uoneorqnd (%) A/N (s14) s12a(qns adky
g Joyine 31 anbruyday, INIRI e sl T Fo b ansst jo urdriQ B

(ponunuood) -ad4) anssn) £q Pa1apIO S1I0YOD PIPNIOUIT JO SINSLIANORIRYY) T A[qE,

133



Chapter 7

sart0)291e3s01d
[BOIPRI WOIJ 9UOZ UONISURI)

€00T onseD) DHI 1e8-gvsS  0/00T 04< -0% 23uey Iu onserdrod4y woiy anssy uSruog
Je)sorg
uorjeururexa [esrdojoyyed
£q rewzou padpn( ‘uoryoasax
1107  JTeUueysArys am VeHw ‘o1d u 7g-¢p a8uey ¥1 [eo131ns 1o sojdwres £sdoiq Sun-
Sung
800 B[OZIOA DHI eS-dvs ord  §1/z8 TS ‘19 UL LT sarwoydarydau pue sarsdorg
g6l
ds ‘6'Ly uesN
0507 ds ‘8Cs
UedN N ‘9°6 AS
£00¢ SIS OHI o1d  05/0S  F9¢ ueIN X 99 sfoupny paseasip sapnpou]
STBIA 88-SYooM
(T9IOI T g a8uey wayrow-3sod
00T AP ¥Od -dININ) dSVS ‘Ted ‘esdo1d  6p/5  9'1G ueIpay ¢y pue syuejdsuen [eust ‘sarwordarydaN
€91
600¢ UUADIN AOd ord  6%/IS QS ‘6'9F UBIN €L ‘sjuefdsuen) [euay
611
710 nry OHI Tzd 91d qe8-dvsS  9F/FS  aSSEUuBdWN 80T Ayredorydou y81 yam syusned
091
800 1one3sppddoy] ¥Od 12d  1€/69 S fg'9p ueSy i syuedsuen [eudy
uyofomIy L'ST
€107 -[P8uID ¥0d 91d  s5/sk S f0'8¥ UBIN €€ syue[dsuen [euay
08-1¢ 28uey ‘g1
€007 EMOPYD OHI o1d  0€/0L QS FFS UBIN 07 syue[dsuer) [eusr pue sarwoa1ydaN
$107 dureyuoyiog DHI  uIp4d IU¢'c6-8° LT a8uey 86  syue[dsuen [eua1 pue sarw032a1ydaN
uornyeorqnd (%) I/ (s1£) s109[qns adfy
e Joyine 381 anbruyday, INIRIN e sl T o b anssn jo urdriQ S

(ponunuood) -ad4) anssn) £q PaIapIO S1I0YOD PIPNIOUIT JO SINSLIANORIRYY) T A[qR,

134



Systematic review: cellular senescence in human tissue with age

sojdures
anssny 1oouedsuou Kradins oryderSororur
000C OULI2ADS DHI ©8-gvs  9¢/#9  ¥8-¥1 98uey €S SYOIN Suro31apun syusned
SBaIE P2JOdYJe-aSeASIP JO IPISINO
uaye) Apoq a3 Jo suorSax [[e woij
9002 « JO[SSY DHI ord Iu G6-0 2Suey €€ ‘SuOseal [edrpaw JoJ paure)qo sarsdorg
Gz-¢1 28ury
€107 ,Xnodrep AOd tzdord  0z/08 81 uEIpaN 01 Aderayiowayo-3soq
Asdorq yound
0102 97 DHI ord IU  9g ‘[eJRUOIN Z[BUIWOpge pue UOISIOWINIILD WOLJ URYS
£3or0yeULI0p
2102 EIE] a1 90 w7 /-81 98uey ¥ Jo Juounredap wWoIy payNIdRY
(unys reurwopqe
pue [eroey) saanpadsoid [esrdinsojeuriop
£1-9 28uey 10 d1jowIs0d JurodIopun
€007 medwoq-1g DHI ¢sd  05/0S  fT'SE URIpIN 9¢ syuanjed woiy sarsdoiq young
dip
1oddn a1} aa0qe “prja4s ‘dfess papnpur
€102 . U9S321(] DHI g urure| Iu 09< O ‘T & ¥ sorsdorq unys o sayIs ‘SIOUOP [BULION
€'08-0"€£ 0T
‘G'S/ URIPIN O
8°/¢-0°'T€ AOI 190ued unys 10§ A1931ms oryderdororu
S661 g OHI [8-gVS  S¥/SS 0°SE UBIPIN X 0¢ SYOI Suro31apun sjusneq
uns
sarsdorq papmS$-punosenn
099-5° 26 4OI [83021SUEI) 1O SATW0}02)e)soid [esrper
0002 104D DHI ©8-gvs  0/001  ‘0°79 ueIpaN ¢p  JO SoUOZ UONISULI} WOIJ sudwdadg
uornyeorqnd (%) I/ (s1£) s109[qns adfy
10 1898 Joyne 3si] onbruyoay, ID[IRIA pUD) §193(qus Jo 33y T anssn jo urdriQ B—

(ponunuood) -ad4) anssn) £q Pa1apIO S1I0YOD PIPNIOUIT JO SINSLIANORIRYY) T A[qE,

135



Chapter 7

"2U0q ‘ONSST} JJOs “UDYs ‘Wd)sAs onarodojeway] “yoewo)s ‘Xukre[ AoUpny ‘wInjoaI-uofod Juny Jsearq :sad£) anssiy, *onssry J0wn) pue [BULIOU JO XIA] 5,

‘mo1Iew duoq pue apou YdwA] rsuo) ‘unys ‘spueS Lrearres pue proifyyered proify qeusrpe Kreymiid ‘searoued ‘sounsayur Yorwo)s sn

-eydosao a1e1s01d STApIprds ‘s1159) Isea1q Kreao ‘snisin Tappe[q Aoupry ‘usards Ioarf ‘Guny 9resy ‘soatou eraydirad/pIod reurds ‘ureiq :sad£) anssiy, :,

's189A GZ> SIOUOP [V :»

rruIoumIed 10 eIse[dsAp noyim s303(qns g7 ;4
"aNssT) (1894 1S) JUBJUI/UIOQMAU/[€)J] SIPNOU]
"dnoig

a8e pro :0 dnoid a8e sppprur :Jy ‘dnoid a8e unoA :x 10[q UISIM M AIIPWOILd MOJJ D] UOTIORAI UTeYd dserawi[od YD ‘9OUISIIONFOUNWIIT
1 Anstwaypojstyounurwt :HHJ dsuodsar afeuwrep YN g paiodar jou :xu -aSuer a[ryrenbiajur O] 0112 pIEpUL)S :S "UOTRIAID PIepUL)S (]S

(esd “TIHD

2002 > OIOJIONN DHITdIES ‘LY XVZHA) Yada Iu Iu Iu SeaJe Jouwn) pue seale JEWION

6661 » UISPIIN DHI ord Iu Iu 1u  sarsdojne 1o sarradims woiy paure}qO
SONSST) [RIIAIS

jnpe aseastp aunwrwione ou £3ojoyyed

1007 . SOIeABURY] DHI o1d fZ91 mw -e39y auey 07 OrwAy) uey) 10Yjo suosear 10y £1031ng
snufyf,

SUOI}I0qe snoduejuods WoIj anssi)

1397 ‘(anowny StpAoT [ersjerenuod

gooued a3e3soxd “§-9) sinowny

jnpe [[92 Wirad Ie[Mo1ISa) 03 paje[oIun

1102 . BAOY)TRg DHI XVZHA  0/00T  -[e30y 98uey €¢  sor1a8Ins Ul paAOWAI ANSST) JB[NONISI],
SnSa,

Papraoad BLILId UOISN[OX I]

10 T sad£y unys ypornedzyry 4£3ojojeuriop

(4114 nepuedg OHI Id9€S  1T/6L  68-TT d8uey i 30 Jusunyredop woxy syusneq
uornyeorqnd (%) /N (s1£) s302[qns adfy
10 1898 Ioyjne 31y onbruyoay, ID[IRIN PpUSD) §193(qns J0 33y T anssn jo urdriQ Bo—

(ponunuoo) -ad4y ansst) £q Pa1apIO S1I0YOD PIPNIOUIT JO SINSLIANORIRYY) T [qE],

136



Systematic review: cellular senescence in human tissue with age

Table 2 shows the multiple associations (N=78) between senescence and chronological age
that were tested in the cohorts. Thirty-four out of the 78 (44%) reported associations showed
a positive statistically significant association of cellular senescence and age, and six out of
78 (8%) associations showed a positive trend. Twenty-seven out of 78 (35%) inconclusive
associations were reported. One negative statistically significant association of senescence
with age was found. Ten out of 78 (13%) associations reported an association with age but
provided too little quantification or did not report on a statistical test to solidify their findings.

Table 3 summarizes the associations of senescence with age per tissue. Kidney, blood and
skin were used most. Out of 27 associations based on kidney tissue, nine (33%) were positive
significant associations, three (11%) were positive trends, and 14 associations (52%) were
inconclusive. One (4%) negative significant association of senescence with age was seen with
matrix metalloproteinase (MMP-1). The outcomes of the 16 associations in blood samples
were differently distributed: nine (56%) were positive significant associations, two (13%)
were positive trends, four (25%) associations were inconclusive, and for one association (6%)
insufficient information was supplied. In the skin 13 associations were studied, and results
were diverse: four (31%) were positive significant associations, four (31%) associations were
inconclusive, and insufficient information was supplied for five associations (38%).

Table 4 summarizes the reported associations for the various markers used. The most
frequently used marker was p16 with 29 reported associations, though in some cases multiple
samples of the same biopsy were stained for p16. With p16 as a marker, 14 (48%) positive
significant associations were found, another four (14%) were positive trends, and nine (31%)
associations were inconclusive. Two (7%) associations with p16 were reported without
sufficient information. SAP-gal was reported in eight associations, of which four (50%) were
inconclusive and for the other four (50%) reported associations insufficient information was
supplied. For the marker p21, seven associations were reported: one (14%) was a positive
significant association and the other six (86%) associations were inconclusive.

Discussion

We have presented an extensive overview of the associations between senescence markers
and chronological age in the literature. Overall, mostly significant positive associations of
senescence with chronological age were found in different tissues.

The distribution of reported associations between senescence and chronological age favors

positive associations, with only one reported significant negative association. This may be
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Legend - table 2. continued

Rel. exp.: relative expression. FC: fold change. A: difference. r: correlation coefficient. R%: coefficient of
determination. nr: data not shown/no statistical testing. MFI: mean fluorescence intensity. Y: young
age group. M: middle age group. O: old age group.

Direction of association: a positive association is defined as higher senescence (measured with a higher
expression of a positive marker, or a lower expression of a negative marker for senescence) at higher
ages. A negative association is defined as lower senescence at higher ages.

+*: positive significant association (p<0.05). +: positive trend (0.05<p<0.10), +: inconclusive (p>0.10
or termed ‘ns’ in source report). —: negative trend (0.05<p<0.10). —*: negative significant association
(p<0.05).

Comments: a: Negative marker of senescence: absence or low expression expected in senescence. b:
Data not shown. c¢: Measured in several areas of kidney. d: p-value from multivariate model. e: cohort
that used several, but less well-defined tissue-markers combinations, therefore unable to count within
total number of associations tested.

Table 3. Statistical significance of associations between senescence and chronological age — ordered by
type of tissue.

Significance of associations with age (no., %)

g
9 = =
R
‘3 ‘2 S 0 e 22
Tissue No. £ & E z z E :“?
All tissues 78 34 (44) 6 (8) 27 (35) 0 (0) 1(1) 10 (13)
Kidney 27 9 (33) 3(11) 14 (52) 0(0) 1(4) 0 (0)
Blood 16 9 (56) 2(13) 4(25) 0(0) 0(0) 1(6)
Skin 13 4(31) 0(0) 4(31) 0(0) 0(0) 5(38)
Artery 6 3 (50) 1(17) 2 (33) 0 (0) 0 (0) 0(0)
Eye 6 4(67) 0 (0) 2 (33) 0 (0) 0(0) 0 (0)
Lung 2 2 (100) 0(0) 0(0) 0(0) 0(0) 0(0)
Prostate 2 0(0) 0(0) 1 (50) 0(0) 0(0) 1 (50)
Thymus 2 1 (50) 0 (0) 0(0) 0 (0) 0 (0) 1 (50)
Brain 1 1 (100) 0 (0) 0(0) 0 (0) 0(0) 0(0)
Gastro-intestinal 1 0(0) 0(0) 0(0) 0(0) 0(0) 1 (100)
Heart 1 1 (100) 0(0) 0(0) 0(0) 0(0) 0(0)
Testis 1 0(0) 0(0) 0(0) 0 (0) 0(0) 1 (100)

No.: number of reported associations. Tissues are sorted on number of reported associations per tissue
type. Direction of association: a positive association is defined as higher senescence (measured with

a higher expression of a positive marker, or a lower expression of a negative marker for senescence)

at higher ages. A negative association is defined as lower senescence at higher ages. Statistically
significant: p<0.05; a trend: 0.05<p<0.10; inconclusive: p>0.10 or reported as ‘ns — not significant’ by
the source report.
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Table 4. Statistical significance of associations between senescence and chronological age — ordered by
senescence marker.

Significance of associations with age (no., %)

= ) -g 1 (-1 - g
2 ) ) S
% £ 3 5 S &0 & 50 'S 28 8
Marker No. S5 £ & £ 7z & Zz% SE2
All markers 78 34 (44) 6(8) 27 (35) 0(0) 1(1) 10 (13)
pl6 29 14(48) 414 931  0(0) 0 (0) 2(7)
SAB-gal 8 0 (0) 0(0) 4(50)  0(0) 0(0)  4(50)
Markers naive T-cells* 8 4(50) 1(13) 3 (38) 0(0) 0(0) 0(0)
p21 7 1(14) 0(0) 6 (86) 0(0) 0(0) 0(0)
SASP factors* 6 3 (50) 1(17) 1(17) 0(0) 1(17) 0(0)
p53 5 2 (40) 0 (0) 3(60)  0(0) 0(0) 0 (0)

Markers differentiated/

senescent T-cells* 4 4 (100) 0 (0) 0 (0) 0(0) 0(0) 0 (0)
Ki-67 4 2 (50) 0 (0) 0 (0) 0(0) 0(0) 2 (50)
Cyclin D 2 1(50) 0 (0) 1(50)  0(0) 0 (0) 0 (0)
DNA damage markers* 2 1 (50) 0(0) 0(0) 0(0) 0(0) 1 (50)
Bmi-1 1 1 (100) 0 (0) 0 (0) 0(0) 0 (0) 0 (0)
LMNBI1 1 0(0) 0(0) 0(0) 0(0) 0(0) 1 (100)
SAHF 1 1(100) 0 (0) 0 (0) 0(0) 0 (0) 0 (0)

N.: number of reported associations. Tissues are sorted on number of reported associations per marker.
* Contains a set of markers. Direction of association: a positive association is defined as higher senes-
cence (measured with a higher expression of a positive marker, or a lower expression of a negative
marker for senescence) at higher ages. A negative association is defined as lower senescence at higher
ages. Statistically significant: p<0.05; a trend: p<0.10; inconclusive: p>0.10 or reported as ‘ns — not sig-
nificant’ by the source report.

the result of a real, strong association of senescent cells with chronological age or it may
be partly explained by publication bias. Studies with large, significant and expected effects
tend to get published more often (positive result bias) and cited more often (citation bias).
Studies with small sample sizes are more prone to these types of biases than larger studies
as the latter tend to be published and cited irrespective of the outcome 2%, Publication bias
occurs in all scientific fields, and biogerontological research is no exemption. For example,
when replicative capacity of fibroblasts in vitro was related dependent on the chronological
age of the donor, the earliest but smaller studies predominantly found negative significant
associations whereas more recent and larger studies did not confirm this association *. In the
same area, a meta-analysis on the relation between DNA damage and age in animal tissue also
provided arguments that publication and citation bias is at play *.
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The presence of senescent cells at older age has been postulated to be a result of an ongoing
induction of this cellular phenotype via the exposure of various triggers (e.g. increased DNA
damage or oncogenic signaling, reviewed in **?), or indirectly via induction of senescence
in neighboring cells of senescent cells **. An alternative interpretation of the presence is a
reduced clearance of senescent cells. Some mouse studies have implicated the role of immune
cells in the removal of senescent cells in premalignant lesions *#%. The precise mechanisms
how senescent cell are cleared in non-malignant tissue have yet to be established, but an
impaired balance between generation and clearance of senescent cells provides an another
plausible hypothesis for the positive associations of senescence and chronological age. Only
one negative significant association in this systematic review was found, namely a significant
decrease of MMP-1 with age in the kidney. Although SASP is diverse, most SASP factors
including MMP-1 are upregulated in senescent fibroblasts *.

The different patterns of the associations in the various tissues might be the result of biological
differences, such as tissue renewal rate or sensitivity to senescence triggers. The cell turnover
rate of tissue varies widely’”*s. Moreover homeostasis of the various tissues might be
differently affected during aging *. Tissue-specificity of (unknown) environmental exposures
are another explanation for the findings. Mice exposed to cigarette smoke show locally
increased senescence in the nasal epithelium, whereas UV exposure induces senescence in
the skin *, indicating that environmental triggers can affect specific tissues more extensively
than others. To the best of our knowledge information is lacking in humans on whether
associations between senescence and age vary throughout the body, or whether they are
linked intra-individually. Future studies on cellular senescence in several tissue types of the
same individual should help to shed light on this question.

The various markers show different patterns of associations with age, and this is most
prominent for the expression patterns of pl6 and SAP-gal. Associations using pl6 are
more frequently positive significant whereas reported associations with SAP-gal were more
often inconclusive. Moreover, for more than half of the associations sufficient information
on statistical testing was missing. This might be explained by the fact that SAB-gal was the
marker of choice in the initial (more explorative) studies into senescence in human tissue *',
and results were more often not or semi-quantified compared to later studies. Taken together,
the available senescence markers all have their caveats and restrictions in their use; and there
is not yet an universal marker of senescent cells, which was addressed in a recent review 2.

Among the strengths of this study are the broad search strategy designed to capture many
articles and extensive evaluation of articles for inclusion in the systematic review. We did
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not exclude any tissues and thus provide an overview of senescence in human aging in
different organs. There are some limitations of this systematic review. First, while we aimed
to design an inclusive broad search strategy, some studies might have still been missed. For
example, we did not specifically add markers of immunosenescence in the search strategy,
which might have led to an underrepresentation of those studies. Second, we only included
articles in English, possibly biasing the results. Lastly we did not exclude any age ranges, thus
associations between senescent cells with age also include data from foetuses to young adults.
The associations between senescent cells with age might be different in the development phase

versus reproductive and post-reproductive phases of life.

In conclusion, mainly positive associations of senescence with chronological age were found,
which could be a real effect but can also to be due to an influence of publication bias. On
a critical note, studies should more precisely report on the strength and variances of the
associations using appropriate statistical testing, and to better describe the characteristics
of patients/subjects from whom the tissues were sampled. This quantification can aid future
systematic reviews and meta-analysis in the field and help to fairly judge the relevance of
cellular senescence to the aging process in humans.
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Search strategy

PubMed

(“senescent”[all fields] OR “senescence’[all fields] ) AND (“Tissues’[Mesh] OR “tissues”[all fields]
OR “tissue”[all fields] OR “cell’[tiab] OR “cells”[tiab] OR “Biopsy”[Mesh] OR “Biopsy”[all fields]
OR “Autopsy”[Mesh] OR “Autopsy”[all fields] OR “Histology”[Mesh] OR “Histology”[all fields] OR
“histologic”[all fields]) AND (“Brain’[Mesh] OR “brain”[tiab] OR “Eye”’[Mesh] OR “eye”[tiab] OR
“eyes”[tiab] OR “cornea’[tiab] OR “lens”[tiab] OR “retina’[tiab] OR “retinal”[tiab] OR “Endocrine
Glands”[Mesh] OR “thyroid”[tiab] OR “parathyroid”[tiab] OR “Cardiovascular System”[Mesh] OR
“heart”[tiab] OR “myocard”[tiab] OR “myocardial”[tiab] OR “cardiovascular”[tiab] OR “artery”[tiab]
OR “arteries”[tiab] OR “arterial”’[tiab] OR “vein’[tiab] OR “venous’[tiab] OR “endothelial”[tiab]
OR “Skin’[Mesh] OR “skin”[tiab] OR “dermis”[tiab] OR “dermal’[tiab] OR “epidermis”[tiab] OR
“epidermal” OR “adipose”[tiab] OR “Lung”[Mesh] OR “lung”[tiab] OR “Lymphoid Tissue”[Mesh]
OR “thymus”[tiab] OR “Breast’[Mesh] OR “breast’[tiab] OR “mammae’[tiab] OR “Digestive
System”[Mesh] OR “intestinal”[tiab] OR “esophagus”[tiab] OR “esophagal”[tiab] OR “gastric”[tiab]
OR “liver’[tiab] OR “pancreas”[tiab] OR “pancreatic”[tiab] OR “Urogenital System”[Mesh] OR
“bladder”[tiab] OR “kidney”[tiab] OR “renal’[tiab] OR “adrenal’[tiab] OR “spleen”[tiab] OR
“prostate”[tiab] OR “prostatic’[tiab] OR “uterus’[tiab] OR “uterine’[tiab] OR “ovaries”[tiab] OR
“ovarian”[tiab] OR “testes”[tiab] OR “testicular”’[tiab] OR “Muscles’[Mesh] OR “muscle’[tiab] OR
“muscular”[tiab]) AND (“p16INK4a’[all fields] OR “Cyclin-Dependent Kinase Inhibitor p16”[Mesh]
OR “Cyclin-Dependent Kinase Inhibitor p21”[Mesh] OR “p21”[all fields] OR “p21cip1”[all fields] OR
“p21:MIB-17[all fields] OR “p21WAF1/Cip’[all fields] OR “Tumor Suppressor Protein p53”[Mesh] OR
“p53”7[all fields] OR “GLB1 protein, human” [Supplementary Concept] OR “beta-galactosidase”[all
fields] OR “SA-Pgal’[all fields] OR “SA-betagal”[all fields] OR “H2AFX protein, human” [Supplemen-
tary Concept] OR “yH2AX"[all fields] OR “phospho-Histone H2A.X”[all fields] OR “yH2A.X[all
fields] OR “senescence-associated secretory phenotype”[all fields] OR “SASP”[all fields] OR “Ki-67
Antigen”[Mesh] OR “proliferation arrest”[all fields] OR “Ki-67”[all fields] OR “phospho-checkpoint 2
kinase”[all fields] OR “phospho-Chk2”[all fields] OR “Chromatin Assembly and Disassembly”[Mesh]
OR “chromatin remodelling”[all fields] OR “ senescence associated heterochromatic foci’[all fields]
OR “senescence associated heterochromatic foci’[all fields] OR “SAHF”[all fields] OR “DNA damage
response”[all fields] OR “DDR”[tiab] OR “DNA damage foci’[all fields] OR “DNA damage focus”[all
fields] OR “Telomere”’[Mesh] OR “Telomere Shortening”[Mesh] OR “Telomere Homeostasis”[Mesh]
OR “telomere”[all fields] OR “telomeres”[all fields] )

EMBASE

(“senescent”ti,ab. OR “senescence”ti,ab. ) AND (exp *tissues/ OR “tissues”.ti,ab. OR “tissue”ti,ab. OR
“cell”ti,ab. OR “cells”ti,ab. OR exp *biopsy/ OR “Biopsy”ti,ab. OR *autopsy/ OR “Autopsy”.ti,ab. OR
exp *histology/ OR “Histology”.ti,ab. OR “histologic”ti,ab.) AND ( exp *Brain/ OR “brain”ti,ab. OR exp
*Eye/ OR “eye”ti,ab. OR “eyes”ti,ab. OR “cornea’ti,ab. OR “lens”ti,ab. OR “retina’ti,ab. OR “retinal’ti,ab.
OR exp *endocrine system/ OR “thyroid”ti,ab. OR “parathyroid’.ti,ab. OR exp *Cardiovascular Sys-
tem/ OR “heart’ti,ab. OR “myocard”ti,ab. OR “myocardial’ti,ab. OR “cardiovascular’.ti,ab. OR “artery”.
ti,ab. OR “arteries”ti,ab. OR “arterial’ti,ab. OR “vein”ti,ab. OR “venous”ti,ab. OR “endothelial’.ti,ab. OR
exp *Skin/ OR “skin”ti,ab. OR “dermis”ti,ab. OR “dermal’ti,ab. OR “epidermis”ti,ab. OR “epidermal”
OR “adipose’ti,ab. OR exp *Lung/ OR “lung’.ti,ab. OR exp *Lymphoid Tissue/ OR “thymus”ti,ab. OR
exp *Breast/ OR “breast”.ti,ab. OR “mammae”ti,ab. OR exp *Digestive System/ OR “intestinal”ti,ab. OR
“esophagus”.ti,ab. OR “esophagal”ti,ab. OR “gastric”ti,ab. OR “liver”.ti,ab. OR “pancreas”ti,ab. OR “pan-
creatic”ti,ab. OR exp *Urogenital System/ OR “bladder”ti,ab. OR “kidney”.ti,ab. OR “renal’ti,ab. OR
“adrenal”ti,ab. OR “spleen”ti,ab. OR “prostate”.ti,ab. OR “prostatic”.ti,ab. OR “uterus”ti,ab. OR “uterine”
ti,ab. OR “ovaries”.ti,ab. OR “ovarian”ti,ab. OR “testes”ti,ab. OR “testicular’ti,ab. OR exp *Muscle/ OR
“muscle’ti,ab. OR “muscular’ti,ab.) AND (“p16INK4a’ti,ab. OR *cyclin dependent kinase inhibitor
2A/ OR “Cyclin-Dependent Kinase Inhibitor p16”ti,ab. OR *cyclin dependent kinase inhibitor 1A/ OR
“p217ti,ab. OR “p21cip1”ti,ab. OR “p21:MIB-1"ti,ab. OR “p21WAF1/Cip”.ti,ab. OR Protein p53/ OR
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“p53”ti,ab. OR *beta galactosidase/ OR “beta-galactosidase”.tiab. OR “SA-Pgal’ti,ab. OR “SA-betagal”
ti,ab. OR “yH2AX"ti,ab. OR “phospho-Histone H2A.X"ti,ab. OR “yH2A.X".ti,ab. OR “senescence-asso-
ciated secretory phenotype”.tiab. OR “SASP”ti,ab. OR *Ki-67 Antigen/ OR “proliferation arrest”.ti,ab.
OR “Ki-67"ti,ab. OR “phospho-checkpoint 2 kinase”ti,ab. OR “phospho-Chk2”ti,ab. OR exp *”Chro-
matin Assembly and Disassembly”/ OR “chromatin remodelling”ti,ab. OR “senescence associated het-
erochromatic foci’ti,ab. OR “senescence associated heterochromatic foci’ti,ab. OR “SAHF”ti,ab. OR
“DNA damage response”.ti,ab. OR “DDR’ti,ab OR “DNA damage foci’ti,ab. OR “DNA damage focus”
ti,ab. OR *Telomere/ OR *Telomere Shortening/ OR *Telomere Homeostasis/ OR “telomere”ti,ab. OR
“telomeres”.ti,ab. )

Web of Science

TS= (senescent OR senescence) AND TS=(tissues OR tissue OR cell OR cells OR Biopsy OR Autopsy
OR Histology OR histologic) AND TI=(brain OR eye OR eyes OR cornea OR lens OR retina OR retinal
OR thyroid OR parathyroid OR heart OR myocard OR myocardial OR cardiovascular OR artery OR
arteries OR arterial OR vein OR venous OR endothelial OR skin OR dermis OR dermal OR epidermis
OR epidermal OR adipose OR lung OR Lymphoid OR thymus OR breast OR mammae OR intestinal
OR esophagus OR esophagal OR gastric OR liver OR pancreas OR pancreatic OR bladder OR kidney
OR renal OR adrenal OR spleen OR prostate OR prostatic OR uterus OR uterine OR ovaries OR ovarian
OR testes OR testicular OR muscle OR muscular) AND TS= (p16INK4a OR cyclin dependent kinase
inhibitor 2A OR Cyclin-Dependent Kinase Inhibitor p16 OR cyclin dependent kinase inhibitor 1A OR
p21 OR p2lcipl OR p21:MIB-1 OR p21WAF1/Cip OR p53 OR beta-galactosidase OR SA-Bgal OR SA-
betagal OR YH2AX OR phospho-Histone H2A.X OR yH2A.X OR senescence-associated secretory phe-
notype OR SASP OR proliferation arrest OR Ki-67 OR phospho-checkpoint 2 kinase OR phospho-Chk2
OR chromatin remodelling OR senescence associated heterochromatic OR SAHF OR DNA damage
response OR DDR OR DNA damage foci OR DNA damage focus OR telomere OR telomeres)
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