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INTRODUCTION
In critical illness and burns, alterations

in glucose metabolism occur, including
hyperglycemia associated with insulin
resistance (1). During the acute phase,
postburn adaptive activation of en-
docrine responses take place, including
increased release of catecholamines, cor-
tisol, and glucagon and reduced glucose
uptake capacity. In prolonged critical ill-
ness, neuroendocrine changes and asso-
ciated hyperglycemia lead to more exten-
sive metabolic changes that may be
associated with development of compli-
cations and poor prognosis (2,3). A recent
study showed that patients with hyper-

glycemia had higher infarct segment
length, higher myocardial performance
index, and lower transmitral Doppler
flow, pulmonary flow analysis, and ejec-
tion fraction compared with normoglyce-
mic patients. Plasma interleukin (IL)-18,
C-reactive protein (CRP), and cytotoxic
T cells were higher in the hyperglycemic
than in normoglycemic patients. Thus,
hyperglycemia is associated with in-
creased levels of inflammatory markers,
enhanced expression of cytotoxic T cells,
and reduced expression of T cells, which
are implicated in limiting the immune
process during myocardial infarction (4).
The adverse outcome associated with hy-

perglycemia led van den Berghe and col-
leagues (5,6) to conduct multiple clinical
studies. They showed that insulin ad-
ministered to maintain glucose at levels
lower then 110 mg/dL decreased mortal-
ity in surgically and critically ill patients
and prevented the incidence of infec-
tions, sepsis, and sepsis-associated multi-
organ failure (5). Ellger et al. (7) con-
firmed improved survival with the use of
insulin in rabbits undergoing open-heart
manipulation. In a recent intent-to-treat
study, the effects of insulin in medical
ICU patients were investigated (6). Inten-
sive insulin therapy did not significantly
reduce in-hospital mortality but signifi-
cantly reduced newly acquired kidney
injury, accelerated weaning from me-
chanical ventilation, and resulted in ear-
lier discharge from the ICU and the hos-
pital. Recent in vitro and in vivo studies
investigated the effect of glucose on the
signaling cascade and cytokines in
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tional levels, an effect associated with decreased STAT-5 mRNA expression (P < 0.05). Glucose concentration and cellular meta-
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tocyte cultures can be used to study the effect of LPS on the inflammatory cascade. Insulin decreases hepatic cytokine
expression, which is associated with decreased STAT-5 expression.
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smooth muscle and endothelial cells.
Data suggest that hyperglycemia in-
creases reactive oxygen species (ROS) re-
sulting in increased phospholipase A2
and C and nuclear factor-κB (NF-κB). In-
creased NF-κB stimulates tumor necrosis
factor (TNF) expression, which in an au-
tocrine fashion increases ROS. TNF, IL-1,
and IL-6 also inhibit insulin signaling,
which exacerbates inflammation and
ROS formation (8-11). 

The liver, as one of the main metabolic
and inflammatory organs, plays a major
role after stress and, therefore, our group
focused its research effort on the hepatic
poststress response. To determine the
cellular and molecular effects of insulin
on liver, we proposed that an in vitro
model would be most suitable to study
the molecular and signaling effects of in-
sulin. Therefore, the aim of the present
study was two-fold. First, we tested the
hypothesis that adult primary human
hepatocytes undergo a stress response
and, therefore, can be used as a system
to study the effect of stress on the liver.
Second, we aimed to determine whether
insulin administration to primary
human hepatocytes (PHHs) alters the
hepatic stress and signaling response,
and whether we find indicators for in-
sulin acting as an anti-inflammatory me-
diator per se or exerting its effects
through modulation of glucose serum
levels.

MATERIALS AND METHODS

Reagents
Collagenase (type IV), HEPES, Earle’s

balanced salt solution (EBSS), and other
buffer supplements were purchased from
Sigma (Taufkirchen, Germany). Collagen
I–coated plates (Biocoat) were purchased
from BD (Bedford, UK), Percoll from
Amersham, and fetal calf serum (FCS)
from Biochrom (Berlin, Germany). Dul-
becco’s modified Eagle’s medium
(DMEM) with 4.5 g/L glucose was ob-
tained from Biowhittaker (Verviers, Bel-
gium), and all other media additives
were purchased from Serva (Heidelberg,
Germany).

Hepatocyte Preparation and Culture
Tissue samples from human liver re-

section were obtained from patients un-
dergoing partial hepatectomy for
metastatic liver tumors of colorectal can-
cer. The tissue was obtained at the fur-
thest site possible from the cancer to
avoid oncogenic or inflammatory effects
on the normal liver tissue by the primary
disease. Experimental procedures were
performed according to the guidelines of
the charitable state-controlled founda-
tion, Human Tissue and Cell Research
(HTCR), with informed patient’s consent
(12) and approved by the local ethics
committee of the University of Regens-
burg. Human hepatocytes were isolated
using a modified two-step EGTA/
collagenase perfusion procedure and
maintained in culture as described
(13,14). Viability of isolated hepatocytes
was determined by trypan blue exclu-
sion, and cells with viability >85% were
used for cell culture. Cells were plated
on collagen-precoated six-well plates at a
density of 1.2 × 105 cells/cm2 in an ap-
propriate volume of culture media. The
medium consisted of DMEM with 10%
FCS, 2 mM L-glutamine, and supple-
ments (7.3 ng/mL glucagon, 0.5 mU/mL
insulin, 8 µg/mL hydrocortisone,
100 μg/mL streptomycin, and 100 U/mL
penicillin). After 16 h of plating, the me-
dium was replaced with medium with-
out serum and insulin. Cells were incu-
bated at 37°C in a humidified incubator
with 5% CO2, and media were changed
daily unless otherwise stated. Viability of
hepatocytes during the culture period
was monitored by cell morphology (light
microscopy, image analysis) and deter-
mination of enzyme release into culture
medium (AST activity).

The importance of nonparenchymal
cells to mount a response to a
lipopolysaccharide (LPS) challenge was
demonstrated when these cells were re-
moved from the PHH culture by an ad-
ditional purification step (Percoll purifi-
cation) (15). It was recently shown that
direct contact between hepatocytes and
Kupffer cells affects cell function and via-
bility of both types of cells (16).

Additionally, we performed a Percoll
purification step to determine the com-
position of the primary hepatocyte frac-
tions and virtually removed Kupffer, en-
dothelial, and hepatic-stellate cells.
Because cytokine activation was very
low (1/20 to 1/40) in Percoll-purified
PHH, all activation experiments were
carried out without the second purifica-
tion step.

Quantification of mRNA Expression by
Real-Time PCR

RNA was isolated from the purified
cells, and PCR was performed for vari-
ous sequences of parenchymal and non-
parenchymal liver cells. Integrity of the
RNA was verified by agarose gel elec-
trophoresis and by visualization of ribo-
somal RNA by ethidium bromide stain-
ing. First-strand cDNA was synthesized
using 1 µg total RNA and the avian
myeloblastosis virus reverse transcrip-
tion reaction (Promega, Madison, WI,
USA). Transcript levels were quantified
using real-time RT-PCR technology
(Lightcycler, Roche, Penzberg, Germany).
The QuantiTect Primer Assay for CD31
(QT00081172) was obtained from Qiagen
(Hilden, Germany). The sense and re-
verse primers are shown in Table 1.

For PCR, 1 to 3 µL cDNA preparation,
2.4 µL 25 mM MgCl2, 0.5 µM forward
and reverse primer, and 2 µL SybrGreen
LightCycler Mix (Roche, Mannheim,
Germany) were applied in a total volume
of 20 µL. PCR programs for each tran-
script were performed according to the
manufacturer’s instructions with indi-
vidual modifications. MgCl2 concentra-
tion and annealing temperature were op-
timized for each primer set. The PCR
reaction was evaluated by melting curve
analysis following the manufacturer’s in-
structions and checking the PCR prod-
ucts on 1.8% agarose gels. Each quantita-
tive PCR was performed at least in
duplicate, for 3 sets of RNA preparations.

LPS Stimulation of PHH
To induce an inflammatory reaction,

LPS (E. coli LPS serotype 0111:B4; Sigma)
was added to PHHs 48 h after perfusion
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and isolation. Twenty-four hours before
the experiments, cells were plated in FCS-
and insulin-free media. We conducted a
dose-response study with LPS using
various doses: 10 ng/mL, 100 ng/mL,
1 µg/mL, 10 µg/mL, 100 µg/mL, and
500 µg/mL.

Insulin Administration to PHHs
After conducting the LPS dose-

response study, PHHs were stimulated
with 100 µg/mL LPS. After 30 min of
LPS incubation, insulin was added to the
media. The first experiments were con-
ducted to perform a dose-response
study; thus various doses of insulin were
added. After incubating the cells for 4, 8,
12, and 24 h, supernatant and cells were
harvested for further analysis. The in-
sulin doses tested were 0.5, 2.5, 5, 10, and
50 IE/mL.

For measurements of cell activity, the
CellTiter 96 Aqueous nonradioactive cell
proliferation assay (cat. no. G5421;
Promega) was performed according to
the kit guidelines. Briefly, cells were

treated with serum-free medium alone
(control), with LPS or insulin alone, or
with the combination of LPS and insulin
as described above. After 12 and 24 h,
the conversion of a tetrazolim compound
[3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt, MTS] into
aqueous, soluble formazan by metaboli-
cally active cells was determined by
measuring the absorbance at 490 nm. The
absorbance is directly proportional to the
number of metabolically active cells.

RNA expression of cells was deter-
mined as described above. Supernatant
cytokine concentration was determined
using human ELISA (R&D Systems).

Statistical analysis was performed
using ANOVA with Bonferroni correc-
tion and Student t test when appropriate.
Significance was accepted at P < 0.05.

RESULTS
Perfusion and standard isolation of

PHHs resulted in healthy and viable
cells, with at least 80% viability. Figure

1A depicts a typical primary human he-
patocyte cell culture. To prove the con-
tribution of accompanying non-
parenchymal cells, we performed a
RT-PCR analysis of freshly isolated he-
patocytes. We could detect signals of
particular CD68 (Kupffer cell) and
CD31 (endothelial cell) in isolated hepa-
tocytes only because of the high sensi-
tivity of RT-PCR analysis (Figure 2A).
To resemble the situation in the intact
liver, standard PHH cultures were used
for the activation experiments, although
primary hepatocytes could be purified
to a degree at which almost no signal of
Kupffer cells (Figures 1B and 2B) was
detected.

Initially, we measured IL-6 levels in re-
sponse to different doses of LPS at vari-
ous time points. We found that LPS
causes a significant increase in IL-6 in the
supernatant. An LPS dose of 100 µg/mL
resulted in the greatest IL-6 increase 8,
12, and, 24 h after LPS administration
(Figure 3). Therefore, for all further stud-
ies, we used a dosage of 100 µg/mL LPS.

Table 1. Oligonucleotide sequence for real-time PCR

Sequence, 5′ to 3′ Sequence length, bp Concentration, mM Annealing temperature, °C

β-Actin Forward AGA GGG AAA TCG TGC GTG AC 138 3 62
Reverse CAA TAG TGA TGA CCT GGC CGT

GAPDH Forward GCG GGG CTC TCC AGA ACA TCA T 301 3 64
Reverse CCA GCC CCA GCG TCA AAG GTG

IL-1β Forward CAG GCC GCG TCA GTT GTT GT 195 3 60
Reverse CCG GAG CGT GCA GTT CAG TG

TNF-α Forward CGC CAC CAC GCT CTT CTG C 354 2 64
Reverse ACG GCG ATG CGG CTG ATG

IL-6 Forward CCC AGT ACC CCC AGG AGA AGA 426 3 60
Reverse GTT GGG TCA GGG GTG GTT ATT G

IL-10 Forward GAC CCA GCC CCT TGA GAA ACC T 359 3 64
Reverse GCC CCA AGC CCA GAG ACA AGA T

IFN-γ Forward GGG TTC TCT TGG CTG TTA CT 166 3 58
Reverse TTG GCT CTG CAT TAT TTT TC

STAT-5 Forward TCA TCA TCG AGA AGC AGC C 317 3 60
Reverse TTC CGT CAC AGA CTC TGC AC

α-SMA Forward CGT GGC TAT TCC TTC GTT AC 174 3 57
Reverse TGC CAG CAG ACT CCA TCC

CD68 Forward AGC CCA GGA TTC ACC AGT T 144 3 57
Reverse GGT TTT GTT GGG GTT CAG TAC

Albumin Forward GCTGCCATGGAGATCTGCTTGA 174 3 53
Reverse GCAAGTCAGCAGGCATCTCATC

CK18 Forward CCCGCTACGCCCTACAGA 248 3 53
Reverse GCGGGTGGTGGTCTTTTG
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In the subsequent study, we conducted a
dose-response study for insulin in pri-
mary hepatocytes exposed to 100 µg/mL
LPS. As depicted in Figure 3B, insulin
given at 10 IU/mL significantly attenu-
ates IL-6 expression at 12 and 24 h after
LPS administration (P < 0.05) (Figure 3B).

Cell proliferation and activity as mea-
sured by XTT colorimetric assay showed
that there was no difference between
LPS, insulin, or the combination at vari-
ous doses (Figure 4). However, insulin
administration at 50 IU/mL caused cell
death, (Figure 4).

Insulin at a dose of 10 IU/mL signifi-
cantly decreased the gene expression for
hepatic TNF at 12 and 24 h (P < 0.05)
(Figure 5). Insulin furthermore signifi-
cantly decreased hepatic IL-1β mRNA
expression 12 h after LPS administration
(P < 0.05) (Figure 5). Hepatic IL-6 mRNA
was significantly decreased at 12 h after

LPS administration (P < 0.05) (Figure 5).
Insulin further significantly decreased
hepatic IL-10 mRNA at 8 and 12 h after
LPS (P < 0.05) (Figure 5). Finally, in-
sulin decreased hepatic IFN-γ mRNA
at 12 and 24 h after LPS (P < 0.05)
(Figure 5).

Decreased cytokine mRNA expres-
sion was associated with an attenuated
expression of signal transducer and ac-
tivator of transcription-5 (STAT-5)
mRNA. Insulin decreased STAT-5
mRNA at 4, 8, and 12 h after LPS ad-
ministration compared with LPS alone
(P < 0.05) (Figure 6). We determined
glucose levels 12 h after LPS adminis-
tration and found no difference be-
tween groups, suggesting that insulin
acts directly rather than indirectly (data
not shown).

DISCUSSION
Insulin administration at a dose that

kept blood glucose below 110 mg/dL

decreased early and late mortality in
critically ill patients who underwent
thoracic surgery and prevented the inci-
dence of multiorgan failure in patients
with a septic focus (5). The mechanisms
by which insulin administration exerts
these positive effects are not entirely de-
fined. There is evidence that insulin per
se acts as an anti-inflammatory molecule
(9,17-23), but there is also evidence that
insulin acts through modulation of glu-
cose levels (24-30). In a burn and endo-
toxemic rodent model, we found that in-
sulin administration decreased
proinflammatory and increased antiin-
flammatory mediators associated with
improved hepatic function and structure
(20,21,23,31). In severely burned pa-
tients, insulin improves the inflamma-
tory response and attenuates the acute-
phase response (22). 

The cellular and molecular mecha-
nisms by which insulin exerts its effects
are still not fully understood. To obtain

Figure 1. Primary human hepatocyte
cells. (A) Perfusion and standard isolation
of primary hepatocytes resulted in
healthy and viable cells, with at least 80%
viability. (B) Additional density gradient
purification resulted in highly purified he-
patocyte cultures. Magnification 320×.

Figure 2. PCR characterization of primary human hepatocytes. (A) PHHs obtained by
standard isolation protocol showed a low percentage of nonparenchymal cells. (B) Addi-
tional purification of PHHs by density gradient centrifugation resulted in highly purified
PHHs with no detectable Kupffer cells (CD68).
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knowledge on molecular biology about
the effects of insulin during the after-
math of stress, we hypothesized that a
human in vitro model is more suitable
than a murine in vivo model. Therefore,

we tested the hypothesis that adult
PHHs undergo a stress response and
can be used as a system to study the ef-
fect of stress on the liver. In the present
study, we showed that primary human

hepatocyte cultures obtained by a stan-
dard isolation protocol respond to LPS
in an inflammatory fashion by produc-
ing inflammatory cytokines. This was
not expected, as we had tested other cell
systems, such as HepG2, C3A, and HL-
7702, and they did not respond to stress
and did not represent a relevant model
to study stress-related responses (data
not shown). We also conducted an ex-
periment in which we purified hepato-
cytes to a degree with almost no detect-
able Kupffer cells (natural impurity of
hepatocytes) and administered LPS. We
found that even highly purified hepato-
cytes are able to answer to the LPS
stress without Kupffer cells; however,
the magnitude of this response is 20- to
40-fold lower, and therefore, not a
proper biological model (data not
shown). Our data are in agreement with
an earlier report (unpublished data) that
indicates that PHHs, and particularly
hepatocytes in contact with Kupffer
cells, are able to respond to stress and
can be used as an in vitro model to
study the effects of stress and to further
study possible perturbations to attenu-
ate the inflammatory response. 

Considerations have to be made about
the origin of the samples and their stress
response. Tissue samples were obtained
from patients undergoing partial hepate-
ctomy for metastatic liver tumors of colo-
rectal cancer. It seems possible that prox-
imity to the cancer metastasis could
affect hepatocyte function in a paracrine
fashion, particularly in terms of TNF
production. To avoid external influence,
we did let the cells rest for 2 days before
conducting experiments. TNF acts very
rapidly, and we suggest that TNF and
other inflammatory markers should
markedly decrease over these 3 days. In
addition, we used each patient sample as
its own control, comparing the baseline
to minimize variability and errors due
different patient samples. In addition, a
concern may be that variable endotoxin
contamination of the hepatocyte culture
system or the variable effect of endotoxin
tolerance in cells exposed to endotoxin
before the test dose of endotoxin could

Figure 3. Dose response for LPS at various doses and various time points. We found that
LPS causes a significant increase in IL-6 in the supernatant. We found that 100 µg/mL re-
sulted in the greatest IL-6 increase 24 h after LPS administration. Similarly, the insulin dose
response showed that insulin at 10 IU/mL demonstrated significant effects when hepato-
cytes were exposed to 100 µg/mL LPS. *Significant difference between controls and in-
sulin 10 U/mL after LPS administration, P < 0.05.
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be present. To avoid endotoxin contami-
nation or conditioning, all isolation and
culture steps were performed with LPS-
free agents. We could not control previ-
ous LPS exposure or tolerance, but we
used each patient cells as their own con-
trol and, therefore, avoided intrapatient
variability and accounted for possible
LPS tolerance.

Possible concerns about our study in-
clude how the paracrine action of
metastatic cancer cells affects the pri-
mary hepatocyte cell culture in terms of
metabolism and inflammation. By letting
the cells rest for 3 days, could this mean
that the cells being studied were senes-
cent or undergoing necrosis? Are cells in
an inflammatory state to begin with? To
diminish possible effects, we let the cells
rest for 3 days before we conducted the
experiments. Our data showed that rest-
ing over 3 days improves liver enzymes,
implying less cell stress and damage. We
were never able to detect any cytokines
in the supernatant, and therefore suggest
that inflammation is not an important
factor. In addition, during the isolation
process of human hepatocytes from re-
sected liver tissue, we included numer-
ous steps for fractioning and washing in
many buffers. This process results in an
enormous dilution of potentially released
cytokines. When we established this
model, we made repeated attempts to
measure inflammatory cytokines in the
supernatant (culture media). In none of
the samples were there ever measurable

amounts of these mediators. In terms of
letting these cells rest for 3 days, we pro-
pose that these hepatocytes are influ-
enced by the enormous stress during the
isolation process (digestion with en-
zymes, etc.). Therefore, any stimulation
of hepatocytes at this stage would be
completely unspecific. However, we
have conducted extensive studies with
regard to postpreparation cellular in-
tegrity (LDH, AST, ALT release). We
showed that hepatocytes resume physio-
logic functions sufficient to provide re-
producible experimental conditions after
48 h. In our experiments, we expanded
this time period of in vitro adaptation up
to 72 h simply to make sure we achieved
a noninflammatory and regenerative
state (Figure 7).

After we found that PHHs respond
to the LPS stimulus, we investigated
the effect of insulin on the inflamma-
tory response in this cell system. We
have shown that insulin administration
attenuates proinflammatory cytokine
protein and mRNA expression in a
dose-dependent fashion. Insulin de-
creased IL-6, TNF, and IL-1β mRNA. In
contrast to in vivo data, insulin also de-
creased hepatic IL-10 and γ-interferon
(IFN-γ) mRNA. Insulin administration
in vivo increased systemic concentra-
tion of IL-10 and IFN-γ. The finding
that insulin reduces IL-10 mRNA ex-
pression before the reduction of inflam-
matory gene expression is a paradox,
as this should increase the intensity of
the inflammatory response to the LPS.
Possible explanations could be that
first, insulin downregulates inflamma-
tory signals including the antiinflam-
matory signals, or second, that there is
a difference between systemic expres-
sion and liver expression. In the pres-
ent study, we found that insulin de-
creased IL-10. The anti-inflammatory
effects of insulin are mediated by
STAT-5. We found that insulin signifi-
cantly decreased expression of STAT-5
at various time points compared with
endotoxemic control cells. STAT-5 is a
very important signal transcription fac-
tor, and its downregulation with in-

sulin indicates an anti-inflammatory
property of insulin. As we could not
detect any difference in glucose levels,
we suggest that the changes are due to
direct action of insulin rather than an
indirect effect via glucose modulation.

We hypothesize that inflammation
drives hypermetabolism (32). In the pres-
ent study, we found that cytokines were
not detectable in freshly isolated hepato-
cytes in the beginning of the study but
increased with LPS, implying that an in-
flammatory response is occurring and
that hepatocyte cultures were affected.
However, as insulin administration had
an anti-inflammatory effect, we suggest
that even if unresponsiveness or pre-
stress is present, insulin exerts beneficial
effects. We have no real explanation why
cell viability was not improved with in-
sulin administration after LPS adminis-
tration. One possible explanation could
be that cell activity and metabolism
showed no difference between LPS, in-
sulin, or LPS plus insulin at various
doses and no effect of the LPS and in-
sulin on glucose levels because hepato-
cytes have been stimulated to a hyper-
metabolic state unaffected by insulin
levels.

Sepsis and septic shock represent clin-
ical pathophysiologic states for which a
sufficient therapy is not existent; there-
fore, sepsis is associated with a high
mortality (33). The increase of proin-
flammatory mediators such as cytokines
and acute-phase proteins leads to pro-
tein degradation, catabolism, and hyper-
metabolism (34,35). As a consequence,
the structure and function of essential
organs, such as muscle, heart, immune
system, and liver, are compromised and
contribute to multiorgan failure and
mortality (34-36). The magnitude and
duration of proinflammatory mediator
release determines the development and
incidence of tissue damage, multiorgan
failure, or even death (35,37-39). The
liver–gut axis plays a crucial role during
hypermetabolism. To restore systemic
homeostasis, the liver reprioritizes its
synthesis from constitutive hepatic pro-
teins toward acute-phase proteins (40).

Figure 4. Cell proliferation and activity as
measured by XTT colorimetric assay
showed that there was no difference be-
tween LPS, insulin, or the combination at
various doses.
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Figure 5. Insulin at a dose of 10 IU/mL significantly decreased the gene expression of hepatic TNF at 12 and 24 h, hepatic IL-1β mRNA ex-
pression 12 h, hepatic IL-6 mRNA at 12 h, hepatic IL-10 mRNA at 8 and 12 h, and hepatic IFN-γ mRNA at 12 and 24 h after LPS administra-
tion. *Significant difference between LPS and LPS plus insulin, P < 0.05.
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An extensive acute-phase response,
however, has been shown to increase
morbidity and mortality (40). In the
present study, we have shown that in-
sulin administration downregulates
proinflammatory mediators in a dose-
dependent fashion. A signal transcrip-
tion factor that appears to be involved is
STAT-5. As we detected no difference in
glucose concentration and cellular me-
tabolism, we suggest that the beneficial
effects of insulin are due to its direct an-
tiinflammatory effect and not glucose
modulation.
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