
Accelerated senescence of human peritoneal
mesothelial cells exposed to high glucose: the role
of TGF-b1
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Cellular senescence can be activated in response to noxious environmental stimuli. A senescent-like phenotype has been
detected in the peritoneal mesothelium of mice exposed to high intraperitoneal glucose. We have sought to examine
whether high glucose (HG) can induce the senescence program in human peritoneal mesothelial cells (HPMC) in vitro.
Senescence of omentum-derived HPMC was induced by serial passages. Cells were cultured in media containing either
5mM glucose, 30mM glucose, or 5mM glucose and 25mM mannitol (M) for osmotic control. Compared with HPMC
cultured in low glucose, the growth rate of cells exposed to HG was significantly decreased so that the cells reached fewer
population doublings before entering senescence. Exposure to HG led to increased expression of senescence-associated
b-galactosidase (SA-b-Gal) and of the cell cycle inhibitors p21Waf1 and p27Kip1. Late-passage HPMC exposed to HG
displayed marked hypertrophy and released increased amounts of fibronectin and TGF-b1. These effects were absent
from HPMC treated with equimolar M. Exposure of early-passage HPMC to exogenous recombinant TGF-b1 induced a
senescence marker SA-b-Gal in a dose-dependent manner and mimicked other senescence-associated alterations induced
by HG. The addition of anti-TGF-b1 neutralizing antibody partially reduced the activation of HG-induced SA-b-Gal. These
results indicate that chronic exposure to elevated glucose may result in TGF-b1-mediated accelerated senescence of
HPMC in vitro, which may hypothetically contribute to the peritoneal membrane dysfunction during peritoneal dialysis
in vivo.
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There are growing concerns about the long-term impact of
peritoneal dialysis fluids (PDF) on the integrity of peritoneal
membrane. It is believed that some alterations in peritoneal
structure and function, which develop in patients undergoing
continuous ambulatory peritoneal dialysis (CAPD), may re-
sult from the prolonged exposure to bioincompatible PDF.
The improvements in manufacturing of PDF reduced adverse
effects related to low pH and glucose degradation products.
However, glucose itself seem to have no realistic alternative as
the main osmotic agent for PDF. And paradoxically, glucose
is viewed as being largely responsible for unfavorable effects
of PDF. This assumption is based on the fact that the al-
terations seen in the peritoneum of dialyzed patients often
resemble those seen in diabetics and include thickening of
basement membranes, vasculopathy, and accumulation of
advanced glycation end-products.1–3

The peritoneal mesothelium plays a pivotal role in con-
trolling the peritoneal homeostasis. Therefore, the detri-
mental impact of high glucose (HG) on mesothelial cells may
contribute to the peritoneal membrane dysfunction during
dialysis. In a series of experiments, Gotloib et al4,5 analyzed
the imprints of the mesothelium obtained from mice exposed
chronically to glucose-containing PDF. They found a sig-
nificant increase in both the average size of mesothelial cell
and the prevalence of very large cells, which together resulted
in reduced density of the mesothelial monolayer. Moreover,
the mitotic index of these cells was markedly decreased. The
authors noticed that all these alterations were very similar to
those characterizing the population of senescent cells.

It is now recognized that cell senescence may occur not
only as a result of critical telomere dysfunction, but also in
response to a number of environmental stresses (reviewed by
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Ben Porath and Weinberg6). Although activated through a
different pathway, cells undergoing stress-induced premature
senescence acquire all typical features of senescence: growth
arrest, chromatin silencing, different gene expression pat-
terns, and greatly enlarged morphology. We have recently
examined the senescent phenotype of human peritoneal
mesothelial cells (HPMC).7 It appears that HPMC in culture
enter senescence relatively early, losing rapidly the pro-
liferative capacity but increasing significantly in size.

Cellular hypertrophy is usually defined as an increase in
cellular protein content but without corresponding DNA
replication. It may occur when the cells synthesize proteins in
preparation for cell division, but then become growth ar-
rested at G1 phase of the cell cycle. Although senescent cells
cease to replicate, they remain metabolically active and syn-
thesize proteins. Therefore, a distinctive feature of aged cells
is hypertrophy with an accompanying increase in cell size. On
the other hand, cellular hypertrophy has been associated with
hyperglycemia, and as such has been extensively studied in
the context of diabetic nephropathy. Many studies have de-
monstrated that exposure of mesangial cells to elevated glu-
cose alters the cell cycle and metabolism in a way that may
ultimately lead to cellular hypertrophy (reviewed by Shank-
land and Wolf,8 Wolf9). During CAPD the peritoneal me-
sothelium is exposed to glucose at concentrations much
higher that those seen in diabetes. Therefore, a similar pro-
blem may arise in the peritoneum.

Given that hypertrophy is a hallmark of both senescent
cells and cells exposed to hyperglycemia, we have sought to
examine if there exists a link between HG and activation of
the senescence program in peritoneal mesothelial cells. We
show that chronic exposure of cultured HPMC to increased
concentrations of glucose leads to accelerated development of
the senescent phenotype, largely through increased genera-
tion of transforming growth factor-b1 (TGF-b1).

MATERIALS AND METHODS
Unless otherwise stated, all chemicals were purchased from
Sigma-Aldrich Corp. (St Louis, MO, USA). All tissue culture
plastics were from Nunc (Roskilde, Denmark).

Cell Culture
Omentum-derived human peritoneal mesothelial cells
(HPMC) were isolated as detailed elsewhere.10 The specimens
of omentum were obtained from consenting non-uremic and
non-diabetic patients undergoing elective abdominal surgery.
Cells were propagated in Earle’s buffered M199 culture
medium supplemented with L-glutamine (2mM), penicillin
(100U/ml), streptomycin (100 mg/ml), hydrocortisone
(0.4 mg/ml), and 10% v/v fetal calf serum (Invitrogen,
Karlsruhe, Germany). Cells were identified as mesothelial by
their uniform cobblestone appearance at confluence and
positive staining for cytoskeleton cytokeratin and mesothelial
cell-specific microvilli-associated HBME-1 antigen.11,12

Induction of Senescence
Senescence was induced by serial passages, as described pre-
viously.7 Briefly, upon reaching confluence, cells from the
primary culture were dislodged using a trypsin-EDTA (0.05–
0.02%) solution and seeded into a new culture flask at a
density of 3� 104 cells/cm2. Next passages were performed at
three-day intervals with the same seeding density. The pas-
sages were carried out up to when the number of cells did not
increase any further. Cells were counted using the Bürker
chamber, and the number of population doublings (PD) was
calculated as follows: PD¼ log2(Ct/Co), where Co is the
number of cells inoculated, and Ct is the number of cells
harvested. HPMC derived from the primary culture were
considered to be at PD¼ 0. During subsequent passages, no
correction was made for cells that failed to attach or reinitiate
growth. As HPMC lines established from different donors
show large variability and enter senescence after different
number of passages,7 the cells were examined at their first
and last passages, designated as ‘early’ and ‘late’, respectively.
This approach enabled comparisons between the donors.

Experimental Conditions
HPMC were cultured into senescence in standard medium
containing 5mM glucose (NG, normal glucose). In the test
group, the medium was supplemented with additional
25mM glucose to reach the final concentration of 30mM
(HG). To normalize for the resulting hyperosmolality, the
parallel cultures were maintained in the presence of 5mM
glucose and 25mM mannitol (M). When cells from one
experimental group ceased to proliferate and could not be
passed further, the corresponding cultures were also termi-
nated so that all groups were assessed at the same time
points.

In a separate series of experiments the early-passage
HPMC were cultured in standard control medium supple-
mented with recombinant human TGF-b1 (R&D Systems,
Wiesbaden, Germany). In order to determine whether the
effects of HG were mediated by TGF-b1, HPMC were cul-
tured in the presence of either neutralizing anti-TGF-b1
antibody (R&D Systems, Cat. No AF-101–NA) or control
chicken IgY (R&D Systems, Cat. No AB-101–C). The anti-
bodies were applied at a concentration of 400 ng/ml, as de-
monstrated by Tremain et al.13 The media with antibodies
were changed every 2 days.

Detection of SA-b-Gal
The presence of senescence-associated b-galactosidase (SA-b-
Gal) was visualized according to Dimri et al.14 The technique
was applied to HPMC essentially as described previously.7 In
addition, SA-b-Gal expression was quantified by measuring
the rate of conversion of 4-methylumbelliferyl-b-D-galacto-
piranose to 4-methylumbelliferone at pH 6.0, as described by
Gary and Kindell.15
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Detection of p21WAF1

Expression of p21WAF1 was assessed with the use of specific
p21WAF1 immunoassay kit (Calbiochems, Merck Biosciences,
Darmstadt, Germany). Cell extracts were prepared and the
assay was performed according to the protocols provided by
the manufacturer. One unit of p21WAF1 (1U/ml) was defined
as the amount of p21WAF1 originating from 2.7� 105 human
breast adenocarcinoma cells (of the MCF7 line) harvested in
a standardized manner. The results were normalized per
number of cells used to prepare cell extracts of equal protein
content.

Detection of p27Kip1

Expression of p27Kip1 was assessed by immunocytochemistry.
HPMC were cultured in Lab-Tek Chamber Slides (Nunc),
fixed with 70% ethanol and incubated with a monoclonal
anti-p27Kip1 antibody (Dako, Glostrup, Denmark). Bound
antibodies were visualized by immunoperoxidase staining
performed with the EnVisionþ System (Dako) according to
manufacturer’s instructions.

Morphometric Evaluation
The slides were initially inspected at low magnification to
identify the areas free of any damage. Two randomly selected
regions were then viewed under higher magnification and
500 cells were counted by moving from left to right and from
top to bottom. The morphometric analysis was performed
on digitalized microscopic images (Nikon Eclipse E-400,
Tokyo, Japan) by using Screen Measurement 4.21 software
(Laboratory Imaging, Prague, Czech Republic).

Assessment of Cellular Hypertrophy
One hundred thousand cells from early and late passages
were solubilized with 0.1% NaOH. Protein concentration in
cell lysates was determined with the Bradford method using
Protein Assay Dye Reagent (Bio-Rad, Munich, Germany).
The ratio of total cell protein to the corresponding cell
number was used as an indicator of cellular hypertrophy.

Measurement of TGF-b1 and Fibronectin Release
The concentrations of TGF-b1 and fibronectin in culture
supernates were measured with enzyme-linked im-
munoassays. In the TGF-b1 assay, the extracellular domain of
human TGF-b type II receptor fused to the Fc region of
human IgG served as a capture, and the biotinylated anti-
TGF-b antibody was used for detection (all reagents from
R&D Systems). The assay was designed and performed as per
manufacturer’s instructions. TGF-b1 levels were determined
after sample activation with 1N HCl and subsequent
neutralization with 1.2N NaOH/0.5M HEPES. The im-
munoassay for fibronectin employed anti-human fibronectin
antibodies from Dako (Hamburg, Germany) and Biogenesis
(Quartett, Berlin, Germany), as described previously.16 The
sensitivity of the assays was 15 pg/ml for TGF-b1, and
0.31 ng/ml for fibronectin.

[3H]-Thymidine Incorporation
Early-passage HPMC were plated onto 48-well clusters and
allowed to attach for 2 h. Then, the cells were exposed to
TGF-b1 for 24 h in the presence of [3H]-thymidine (as me-
thyl-[3H]-thymidine; 1mCi/ml; Institute of Radioisotopes,
Prague, Czech Republic). After the incubation the cells were

Table 1 Primer sequences and PCR conditions

Sequence Product size (bp) PCR cycles Annealing temperature (1C) Reference

b-Actin

F: 50-GGAGCAATGATCTTGATCTT-30

R: 50-TGCTCACAGGCAAGGTGTAG-30 204 30 55 18

TGF-b1

F: 50-GGCAGTGGTTGAGCCGTGGA-30

R: 50-TGTTGGACAGCTGCTCCACCT-30 510 35 55 19

Fibronectin

F: 50-AGCCGCCACGTGCCAGGATTAC-30

R: 50-CTTATGGGGGTGGCCGTTGTGG-30 439 22 55 20

P27Kip1

F: 50-TCTGTAGTAGAACTCGGGCAA-30

R: 50-AGTTCAAACGTGCGAGTGTC-30 266 29 60 21
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harvested, precipitated with 10% (w/v) trichloroacetic acid
(TCA), and dissolved in 0.1 N NaOH. The radioactivity re-
leased was measured in a beta liquid scintillation counter
(Wallac, Perkin Elmer, Warsaw, Poland).

[3H]-Proline Incorporation
Early-passage HPMC were plated onto 48-well plates and
grown to confluence. Then, the cells were treated with TGF-
b1 for 48 h in the presence of b-aminopropionitrile, ascorbic
acid (both at 50 mg/ml), and 3H-proline (4 mCi/ml; Amer-
sham Biosciences, Little Chalfont, UK). The cells were lysed
in H2O by repeated freezing and thawing, and precipitated
with 10% TCA. The precipitate was solubilized in 0.1 N
NaOH and measured for radioactivity in a beta counter.

Reverse Transcription-Polymerease Chain Reaction
Total RNA from HPMC cultures was extracted with the RNA
Bee (Tel-Test, Friendswood, TX, USA) and purified according
to the manufacturer’s protocol. RNA (1mg) was reverse
transcribed into cDNA with random hexamer primers, as
described elsewhere.17 Primer sequences and PCR conditions
were as shown in Table 1.

Statistical Analysis
Statistical analysis was performed using a repeated measures
analysis of variance with the Newman–Keuls multiple com-
parison post-test (GraphPad Prismt 4.00 software; Graph-
Pad Software, San Diego, CA, USA). When appropriate, the
comparisons were made with the McNemar’s test (Analyse-It
1.71 software; Analyse-It Software, Leeds, UK). Results are
expressed as the means7s.d. Differences with a P-value
o0.05 were considered as statistically significant.

RESULTS
HG Inhibits the Proliferation of HPMC

Continuous exposure to HG (30mM) decreased the rate
of HPMC proliferation (Figure 1a). This inhibitory effect of
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glucose was not evident at an early phase of exposure. In fact,
in 35% of all cultures examined, the number of cells treated
with HG increased slightly during first 3 days of incubation.

However, during the next passages the decrease in HPMC
proliferation was seen consistently and became more and
more pronounced. As a result, the exhaustion of the pro-
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liferation capacity of these cells occurred earlier compared to
control HPMC maintained in low glucose. The two-way
analysis of variance revealed that the curves describing the
growth-over-time relationship for cells cultured in low and
HG were significantly different (F¼ 13.35, P¼ 0.0004).

Such an effect was less obvious in HPMC exposed to
equimolar concentration of M. These cells were losing their
proliferative potential at a rate only slightly increased com-
pared to control cells, but more slowly compared to cells
exposed to HG. Consequently, M-treated cells reached only
marginally fewer PD compared with the controls, but sig-
nificantly more than glucose-treated HPMC (Figure 1b).

HG Increases the Expression of the Senescence Marker
SA-b-Gal and Augments Senescence-Associated HPMC
Hypertrophy
As demonstrated previously,7 the senescence of HPMC
was associated with the appearance of the senescence marker
SA-b-Gal and with the increase in cell size and cellular
protein contents (Figure 2). These features of senescence
were significantly more pronounced in HPMC grown in HG.
The differences were not apparent in early-passage cells,
but became highly significant in late-passage cells. In HG-
treated cultures more than 90% of cells stained positively
for SA-b-Gal, while in cells senescing under NG, this per-
centage at the same stage was 78%. In two randomly selected
cultures the expression of SA-b-Gal was also assessed at the
fourth passage, which corresponded to about 50% of their
lifespan in vitro. At this stage the number of senescent
cells in HPMC cultures began to increase with the percent-
age of SA-b-Gal-positive cells already higher in cultures ex-
posed to HG (13 vs 9%). Moreover, the size of HPMC that
reached senescence in the presence of HG was increased by
approximately 56% and the cellular protein content of these
cells increased by 160%, compared with HPMC cultured in
low glucose. In contrast, in cells exposed to M, the senes-
cence-associated rise in SA-b-Gal expression, cell size and
protein contents occurred at a rate similar to that seen
in control cells.

HG Increases the Expression and Release of Fibronectin
by Senescent HPMC
In control late-passage cells the expression of fibronectin
mRNA and the release of protein was significantly increased
compared with early-passage cells (Figure 3). This pattern
was also seen in HPMC exposed to HG, however, the mag-
nitude of the increase was significantly greater. Exposure to
M also resulted in an augmented fibronectin release, which
was seen already in early-passage cells and in senescent cells
was comparable to that induced by HG.

HG Increases the Expression of Cell Cycle Inhibitors
p21Waf1 and p27Kip1 by Senescent HPMC
Senescence of HPMC was associated with an almost four-fold
increase in p21Waf1 expression, as assessed by an im-

munoassay (Figure 4a) and a nine-fold increase in p27Kip1

expression, as assessed by immunocytochemistry (Figure 4b).
These effects were significantly exacerbated in cells exposed
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to HG. Exposure to HG resulted in increased expression of
p27Kip1 mRNA (Figure 4c–d), but not of p21Waf1 mRNA (not
shown). In contrast, in cells exposed to M the expression of
neither p27Kip1 nor p21Waf1 differed significantly from that in
control cells.

HG Increases the Expression and Release of TGF-b1 by
Senescent HPMC
Senescent HPMC released more TGF-b1 compared with
early-passage cells (Figure 5). Cells that reached senescence in
the presence of HG secreted approximately 50% more TGF-
b1 compared with sister cells cultured in NG. This rise was
associated with the increased TGF-b1 mRNA expression.
Exposure to M had no similar effect.

Exposure to Exogenous TGF-b1 Induces the Senescent
Phenotype in Early-Passage HPMC
In order to determine whether the effects exerted by HG
could have been related to the induction of TGF-b1, early-
passage cells were treated with exogenous recombinant

human TGF-b1 and examined for the features of senescence.
Exposure of vigorously proliferating HPMC to TGF-b1 resul-
ted in a dose-dependent growth inhibition as measured
by 3H-thymidine incorporation (Figure 6a). Moreover, the
fraction of early-passage cells expressing p27Kip1 increased
almost up to 60% as a result of the exposure to TGF-b1
(Figure 6b–c). This effect was also associated with a time-
dependent increase in p27Kip1 mRNA expression (Figure 6d–
e). On the other hand, exposure to TGF-b1 resulted in a
dose-dependent increase in de novo protein synthesis, as
judged by 3H-proline incorporation (Figure 7a). Further-
more, the incubation of HPMC with TGF-b1 led to a time-
and dose-dependent increase in fibronectin mRNA expres-
sion and release (Figure 7b–d). Finally, the exposure of early-
passage cells to TGF-b1 led to a marked dose-dependent
increase in the percentage of cells expressing the marker of
senescence SA-b-Gal (Figure 8a–b). After 6 days of incuba-
tion with 1 ng/ml of TGF-b1, approximately 80% cells
stained positively for SA-b-Gal, and the cultures exhibited a
3.6-fold increase in SA-b-activity (Figure 8c). Specificity of
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this effect was confirmed by the inhibition with anti-TGF-b1
neutralizing antibody.

Effect of Anti-TGF-b1 Antibody on HG-Induced Increase
in SA-b-Gal Activity
Exposure of early-passage HPMC to HG for 5 days resulted
in an almost three-fold increase in SA-b-Gal activity (Figure
9). This increase was partially reduced by the simultaneous
addition of neutralizing anti-TGF-b1 antibody. The inhibi-
tion was observed in eight out of nine cell lines examined,
with the magnitude of inhibition ranging between 14
and 79%.

DISCUSSION
Many parameters of mesothelial cell function have been used
to evaluate biocompatibility of PDF. Our data indicate that
the senescence response may be the next criterion to include
in biocompatibility testing. Cellular senescence is viewed as a
mechanism preventing the spread of potentially lethal errors
to daughter cells. On the other hand, the accumulation of

senescent cells may significantly alter the function of the
tissue affected.22 In the present study, we have used an in
vitro model of HPMC senescence7 and demonstrated that the
exposure of HPMC to high concentrations of glucose re-
sulted in the accelerated and augmented senescence response.

The inhibitory effect of glucose on HPMC proliferation
has been long recognized.23–25 However, earlier studies as-
sessed the HPMC proliferation in the short-term, up to few
days, and within a period of one passage. Moreover, the cells
studied were derived from early-passage populations and
were cell-cycle synchronized before the exposure.25 In con-
trast, we have examined the growth of HPMC over their
whole lifespan in culture and in the continuous presence of
serum stimulation. We have observed that HPMC exposed to
HG lost their proliferative potential earlier and reached fewer
PD compared with control cells. Moreover, accelerated loss of
HPMC proliferative capacity was associated with the in-
creased presence of a senescence marker, SA-b-Gal. In this
respect, our results are in line with those of Blazer et al,26 who
observed premature senescence of skin fibroblasts propagated

0 0.25 2.5 25
0

5

10

15

20

25

30

*

*

TGF-ββ1 (ng/ml)

0 0.25 2.5 25

TGF-β1 (ng/ml)

C
p

m
 (

x 
10

00
)

0

10

20

30

40

50

60

*

*

*

F
ib

ro
n

ec
ti

n
 

(n
g

/1
05  c

el
ls

)

β-actin

TGF-β1- +
8 h

- +
24 h

- +
72 h

123

246

369
492

8 24 72
0.0

0.5

1.0

1.5 Control

TGF-β1

Time (hours)

F
ib

ro
n

ec
ti

n
/β

-a
ct

in
 

m
R

N
A

 (
O

D
 x

 m
m

2 )

Fibronectin

a

c d

b

Figure 7 Effect of TGF-b1 on protein synthesis by HPMC. (a) Early-passage cells were incubated for 48 h with increasing doses of TGF-b1 and the de novo

protein synthesis was assessed by 3H-proline incorporation. The data were derived from three independent experiments with the use of cells from different

donors. Asterisks represent a significant difference compared with cells not exposed to TGF-b1. (b) The release of fibronectin by early-passage cells

stimulated with TGF-b1 for 48 h. The data were obtained from three experiments with cells from different donors. Asterisks represent a significant difference

compared with cells not exposed to TGF-b1. (c) Fibronectin mRNA expression in early-passage HPMC treated with 10 ng/ml of TGF-b1 for the time-periods

indicated; a representative RT-PCR experiment of two performed. (d) Densitometric fibronectin/b-actin ratios were calculated for cells incubated in the

presence (’) or absence (&) of TGF-b1.

Glucose and senescence of peritoneal mesothelial cells
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in elevated glucose. Moreover, our results are in keeping with
the observations of Gotloib et al, who detected the appear-
ance of mesothelial cells with the senescent-like phenotype in
mice treated chronically with high intraperitoneal load of
glucose.5,27,28 Interestingly, both the in vivo studies and our
in vitro experiments showed no significant effect of M, which
points to a specific metabolic effect of glucose, unrelated to
corresponding hyperosmolality.

The peritoneal mesothelium is regarded as a slowly re-
newing tissue with the basal mitotic activity present in less
than 1% cells.27,29 A marked rise in mesothelial cell pro-
liferation may occur after injury or inflammation and can be
visualized by autoradiographic and cytochemical techni-
ques.27,29,30 It has been suggested, that the periods of in-
creased growth may lead to faster exhaustion of the
proliferative capacity of HPMC.27 Indeed, the potential of the
peritoneal mesothelium to replicate appears to be rather
limited with cells being capable of just few rounds of mitosis,
either in vivo27 or in vitro.7 In this regard, it has been ob-

served that the loss of proliferative capacity in glucose-treated
mesothelial cells in vivo was preceded by a short period of
accelerated growth.27 We have seen a similar effect in ap-
proximately a one third of HPMC cultures exposed to HG.
The lack of consistency in this respect may result from the
fact, that in our setting HPMC were examined at 3-day in-
tervals, which may be too sparse for the short-lived effect of
glucose to be detected.

The process of peritoneal dialysis is associated with con-
tinuous mesothelial cell injury and regeneration.31 One may
envisage a scenario, in which glucose-mediated loss of pro-
liferative capacity will eventually hamper the repopulation of
the denuded areas. Importantly, such an effect may be not
seen in short-term experiments with young vigorously pro-
liferating cells. Indeed, remesothelialization after scratch
wounding in vitro was not found to be significantly affected
by increased doses of glucose.32 However, it would be inter-
esting to assess the rate of wound closure in relation to the
replicative age of HPMC.
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One of the key mediators of senescence-associated growth
arrest is p21Waf1 a cell-cycle inhibitor, activated by p53 pro-
tein in response to DNA damage.6 Increased expression of
p21Waf1 by HG-treated HPMC may suggest some kind of
DNA injury. In this respect, Ishibashi et al33 detected in-
creased presence of 8-hydroxy-20-deoxyguanosine, a marker
of oxidative DNA damage, in HPMC exposed to HG. An-
other inhibitor implicated in cellular senescence is p27Kip1.34

Indeed, we have observed an increase in p27Kip1 expression
in control HPMC undergoing senescence, and even greater
increase in cells exposed to HG. Similar increases in
both p21Waf1 and p27Kip1 have been reported to occur in
HG-treated endothelial35 and mesangial cells.36

The cessation of cell growth represents only one aspect of
cellular senescence. Compared with their young predecessors,
the senescent cells display marked hypertrophy and have a
different profile of biosynthetic activity. We have been able to
demonstrate that the exposure to HG significantly
exacerbates the shift toward these features of senescence. The
HG-treated HPMC became even more hypertrophic, and
released more fibronectin and TGF-b1. With the exception of
fibronectin, all these effects seemed to be mediated
predominantly by glucose per se rater than by hyperosmol-
ality. Furthermore, they were not easily seen in young cells
and became obvious only in late-passage cells. These
observations emphasize the need for testing the cells at
different phases of their lifespan. With respect to fibronectin,

the stimulatory effect of glucose was, at least partly,
hyperosmolality-mediated, which was not observed in earlier
studies by Kumano et al37 and Ha et al.38 However,
their experiments were performed on quiescent confluent
cells.

Increased expression of p27Kip1 is believed to contribute to
HG-induced cell hypertrophy. It has been demonstrated that
mesangial cells deficient in p27Kip1 did not hypertrophy in
response to HG.39 In addition, the HG-stimulated increase in
p27Kip1 expression was found to be partly related to the in-
creased production of TGF-b1.40 Also in our setting, HPMC
undergoing senescence in the presence of elevated glucose
expressed and released more TGF-b1. Therefore, in the
next series of experiments we have examined whether the
senescence-associated alterations in these cells could be re-
produced by the addition of exogenous TGF-b1 to early-
passage cells maintained in low glucose medium. We have
found that the exposure of HPMC to TGF-b1 initiated the
processes implicated in the pathogenesis of glucose-induced
cell hypertrophy: growth inhibition, increased protein
synthesis, increased p27Kip1 expression, and enhanced fibro-
nectin release. These results correspond to the data obtained
from TGF-b1-deficient mice. When challenged with HG,
tubular epithelial cells from these animals proliferated more
rapidly, and synthesized less protein and fibronectin com-
pared with the cells from wild-type littermates.41 Finally, we
have observed that the exposure of young HPMC to TGF-b1
resulted in a rapid activation of the senescence program as
judged by the presence of the biomarker SA-b-Gal. Similar
induction of SA-b-gal in response to TGF-b has been de-
scribed in human lung fibroblasts42 and prostate epithelial
cells.43 TGF-b1 is known to operate in the peritoneal cavity
and it has been implicated in many of the PDF-induced
changes seen in CAPD patients.44 Interestingly, Gotloib et
al45 have recently detected the increased prevalence of me-
sothelial cells expressing SA-b-Gal in mice exposed to poly-
glucose-based PDF. In order to determine directly the extent
to which the effects of HG were mediated by TGF-b1, acti-
vation of SA-b-Gal was measured in HPMC cultured in the
presence anty-TGF-b1 neutralizing antibody. The blocking
capacity of this antibody was confirmed in tests with exo-
genous TGF-b1. In these experiments, the anti-TGF-b1 an-
tibody reduced TGF-b1-induced SA-b-Gal activation to the
control level. Quantitative analysis showed that the increase
in SA-b-Gal activity in early-passage cells treated with HG
occurred already after few days of exposure. In this setting,
the effect of TGF-b1 blockade was less evident, approx-
imating to 30% inhibition. This may indicate that factors
other than TGF-b1 contribute to the induction of SA-b-Gal
by HG. They may include increased generation of reactive
oxygen species46 or downregulation of connexin 43 gap
junctions.36 Our results also suggest that at least part of TGF-
b1 produced in response to HG displayed biological activity.
Indeed, previous studies have documented bioactivity of
HG-induced TGF-b1.35,47,48
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In summary, the present study shows that chronic ex-
posure to elevated glucose may result in the accelerated in-
duction of senescence in HPMC in vitro, possibly through
increased TGF-b1 release. These findings could be analyzed
in the context of recent observations by the Goligorsky’s
group: they have demonstrated that endothelial cells may
undergo premature senescence when grown on glycated
collagen49 and that the process is executed by the p16INK4a-
mediated pathway.50 It is now well known that peritoneal
dialysis leads to glycation of peritoneal membrane pro-
teins1,51 and, on the other hand, the senescence of HPMC is
accompanied by the upregulation of p16INK4a.7 Taking all
these circumstances together, one may think of looking for
the evidence of premature senescence in the peritoneal
membrane of patients undergoing clinical peritoneal dialysis.
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K Książek et al

356 Laboratory Investigation | Volume 87 April 2007 | www.laboratoryinvestigation.org


	Accelerated senescence of human peritoneal mesothelial cells exposed to high glucose: the role of TGF-β1
	Materials and methods
	Cell Culture
	Induction of Senescence
	Experimental Conditions
	Detection of SA-β-Gal
	Detection of p21WAF1
	Detection of p27Kip1
	Morphometric Evaluation
	Assessment of Cellular Hypertrophy
	Measurement of TGF-β1 and Fibronectin Release
	[3H]-Thymidine Incorporation
	[3H]-Proline Incorporation
	Reverse Transcription-Polymerease Chain Reaction
	Statistical Analysis

	Results
	HG Inhibits the Proliferation of HPMC
	HG Increases the Expression of the Senescence Marker SA-β-Gal and Augments Senescence-Associated HPMC Hypertrophy
	HG Increases the Expression and Release of Fibronectin by Senescent HPMC
	HG Increases the Expression of Cell Cycle Inhibitors p21Waf1 and p27Kip1 by Senescent HPMC
	HG Increases the Expression and Release of TGF-β1 by Senescent HPMC
	Exposure to Exogenous TGF-β1 Induces the Senescent Phenotype in Early-Passage HPMC
	Effect of Anti-TGF-β1 Antibody on HG-Induced Increase in SA-β-Gal Activity

	Discussion
	References


