
INTRODUCTION
Remote ischemic preconditioning

(RIPC) in which brief ischemia of one
organ has been shown to confer protec-
tion on distant organs is a powerful in-
nate mechanism of multiorgan protec-
tion from ischemia/reperfusion (I/R)
injury. Several animal studies as well as
clinical trials have reported RIPC as an

effective, cheap and low-risk technique
with remarkable clinical promise.
Translation of RIPC to clinical applica-
tion has recently been demonstrated by
transient occlusion of blood flow to a
limb with a blood pressure cuff, thereby
preconditioning the myocardium before
coronary artery bypass graft surgery
(1–4).

Unfortunately, the mechanisms in-
duced by RIPC, the nature of the circu-
lating substances released by RIPC and
their cellular effects within the various
target organs are poorly investigated.
Mechanisms may be humoral, neural or
a combination of both and may involve
adenosine, bradykinin, protein kinases,
ATP-sensitive K+ channel (KATP) channels
and/or other factors (3–5).

Besides the heart, the intestine is also
commonly affected by I/R injury, which
can be due to, for example, cardiac arrest
(6), hemorrhagic shock (7), burn trauma
(8) or vascular and cardiac surgery
(9–11). Animal studies and clinical obser-
vations revealed that ischemia leads to
increased permeability of the intestinal
epithelial barrier, resulting in transloca-
tion of pathogenic bacteria and endotox-
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ins (12–14). As a consequence, inflamma-
tion, sepsis and multiorgan failure may
develop, leading to life-threatening con-
ditions (14–17). Although, protective ef-
fects of ischemic conditioning have in-
tensively been described for the setting
of myocardial I/R injury, recent studies
suggest that the intestine may also bene-
fit from this technique, showing a reduc-
tion of I/R-induced tissue injury by is-
chemic preconditioning, ischemic
postconditioning and RIPC (18,19). How-
ever, the factors responsible for the
RIPC-mediated effects in the intestine as
well as the cellular mechanisms are cur-
rently unknown.

In the study presented, we used a cul-
ture model of human epithelial intestinal
cells to evaluate the effects of human
RIPC-conditioned sera on hypoxia-
 induced cell damage and to identify po-
tential serum factors that mediate RIPC
effects.

MATERIALS AND METHODS

RIPC Sera
Sera from cardiac surgery patients 

(n = 10) receiving RIPC were collected
before RIPC (serum T0, 0 min), directly
after RIPC (serum T1, 40 min) and 1 h
after RIPC (serum T2, 100 min). RIPC
was performed by four cycles of 5 min
of upper arm ischemia induced with a
blood pressure cuff. Each cycle of ische-
mia was followed by 5 min of reperfu-
sion (Figure 1A). Written consent was
obtained from all patients enrolled in the
study. Basic and clinical information
about the respective patients are dis-
played in Supplementary Table 1. For
lactate dehydrogenase (LDH) measure-
ments and zymography experiments,
sera from patients not subjected to RIPC
(n = 6) were used as controls.

Experimental Setting

Effects of Sera T0, T1 and T2 on
Hypoxia-Induced Cell Damage

Hypoxia was generated in the culture
model of human colonic CaCo-2 cells
(European Collection of Cell Cultures,

Salisbury, UK) using our recently de-
scribed system (20,21). In this enzymatic
model, depletion of oxygen is achieved
rapidly within minutes, representing the
clinical situation of intestinal ischemia.
After 1 h, hypoxic media were discarded
and normoxic culture medium was
added, representing the reperfusion/
 reoxygenation event occurring in vivo. To
evaluate the optimal concentration of
human sera to be added to the culture
medium, 3-(4,4-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrzolium (MTS) cell proliferation
assays were performed with CaCo-2 cells
and different concentrations (0%, 1%, 5%,
10%, 20%) of human sera and fetal calf
serum as the control. On the basis of the
growth characteristics (Supplementary
Figure 1), the lowest concentration of
serum that induced cell proliferation was
evaluated. Supplementation with 5%
human serum (T0, T1 or T2) was chosen,
and the respective sera were added at the
onset of hypoxia until 48 h after hypoxia.
Gene expression, protein expression/
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Figure 1. Experimental setting. (A) RIPC protocol in vivo and blood collection. (B) Experi-
mental setting of the in vitro study and morphology of CaCo-2 cells under normoxic con-
ditions and 24 h after a 1-h hypoxia period. Hypoxia leads to cell rounding, detachment
from the growth surface and signs of cell damage. Bars denote 100 μm.



phosphorylation, cell damage, apoptosis
and activities of matrixmetalloproteinase
(MMP)-2 and MMP-9 were investigated at
different time points after the hypoxic in-
sult (Figure 1B). Cell morphology was as-
sessed by bright-field microscopy using a
Leica DMIL microscope in combination
with an LMscope camera and XnView
v1.95.4 software.

Effects of Recombinant MMP-2 and MMP-
9 on Hypoxia-Induced Cell Damage

To evaluate the role of MMP-2 and
MMP-9 in hypoxia-induced cell damage,
MMP-deficient medium (Dulbecco’s
modified Eagle’s medium without addi-
tion of fetal calf serum or human serum,
which are sources of MMPs) was en-
riched with human recombinant MMP-2
and MMP-9 (MMP-2: #PF023, MMP-9:
#PF024, Merck, Darmstadt, Germany)
during hypoxia and up to 48 h afterward,
and release of LDH, activity of  caspase-
3/7, phosphorylation of p42/44 and
phosphorylation of protein kinase B (Akt)
were quantified. Concentrations of MMPs
were chosen on the basis of the average
concentrations of MMP-2 and MMP-9
contained within human sera T0 (nonpro-
tective sera containing high concentra-
tions of MMP-2 and MMP-9; see below).
Briefly, sera T0 and increasing amounts of
human recombinant MMP-2 and MMP-9
were loaded on gelatin gels and were
 analyzed by gelatin zymography. Band
intensities were evaluated to estimate the
amounts of MMP-2 and MMP-9 in the
human sera (for details, see Gelatin
 Zymography below). On the basis of the
results, concentrations of MMP-2 and
MMP-9 were adjusted to 25 and
100 ng/mL, respectively. Control experi-
ments showed that CaCo-2 cells are not
an endogenous source for MMPs and do
not release active MMP-2 or MMP-9 into
the culture medium (data not shown).

Isolation of RNA and Reverse
Transcription–Polymerase Chain
Reaction

Cells were washed twice with phosphate-
buffered saline (Sigma-Aldrich, Schnell-
dorf, Germany) and suspended in RLT

buffer (Qiagen, Hilden, Germany). Isola-
tion of RNA was done with the Qiagen
RNeasy minikit according to the manu-
facturer’s protocol. RNA concentrations
in the samples were quantified with a
spectrophotometer at 260 nm, purity of
RNA was assessed by the 260/280-nm
ratio. A total of 200 ng total RNA was
used to produce cDNA by a reverse tran-
scription kit (Applied Biosystems, Carls-
bad, CA, USA) using random hexamer
primers. A 2-μL sample was used as a
template for PCR experiments in a final
volume of 20 μL. All PCR experiments
were performed with DNA Taq Poly-
merase from Solis BioDyne (Tartu,
 Estonia). The following primers were
synthesized (Metabion, Martinsried, Ger-
many) and used to amplify specific frag-
ments of the human transcripts: Bax
(NM_138763): 5′-GGGCCCTTTT GCTTC
AGGGGA-3′ and 5′-CTGGGGGCCT
CAGCCCATCT-3′, annealing tempera-
ture 62°C, amplicon size 374 bp and 18s-
RNA (NR_003286): 5′-GTTGGTGGAG
CGATTTGTCTGG-3′ and 5′-AGGGC
AGGGACTTAATCAACGC-3′, annealing
temperature 58°C, amplicon size 348 bp.
Negative controls were performed by
omitting the respective input cDNA.
PCR products were separated on 2.5%
agarose gels, followed by ethidiumbro-
mide staining, and were visualized by
ultraviolet transillumination. For evalua-
tion of gene expression levels, gels were
scanned and the respective bands were
densitometrically analyzed with the soft-
ware ImageJ (v1.41o; National Institutes
of Health, Bethesda, MD, USA). Values
are depicted as relative densitometric
units.

LDH Cytotoxicity Assay
The colorimetric Cytotoxicity Detection

KitPLUS (Roche, Mannheim, Germany) was
used for the quantification of cell damage
by measuring LDH activity released from
cultured cells. Preparation of samples and
measurements were performed on the
basis of the manufacturer’s protocol.
Briefly, cell culture supernatants were col-
lected 24 or 48 h after hypoxia and stored
at –20°C. For the evaluation of total LDH

activity, cell lysis was performed with 2%
Triton X-100 (Roth, Karlsruhe, Germany).
The 100-μL samples were measured per
well of a 96-well plate at 492 nm using an
enzyme-linked immunosorbent assay
(ELISA) reader (Tecan, Crailsheim, Aus-
tria) with Magellan software v1.1, and
values of absorbance were depicted as ar-
bitrary units (AU).

Silverstaining of Sodium Dodecyl
Sulfate–Polyacrylamide Gel
Electrophoresis

Serum samples were depleted of albu-
min using the Swellgel Blue Albumin
 Removal Kit (Thermo Scientific, Bonn,
Germany) referring to the manufac-
turer’s protocol. Samples were boiled for
5 min after addition of sodium dodecyl
sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) sample buffer (62.5
mmol/L Tris-HCl, 2% SDS, 10% glycerol,
5% β-mercaptoethanol, all from Sigma-
Aldrich). An equal amount of serum 
(20 μL of a 1:200 dilution) of each sample
was separated by 4–20% gradient (Pre-
cise gradient gels, Thermo Scientific)
SDS-PAGE. Silver staining of serum pro-
teins was performed using the Silver
Staining Kit, Protein plus one (GE
Healthcare,  Munich, Germany), and the
protocol  provided.

Gelatin Zymography
Zymography was performed as de-

scribed previously (22). Briefly, 1 μL of the
respective serum (T0 and T2 from RIPC
patients [n = 6] as well as T0 and T2 from
control patients without RIPC [n = 6]) was
loaded and separated on 7% SDS poly-
acrylamide gels (containing 1 mg/mL gel-
atin) under nonreducing conditions. After
electrophoresis, the gels were soaked in
2.5% Triton X-100 for 30 min to remove
SDS and were incubated in Tris-HCl 
(50 mmol/L, pH 7.5), containing CaCl2

(5 mmol/L), and ZnCl2 (1 mmol/L)
overnight at 37°C. After Coomassie blue
staining, white bands of lysis indicated
digestion of gelatin by MMPs. Densito-
metric analysis was performed using the
ImageJ 1.41o software (ImageJ). For semi-
quantitative analysis of concentrations of
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MMP-2 and MMP-9 in sera T0, increasing
amounts (0.01, 0.1, 1 and 10 ng) of the re-
spective human recombinant MMPs
(Merck) and sera T0 were loaded on the
gel, and band intensities were evaluated
using the ImageJ 1.41o software to esti-
mate the concentrations of MMP-2 and
MMP-9 within the human sera T0 (Sup-
plementary Figure 2).

Caspase-3/7 Apoptosis Assay
The ApoONE Homogeneous Caspase-

3/7 Assay (Promega, Mannheim, Ger-
many) was used for the detection of
apoptotic events. Measurements were
performed 2 h after hypoxia. Treatment
of cells and evaluation of caspase-3/7 ac-
tivity were done on the basis of the man-
ufacturer’s protocol using a fluorescence
ELISA reader (Genios FL; Tecan, Crail-
sheim, Austria).

Western Blotting
Protein extraction from CaCo-2 cells

was performed with RIPA buffer contain-
ing 150 mmol/L sodium chloride, 1.0%
NP-40, 0.1% SDS, 1% sodium deoxy-
cholate and 50 mmol/L Tris-HCl (pH 7.6;
all from Sigma-Aldrich). Protein concen-
trations were determined with a BCA Pro-
tein Assay kit (Fisher Scientific, Schwerte,
Germany). Samples were boiled for 5 min
after addition of SDS-PAGE sample buffer
(62.5 mmol/L Tris-HCl, 2% SDS, 10%
glycerol and 5% β-mercaptoethanol, all
from Sigma-Aldrich). An equal amount of
protein (30 μg) of each sample was sepa-
rated by 10% SDS-PAGE and transferred
onto a PVDF membrane (Amersham
Pharmacia Biotech, Piscataway, NJ, USA).
The membrane was then incubated in
blocking solution (Starting Block T20;
Fisher Scientific) for 1 h at room tempera-
ture, followed by an overnight incubation
with specific antibodies for p42/44
(#9102; New England Biolabs, Frankfurt,
Germany; 1:1,000), phospho-p42/44
(#9101S; New England Biolabs; 1:1,000),
Akt (#4691; New England Biolabs;
1:1,000) and phospho-Akt (#4060; New
England Biolabs; 1:2,000). After washing
in TBS containing 0.05% Tween 20
(Sigma-Aldrich), the membrane was incu-

bated for 1 h with peroxidase-conjugated
swine anti-rabbit (#PO217; Dako, Ham-
burg, Germany; 1:20,000) immunoglobu-
lin G, referring to the manufacturer’s in-
structions. The final reaction was
visualized using enhanced chemilumines-
cence (ECL-Plus Western Blotting Detec-
tion Reagents; Amersham Pharmacia
Biotech), and the membrane was exposed
to X-ray film. Images were taken and den-
sitometrically analyzed with the software
ImageJ (v1.41o).

Statistical Analysis
Statistics were performed using the

statistics software GraphPad Prism ver-
sion 5.01 for Windows. Data were ana-
lyzed either by one-way analysis of vari-
ance (ANOVA) and, in cases of
significant differences (P < 0.05), were
adjusted for multiple comparisons (Bon-
ferroni) or by two-way t test and two-
tailed one-sample t test, respectively. Var-
iables are expressed as mean ± standard
error of the mean (SEM).

All supplementary materials are available
online at www.molmed.org.

RESULTS

Sera Derived After RIPC Reduce
Hypoxia-Induced Cell Damage

For the investigation of possible pro-
tective effects of the various RIPC sera
on hypoxia-induced cell damage, we
used our recently described hypoxia sys-
tem (20,21) in combination with the
colonic epithelial cell line CaCo-2. The
respective sera (T0, T1 or T2) were added
at the beginning of the 1-h hypoxic pe-
riod until 48 h after hypoxia (Figure 1B).
In the hypoxic cultures, morphological
signs of cell damage were evident after
24 h, whereas under normoxic condi-
tions, CaCo-2 cells retained their typical
polygonal, cobblestonelike phenotype
(Figure 1B). Hypoxic cultures grown
with sera T0 showed significantly in-
creased LDH levels when compared with
the normoxic controls grown with sera
T0 (3.81 ± 0.80-fold; P < 0.01; Figure 2).
Similar results were obtained for sera T1
(2.30 ± 0.49-fold; P < 0.05; Figure 2). Sera
T2 reduced hypoxia-mediated LDH re-
lease to values that were not significantly
different from the normoxic controls
(2.08 ± 0.46-fold; nonsignificant [NS];
Figure 2), pointing toward cytoprotective
effects of sera T2. Addition of sera T2
also significantly reduced the hypoxia-
mediated LDH release compared with
serum T0 (T2: 2.08 ± 0.46-fold versus T0
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Figure 2. Sera derived after RIPC reduce hypoxia-induced cell damage. As a marker of
cell damage, LDH was measured in the cultures of CaCo-2 cells. Sera T2 significantly re-
duces cell damage induced by hypoxia (NS versus normoxia + T2; P < 0.01 versus hy-
poxia + T0). Numbers in the columns display the numbers of sera used in the respective
experiment. Columns show the mean ± SEM. *P < 0.05; **P < 0.01; NS, P > 0.05 versus nor-
moxia, two-tailed one-sample t test; #P < 0.05, one-way ANOVA, Bonferroni posttest.



3.81 ± 0.80-fold; P < 0.05; Figure 2). Ab-
solute values of LDH release (mean of
n = 8 experiments) were as follows: T0
hypoxia 1.06 ± 0.34 AU, T0 normoxia
0.49 ± 0.21 AU (P = 0.18); T1 hypoxia 
0.74 ± 0.28 AU, T1 normoxia 0.55 ± 
0.20 AU (P = 0.59); T2 hypoxia 0.81 ± 
0.35 AU, T2 normoxia 0.59 ± 0.20 AU 
(P = 0.60, data not shown). Sera from pa-
tients not subjected to RIPC were used in
control experiments and did not signifi-
cantly influence the hypoxia-mediated
LDH release (Supplementary Figure 3).
Analysis of gene expression revealed a
statistically significant reduction of hy-
poxia-induced proapoptotic bax expres-
sion by sera T1 (T0 1.07 ± 0.13-fold, NS;
T1 0.88 ± 0.01-fold, P < 0.05; T2 0.98 ±
0.03-fold, NS; data not shown). Absolute
bax expression (mean of n = 3 experi-
ments): T0 hypoxia 0.39 ± 0.01 AU, T0
normoxia 0.37 ± 0.03 AU (P = 0.62); T1
hypoxia 0.35 ± 0.01 AU, T1 normoxia
0.39 ± 0.01 AU (P = 0.015); T2 hypoxia
0.38 ± 0.02 AU, T2 normoxia 0.38 ± 0.01
AU (P = 0.82) (data not shown).

Sera Derived After RIPC Contain
Reduced Enzymatic Activities of
MMP-2 and MMP-9

To obtain insights into the proteins that
are released into the circulation by RIPC,
silver staining techniques were performed
using nonprotective sera T0 and protec-
tive sera T2. Several differentially ex-
pressed proteins were detected, from
which most were found in the molecular
weight range between 50 and 95 kDa (Fig-
ure 3A). However, a precise mapping of
the bands to particular proteins could not
be performed with this method. To reduce
the numbers of potential candidate pro-
teins, we decided to focus on proteolyti-
cally active MMPs, which fall within the
relevant molecular weight range and have
recently been described to regulate intra-
cellular signal transduction events as well
as apoptosis (23,24). Gelatin zymography
showed that all sera T0 contain strong ac-
tivities of the gelatinases MMP-2 and
MMP-9, whereas a statistically significant
reduction of MMP-2 and MMP-9 activity
was detected in sera T2 (MMP-9: 35.70 ±

5.76 versus 16.60 ± 6.15, P < 0.05; MMP-2:
39.66 ± 3.46 versus 15.05 ± 4.75, P < 0.01;
Figures 3A, B). Control experiments per-
formed using sera from patients without
RIPC (n = 6) did not show statistically sig-
nificant differences of MMP-2 and MMP-9
activities between sera T0 and T2 (data
not shown).

Addition of Recombinant MMP-2 and
MMP-9 Increases the Sensitivity of
CaCo-2 Cells to Hypoxia-Induced
Cell Damage Independently of
p42/44, Akt and Caspase-3/7

To investigate, whether elevated enzy-
matic activities of MMP-2 and MMP-9
within the sera are responsible for the in-
creased sensitivity of CaCo-2 cells to hy-
poxia-mediated cell damage, human re-
combinant MMP-2 and MMP-9 was
added to MMP-deficient culture media.
Evaluation of LDH release revealed a
significant increase in hypoxia-induced
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Figure 3. Sera derived after RIPC contain reduced enzymatic activities of MMP-2 and
MMP-9. (A) SDS-PAGE/silver staining of serum proteins and gelatin zymography for the de-
tection of enzymatically active MMPs. Activities of MMP-2 and MMP-9 are significantly re-
duced in protective sera T2 compared with nonprotective sera T0. (B) Densitometric eval-
uation of MMP-9 and MMP-2 enzymatic activities. Numbers in the columns display the
numbers of sera used in the respective experiment. Columns show the mean ± SEM. *P <
0.05, two-tailed t test; **P < 0.01, two-tailed t test. rdu, relative densitometric units.



cell damage when MMP-2 and MMP-9
activity was present in the culture media
in concentrations comparable to that de-
termined in nonprotective sera T0 (hy-
poxia + MMP-2/9: 1.21 ± 0.03-fold ver-
sus hypoxia – MMP-2/9; P < 0.05;
Figure 4A). These results were also con-
firmed by bright-field microscopy, show-
ing an increase in the numbers of
rounded and detached cells in the hy-
poxia + MMP-2/9 group (Figure 4B).
 Addition of MMP-2/9 under normoxic
conditions did not increase the release
of LDH into the culture medium (nor-
moxia + MMP-2/9: 0.79 ± 0.13-fold
 versus normoxia – MMP-2/9; NS; Fig-
ure 4A) and did not alter the morphol-
ogy of the cells (Figure 4B). Absolute val-
ues of LDH release (table in Figure 4A)
did however not reach statistically signif-
icant levels between the groups, possibly
because of the interexperimental variabil-
ity reflected by high SEM.

Concerning the cellular mechanisms
induced by MMPs, recent studies sug-
gest that besides their role in extracellu-
lar matrix remodeling, MMPs are able to
proteolytically modify the signaling en-
vironment of the cell and also cleave in-
tracellular proteins including apoptotic
mediators and signal transducers
(23,24). Therefore, we investigated
whether MMP-2 and MMP-9 addition
under hypoxia was associated with
changes in the phosphorylation patterns
of prosurvival kinases p42/44 and Akt
(25) or activation of effector caspases 3
and 7 (26). Our results showed a signifi-
cant reduction of p42/44 as well as Akt
phosphorylation 4 h after hypoxia
(phospho-p42/44, normoxia, 156.10 ±
10.89, versus phospho-p42/44, hypoxia,
34.50 ± 8.84; P < 0.001; phospho-Akt,
normoxia, 99.10 ± 6.10, versus phospho-
Akt, hypoxia, 17.48 ± 1.23; P < 0.001;
Figure 5A). Addition of MMP-2 and
MMP-9 under hypoxia further reduced
phosphorylation of p42/44 and Akt;
however, statistically significant levels
were not reached (phospho-p42/44, hy-
poxia, 34.50 ± 8.84, versus phospho-
p42/44, hypoxia + MMP-2/9, 25.57 ±
10.18; NS; phospho-Akt, hypoxia, 17.48 ±

1.23, versus phospho-Akt, hypoxia +
MMP-2/9, 13.94 ± 2.96; NS; Figure 5A).
Hypoxia increased the activity of cas-
pase-3/7 in CaCo-2 cells (hypoxia, 

814.4 ± 160.4, versus normoxia, 434.9 ±
81.3; P < 0.05), but activity of caspase-
3/7 was not further stimulated by the
addition of MMP-2/9 (hypoxia, 814.4 ±
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Figure 4. Addition of MMP-2 and MMP-9 increases the sensitivity of CaCo-2 cells to
 hypoxia-induced cell damage. (A) Influence of recombinant MMP-2 and MMP-9 on the
sensitivity of CaCo-2 cells to hypoxia-induced cell damage. Addition of MMP-2 (25 ng/mL)
and MMP-9 (100 ng/mL) to MMP-deficient culture media increases the hypoxia-mediated
LDH release 48 h after hypoxia. (B) Morphology of CaCo-2 cells grown under normoxia
and hypoxia with and without addition of MMP-2 and MMP-9. Addition of MMP-2 and
MMP-9 augments cell rounding and detachment from the growth surface after hypoxia.
Numbers in the columns display the numbers of independently performed experiments.
Columns show the mean ± SEM. *P < 0.05, two-tailed one-sample t test. Bars denote 15 μm.
rdu, relative densitometric units.



160.4, versus hypoxia + MMP-2/9, 
755.9 ± 154.8; NS; Figure 5B). Internal
control experiments were performed
using butyrate, a typical inducer of 

apoptosis in CaCo-2 cells (27). To evalu-
ate the maximal inducible activity of
caspase-3/7 in the culture system, cells
were stimulated with 100 mmol/L bu-
tyrate (normoxia + butyrate, 7,911.0 ±
1,395.0, versus normoxia, 434.9 ± 81.3; 
P < 0.01; data not shown).

DISCUSSION
RIPC, which can be achieved by nonin-

vasive transient occlusion of blood flow to
a limb with a blood pressure cuff, has been
proven to be a valuable technique to re-
duce I/R injury in several organs (1,2), and
newer studies also suggest RIPC-mediated
protective effects on the intestine (18,19).

However, the nature of the organ pro-
tective molecules and how they are trans-
ferred to the target organ are still a sub-
ject of fierce debate, and the current
knowledge can be condensed to three
main hypotheses (28,29): (i) humoral fac-
tors are produced by RIPC in the distant
organ or tissue, released into the systemic
circulation and act on the target organ;
(ii) neural pathways transfer the RIPC
stimulus to the target organ; and (iii) the
RIPC stimulus induces a systemic antiin-
flammatory and antiapoptotic response
leading to organ protection.

In the present study, we used serum
samples from patients collected before
and after RIPC and detected significantly
reduced activities of MMP-2 and MMP-9
in sera that were obtained 1 h after RIPC.
Only sera with reduced MMP-2 and
MMP-9 activities were capable of pro-
tecting intestinal cells in culture from hy-
poxia-mediated cell damage. Addition of
MMP-2 and MMP-9 to MMP-deficient
culture media increased the sensitivity of
the cells to the hypoxia-mediated cyto-
toxicity but did not involve phosphoryla-
tion of p42/44, phosphorylation of Akt
or activation of caspase-3/7.

Effects of RIPC Sera on Hypoxia-
Induced Cell Damage

In the study presented, a two enzyme–
based in vitro oxygen deficiency model
characterized by us recently (20,21) was
used in combination with the intestinal
cell line CaCo-2 to mimic the in vivo situ-

ation of intestinal hypoxia/ischemia. In
contrast to other in vitro methods that are
commonly used for the induction of hy-
poxia (for example, hypoxic chambers,
nitrogen flushing) in the applied system,
oxygen is rapidly (within <10 min) de-
pleted from the culture medium (21), re-
flecting relatively well the temporal onset
of hypoxia during intestinal ischemia.
Using this model, we show that only sera
obtained after RIPC exert protective ef-
fects against hypoxia-induced cell dam-
age, whereas sera taken before RIPC do
not render the cells resistant to the hy-
poxic insult. These results support the
hypothesis that humoral factors are re-
sponsible for the RIPC effects. Our find-
ings are further substantiated by the ob-
servation that protective and
nonprotective sera show significant dif-
ferences in the activities of soluble MMP-
2 and MMP-9, which (when added to the
culture medium) increase the sensitivity
of CaCo-2 cells to hypoxic damage.

Recent publications suggest that intrin-
sic sex-related differences in MMP activi-
ties are associated with phenotypic dif-
ferences and may also be correlated with
the incidence of various pathologies (for
example, abdominal aortic aneurysm dis-
ease) (30,31). In the present study, we did
not focus on possible sex-dependent dif-
ferences in MMP activity and whether ef-
fects mediated by sera from male pa-
tients might differ from the ones induced
by sera from female patients. We also did
not investigate underlying mechanisms
that may be responsible for the reduced
MMP activities in RIPC sera. Neverthe-
less, we suggest that either expression of
MMPs is downregulated by RIPC or that
RIPC directly or indirectly influences the
enzymatic activities of MMP-2 and
MMP-9. The latter is supported by the
fact that the activity of MMPs can be reg-
ulated by numerous factors, for example,
tissue inhibitors of matrixmetallopro-
teinases (TIMPs), from which TIMP-2 in-
hibits MMP-2, TIMP-1 inhibits MMP-9
and TIMP-3 acts on MMPs and the
tumor necrosis factor-α (TNF-α) convert-
ing enzyme (32).
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Figure 5. Addition of MMP-2 and MMP-9
does not influence phosphorylation of
p42/44, phosphorylation of Akt or activity
of caspase-3/7. (A) Effects of MMP-2 and
MMP-9 on phosphorylation of p42/44 and
Akt. Hypoxia reduces the phosphorylation
of p42/44 and Akt compared with nor-
moxic conditions. Addition of MMP-2 and
MMP-9 has no additional effects. (B) Regu-
lation of caspase-3/7 activity by MMP-2
and MMP-9. Compared to normoxic con-
ditions, activities of effector caspases 3
and 7 are increased by hypoxia. Addition
of MMP-2 and MMP-9 has no additional
effects on caspase activity. Numbers in the
columns display the numbers of indepen-
dently performed experiments. Columns
show the mean ± SEM. *P < 0.05, ***P <
0.001, one-way ANOVA, Bonferroni
posttest. rdu, relative densitometric units;
rfu, relative fluorescence units.



Other ex vivo and in vitro studies also
support the idea of humoral factors as
mediators of RIPC effects (33,34).
Shimizu et al. (34) showed that in vivo
transient limb ischemia releases a circu-
lating factor(s) that induces protection
against myocardial I/R injury in Langen-
dorff-perfused hearts and isolated car-
diomyocytes. Although the mentioned
studies and our data strongly point to-
ward the involvement of humoral factors
in RIPC-mediated effects in vitro and ex
vivo, we cannot exclude that neuronal
pathways may also play a role in RIPC-
mediated organ protection in vivo.

Effects of MMP-2 and MMP-9 on
Hypoxia-Induced Cell Damage

Biological consequences of increased
or decreased MMP activities are complex
and include changes in tissue architec-
ture, chemoattraction, cell proliferation,
cell death, inactivation of soluble mole-
cules and activation of latent signaling
molecules (35). Zhang et al. (36) demon-
strated that stromal cell–derived factor
1α is converted to a highly neurotoxic
protein after proteolytic processing by
active MMP-2 and that excess activity of
MMP-2 can lead to cell death. Similar ob-
servations have also been made by other
authors showing that activation of MMP-
9 leads to cell death in mesenchymal
cells by increasing type I collagen degra-
dation (37) and that apoptosis of retinal
ganglion cells correlates with specific
degradation of laminin caused by an in-
crease in MMP-9 activity (38). These re-
sults are substantiated by a recent study
of Li et al. (39), who demonstrated that
the myocardial infarct size and cell injury
are reduced by RIPC and that these
events are accompanied by a significant
decrease in MMP-2 and MMP-9 expres-
sion. That inhibition of MMPs might be a
possible option to attenuate cell damage
in the intestine has to some extent been
shown by Souza et al. (40). Treatment of
mice with dual inhibitors of the TNF-α
converting enzyme and MMPs in a
model of intestinal I/R injury partially
inhibited the reperfusion associated
lethality and tissue injury (40). Our ob-

servation that RIPC sera containing low
levels of MMP-2 and MMP-9 protect in-
testinal epithelial cells grown in vitro
from hypoxia-induced cell damage, and
that addition of MMP-2 and MMP-9 to
MMP-deficient culture media increases
the sensitivity of CaCo-2 cells to the hy-
poxia-mediated damage as well implies
a role of MMP-2 and MMP-9 in RIPC-
mediated organ protection. Interestingly,
in our model, cytotoxic effects of MMPs
are only observed under hypoxic but not
under normoxic conditions, suggesting
hypoxic conditions as a prerequisite for
the cytotoxicity of MMP-2 and MMP-9 in
CaCo-2 cells. Although our results and
the findings of other groups discussed
above point toward the involvement of
MMP-2 and MMP-9 in RIPC-mediated
organ protection, it has to be noted that,
in our culture model, effects of recombi-
nant MMP-2 and MMP-9 on hypoxia-
 induced cell damage are rather small in
relation to the effects exerted by the ad-
dition of RIPC sera. Therefore, we be-
lieve that other currently unknown fac-
tors besides MMPs are also involved and
may be of equal importance in the RIPC-
mediated events.

Effects of MMP-2 and MMP-9 on
Hypoxia-Induced Intracellular
Signaling

On a cellular basis, RIPC seems to use
similar mechanisms to exert protection to
the target organs that have already been
described for local preconditioning
(41–43). For the heart, Hausenloy and
Yellon (25,29,44) postulated that ischemic
preconditioning leads to activation of
prosurvival Akt and p42/44 pathways,
which result in antiapoptotic effects and
protect the organ against I/R injury.
Concerning the cellular mechanisms that
are induced by MMPs, recent publica-
tions propose that MMPs are able to
cleave intracellular substrates and have
been demonstrated to regulate intracellu-
lar signal transduction events as well as
apoptosis (23,24). To investigate whether
the increased sensitivity of CaCo-2 cells
to hypoxia-mediated damage by addi-
tion of MMP-2 and MMP-9 was also as-

sociated with a reduced activation of
prosurvival Akt and p42/44 pathways,
CaCo-2 intestinal cells were incubated
with MMP-2 and MMP-9 and phospho-
rylation of the kinases p42/44 and Akt
was evaluated. Our results show that hy-
poxia reduces phosphorylation and
therefore activation of prosurvival ki-
nases p42/44 and Akt and leads to an ac-
tivation of the central effector caspases 3
and 7. However, addition of MMP-2 and
MMP-9 did not result in a further reduc-
tion of p42/44 and Akt phosphorylation
or increase in caspase-3/7 activity, sug-
gesting that the effects of MMP-2 and
MMP-9 on hypoxia-induced cell damage
are at least in our model not mediated
via phosphorylation of p42/44 and Akt
or activation of caspase-3/7.

Taken together, we show that sera de-
rived from patients undergoing RIPC
protect human intestinal cells from
 hypoxia-induced damage. Our results
suggest MMP-2 and MMP-9 as currently
unknown humoral factors that may be
involved in RIPC-mediated cytoprotec-
tion in the intestine.
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