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EFFECT OF MIDAZOLAM ON INTERLEUKIN-6
mRNA EXPRESSION IN HUMAN PERIPHERAL

BLOOD MONONUCLEAR CELLS IN THE
ABSENCE OF LIPOPOLYSACCHARIDE

Takuya Miyawaki,1 Norio Sogawa,2 Sigeru Maeda,1 Atsushi Kohjitani,1

Masahiko Shimada1

Midazolam, a benzodiazepine, has an hypnotic effect via benzodiazepine receptors and is widely
used as an anaesthetic. Recently, it has been suggested that benzodiazepines modulate cytokine
responses. The purpose of the present study was to evaluate the effect of midazolam on
interleukin-6 (IL-6) response by observing mRNA expression levels in human peripheral blood
mononuclear cells (PBMCs) in the absence of lipopolysaccharide (LPS). PBMCs were isolated
from healthy volunteers in endotoxin-free 0.9% sodium chloride solution. The cells were
incubated for 2 h at 37�C immediately after isolation. IL-6 mRNA expression levels in the cells
were quantified using reverse transcription and competitive polymerase chain reaction. It was
found that midazolam time-dependently inhibited the IL-6 mRNA expression in PBMCs in the
absence of LPS, and significantly inhibited the IL-6 mRNA expression at 1 �g/ml (P<0.05) or
10 �g/ml (P<0.01) in the absence of LPS. However, neither a specific agonist of peripheral-type
benzodiazepine receptors, Ro5-4864, nor a specific agonist of central-type benzodiazepine
receptors, clonazepam, inhibited IL-6 mRNA expression. These findings indicated a suppression
of the IL-6 response in human PBMCs by midazolam in the absence of LPS, and suggests that
midazolam has its effect not via benzodiazepine receptors, but by another mechanism.
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Interleukin-6 (IL-6), a proinflammatory cytokine,
is consistently released in the systemic circulation fol-
lowing surgical injury and plays an important role in
post-operative states, including the immune response,
inflammatory response, metabolism, and healing.1

Furthermore, it has been suggested to be associated
with post-operative complications in patients under-
going surgery.2 Thus, IL-6 is thought to be a key
mediator of immune and inflammatory cascades fol-
lowing surgical injury. Recently, attention has focused
on anaesthetic agents that modulate the cytokine
response to surgical injury.3–5 Larsen et al.5 reported
320
on the effects of various type of intravenous anaesthet-
ics, including ketamine, thiopentone, etomidate, pro-
pofol, and midazolam, on cytokine responses in
cultured whole blood cells, and suggested a compli-
cated modulation of the cytokine responses by these
anaesthetics.

Midazolam, a benzodiazepine, has an hypnotic
effect via benzodiazepine receptors coupled to type A
�-aminobutyric acid (GABAA) receptor in the brain
and is widely used as an anaesthetic.6 Benzodiazepines
have recently been suggested to modulate cytokine
responses, including IL-6 response.7–9 Benzodiazepine
receptors consist of two types of receptors, central-type
benzodiazepine receptors (CBRs) and peripheral-
type benzodiazepine receptors (PBRs) which are not
coupled to GABAA receptors. Benzodiazepines have
been suggested to have some effects on peripheral
tissue,10 and PBRs identified in blood cells have been
suggested to be associated with immune response.11,12

However, the effect of benzodiazepine on immune
response has not been fully clarified. Midazolam is
known to bind to both receptor types and was also
reported to have the effect on tumour necrosis factor
activity in mouse macrophages.13 With regard to the
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effect on IL-6 response, the agonists of PBRs, including
midazolam, were reported to modulate the lipopoly-
saccharide (LPS)–induced IL-6 response,7–9 whereas
in the absence of LPS they had no effect.9 However,
few studies have investigated this in the absence of LPS
and the finding has not been fully demonstrated.
Furthermore, differing from sepsis, where LPS stimu-
lation is a major inducer of IL-6 production, the IL-6
response following surgical injury is thought to be
relatively independent of LPS stimulation because
surgical wounds are disinfected.

Thus, the purpose of the present study was to
evaluate the effect of midazolam on the IL-6 response
in human peripheral blood mononuclear cells
(PBMCs) in the absence of LPS. Furthermore, in order
to clarify the mechanism, we evaluated whether the
effect of midazolam on the IL-6 response was mediated
by benzodiazepine receptors, using a specific ligand of
CBRs or PBRs.

Since the samples obtained in the present study
were limited and never stimulated by LPS, we deter-
mined the IL-6 activity by observing messenger RNA
(mRNA) expression levels in PBMCs using the com-
petitive polymerase chain reaction (PCR) tech-
nique preceded by reverse transcription of mRNA to
cDNA, a sensitive and useful molecular biology

14–17
technique.
RESULTS
Viability of PBMCs
The viability of PBMCs in the presence of mid-

azolam (10 �g/ml) was similar to that in endotoxin-free
0.9% sodium chloride (NaCl) solution without mid-
azolam (control) until 8 h (Fig. 1). It decreased
time-dependently, but did not greatly differ from the
baseline values during 2 h in both the midazolam-
treated and the control PBMCs. The 2 h viability of
PBMCs in the absence and presence of midazolam
(10 �g/ml) were 98.3�1.78% and 98.8�1.24%,
respectively. Therefore, we determined the duration of
incubation (2 h) of PBMCs.
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Figure 1. Time course of PBMC viability in the presence of mid-
azolam (10 �g/ml) (closed circles) and in 0.9% NaCl solution without
midazolam (open circles) (n=6. mean�SEM).
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Figure 2. Time-course of the effect of midazolam (10 �g/ml) (closed
circles) and 0.9% NaCl solution without midazolam (control (open
circles) on IL-6 mRNA expression levels in PBMCs in the absence of
LPS (n=5, mean�SEM).

**P<0.01 compared with the control, analysed using the
Mann–Whitney U-test. #P<0.001 compared with the baseline value,
analysed using the Kruskal–Wallis test followed by Dunn’s test.
Time-course of the effect of midazolam on IL-6
mRNA expression

We investigated the time course of the effect of
midazolam (10 �g/ml) and endotoxin-free 0.9% NaCl
solution without midazolam (control) on IL-6 mRNA
expression in the cells in the absence of LPS in a
2 h time-period. In the control, the IL-6 mRNA
expression level increased at 30 min incubation, com-
pared with the baseline value, but showed no difference
from the baseline value at the incubation of 60 or
120 min. In the midazolam-treated cells, the IL-6
mRNA expression levels at incubation times of 30, 60,
and 120 min were significantly lower than the values in
the control (Fig. 2, P<0.01). Midazolam (10 �g/ml)
time-dependently inhibited the IL-6 mRNA expression
in PBMCs in the absence of LPS by 2 h.
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Dose-dependent effect of midazolam on IL-6
mRNA expression

Midazolam was diluted with endotoxin-free 0.9%
NaCl solution to 10�4, 10�3, 10�2, 10�1, 1, and
10 �g/ml. We incubated PBMCs for 2 h with each
concentration of midazolam, and evaluated the effect
of midazolam. Figure 3 shows the dose-dependent
effect of midazolam on IL-6 mRNA expression level in
the cells in the absence of LPS. Midazolam signifi-
cantly inhibited the IL-6 mRNA expression at 1 �g/ml
(P<0.05) or 10 �g/ml (P<0.01) in the absence of LPS,
compared with the control (only 0.9% NaCl solution).
This indicated a dose-dependent suppression of the
IL-6 mRNA expression by midazolam.
The effect of a specific ligand of benzodiazepine
receptors on IL-6 mRNA expression

We incubated PBMCs with a specific agonist of
PBRs, Ro5-4864 (10 �g/ml), and a specific agonist of
CBRs, clonazepam (10 �g/ml), and evaluated the effect
of each agonist on the IL-6 mRNA expression in the
cells. Ro5-4864 had no effect on the IL-6 mRNA
expression as well as clonazepam, and the suppression
by midazolam was significantly great, compared with
Ro5-4864 or clonazepam (Fig. 4).

Furthermore, we evaluated the reverse effect of a
specific antagonist of PBRs, PK11195 (0.1, 1 and
10 �g/ml), on the suppression of IL-6 mRNA expres-
sion by midazolam for 2 h. No reverse effects of
PK11195 on the suppression by midazolam were
observed in the absence of LPS (Fig. 5).
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Figure 3. The dose-dependent effect of midazolam on IL-6 mRNA
expression level in the absence of LPS.

Data are percentages of IL-6 mRNA expression level in PBMCs
incubated for 2 h with each concentration of midazolam relative to
the control values (only 0.9% NaCl solution) (n=8, mean�SEM).
*P<0.05, **P<0.01 compared with the control, analysed using the
Kruskal–Wallis test followed by Dunn’s test.
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Figure 4. The effects of midazolam (10 �g/ml), a specific agonist
of PBRs, Ro5-4864 (10 �g/ml), and a specific agonist of CBRs,
clonazepam (10 �g/ml), on IL-6 mRNA expression level in the absence
of LPS.

Data are percentages of IL-6 mRNA expression level in PBMCs
incubated for 2 h with each drug, relative to the control values (only
0.9% NaCl solution) (n=13, mean�SEM.). *P<0.05 compared with
Ro5-4864 or clonazepam, analysed using the Kruskal–Wallis test
followed by Dunn’s test.
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Figure 5. The reverse effect of a specific antagonist of PBRs,
PK11195 (0.1, 1 and 10 �g/ml), on the suppression of IL-6 mRNA
expression by midazolam in the absence of LPS.

Data are percentages of IL-6 mRNA expression level in PBMCs
incubated for 2 h with each concentration relative to the control
values (only 0.9% NaCl solution) (n=6, mean�SEM).
DISCUSSION

Cytokine activity was initially evaluated by the
detection of cytokine proteins in a cell culture super-
natant or in peripheral plasma as measured by a
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bioassay or by an immunoassay. However, the
measurements of cytokine proteins are not sensitive
enough to fully evaluate the cytokine response.
Recently, new molecular biology techniques have pro-
vided the opportunity to evaluate the cytokine
response with a higher sensitivity than methods
measuring proteins. Cytokine mRNA expression
represents an early and potential part of the cascade of
cytokine protein production and can be used as an
indicator of cytokine response.18 Amplification by
PCR techniques preceded by reverse transcription of
mRNA to cDNA has been shown to be a powerful
technique for detecting the alterations of cyto-
kine mRNA even in small tissue samples. Many
studies16,18–21 reported the cytokine response in vari-
ous type of cells by using the PCR technique. The PCR
technique, however, has difficulties obtaining accurate
quantification for the initial amount of target gene
before PCR, because the PCR product increases expo-
nentially with each PCR cycle of amplification. To
obtain the quantification for evaluating the initial
amount of target gene, several studies18,19 have calcu-
lated and used the ratio of the amplified products of a
target gene to the amplified products of a housekeeping
gene such as �-actin. However, the difference in the
efficiency of amplification between the target gene and
the housekeeping gene could produce discrepancies
between the calculated amount and the initial amount
of the target gene. Thus, the conditions for such a
method, including concentrations of the target gene
and number of PCR cycles, are limited for obtaining
an accurate quantification.

Competitive PCR is one method for obtaining
more accurate quantification, as described in a recent
review.17 Competitive DNA used as an internal
standard in the competitive PCR is amplified in a single
tube using similar primers to the target gene so that the
efficiency of their amplification is thought to be similar.
Thus, the ratio of the amplified target gene products
to the amplified competitive DNA products, dis-
tinguished by size, remains precisely constant through
the amplification, and accurate quantification of the
initial amount of the target gene can be obtained.14,15

In the present study, we established the best conditions
of PCR for the quantification of IL-6 mRNA expres-
sion level in the preliminary study. Furthermore,
because amplification can be performed over many
cycles, competitive PCR is the most useful method for
the quantification of mRNA from a small number of
cells.16 Amplification of 30–50 PCR cycles for competi-
tive PCR was suggested to be most accurate.17 In the
present study, we were able to evaluate the innate IL-6
mRNA expression in the small number of PBMCs by
amplifying at 45 PCR cycles.

Salts of midazolam can be prepared with hydro-
chloric, maleic, or lactic acid, and are easily soluble
and very stable in water at a pH �4. Furthermore, the
hydrochloride solution, in particular, is known to be
well-tolerated in both intravenous and intramuscular
administration.22 However, the solubility of the mol-
ecular form of midazolam is limited in a high pH
medium and 55 �g/ml in pH 7.9.23 Thus, to obtain a
stable condition for the midazolam solution in the
present study, we used 0.9% NaCl solution for the
dilution of midazolam and the incubation of PBMCs,
and 10 �g/ml as a maximum concentration of mid-
azolam. In a defined culture medium, RPMI 1640,
midazolam had the same effect on IL-6 response as
0.9% NaCl solution at a concentration of 1 �g/ml (data
not shown). Therefore, it is thought that the use of
0.9% NaCl solution would not greatly influence the
results in the present study.

Midazolam was used at a relatively high concen-
tration in the present study. However, the viability of
the midazolam-treated cells was not different from that
of control cells after 2 h incubation. Furthermore,
LPS-induced elevation of IL-6 mRNA expression
levels was found in midazolam-treated cells as well as
the control cells (data not shown). Therefore, the effect
of midazolam is not thought to result from the toxicity
of midazolam. The present study demonstrated that
midazolam affected IL-6 response at a concentration of
1 �g/ml and that this effect was elicited during a
short-term incubation (30 min). Clinically relevant
plasma concentrations are variable but are thought to
range between 0.04 and 0.85 �g/ml,24–27 so that the
effective concentrations of midazolam in the present
study are a little higher than the plasma concentrations
in clinical use. However, when midazolam was admin-
istered intravenously, the plasma concentration is
thought to be high at the end of this range for a while
after administration. Even if the elevation of mid-
azolam concentration persists for a short time,
the effect of midazolam on PBMCs may be elicited.
Furthermore, relative high concentrations in this range
of midazolam may have an inhibitory effect.

Benzodiazepines have been demonstrated to
modulate the cytokine response in cells.7–9,13,28 Taupin
et al.9,28 showed that the ligands of PBRs enhanced
LPS-induced tumour necrosis factor-� (TNF-�) and
interleukin-1� (IL-1�) responses in vitro. In contrast,
Matsumoto et al.13 demonstrated the dose-dependent
inhibitory effects of the ligands of PBRs on TNF-�
activity in the presence of LPS. It was not clarified
whether the discrepancy between these findings was
due to the differences in the conditions of their
methods. Similarly, the ligands of PBRs were reported
to inhibit the LPS-induced IL-6 response in vivo,7,8

whereas in another in vitro study9 they enhanced the
IL-6 response in the presence of LPS. With regards to
the discrepancy between these findings results of IL-6,
Zavala29 suggested that the inhibition of the IL-6
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response by the ligands of PBRs in vivo was not a
direct effect but induced by the secondary actions of
the drug at other sites in the body, and that benzo-
diazepines increased LPS-induced cytokine production
at low concentrations and inhibited it at high concen-
trations. However, all their studies evaluated the
cytokine responses in cells stimulated by LPS, which is
a major inducer of not only IL-6 but also other
cytokines, including TNF-�, IL-1�, and interleukin-10
(IL-10).30 TNF-� and IL-1� induces the IL-6 produc-
tion.31 However, IL-10 inhibits TNF-�, IL-1�, and
IL-6 production.32 Thus, IL-6 production in a cell is
induced by LPS, TNF-� and IL-1�, although in con-
trast, it is inhibited by IL-10. Furthermore, Zhong et
al.18 demonstrated that the cytokine responses by LPS
stimulation itself were complicated, and are divided
into two basic groups: an early and more LPS-sensitive
group, including TNF-� and IL-1�, and a delayed and
less LPS-sensitive group, including IL-6, and suggested
that IL-6 activation in the presence of LPS might occur
through a regulatory mechanism or be induced by the
early-responding cytokines, such as TNF-� and IL-1�.
These complicated responses appear to be induced by
LPS stimulation in a cell or a culture during long-term
incubation, resulting in different findings, depending
on the conditions.

With regard to the mechanism of benzodiazepine
action on cytokine response, Zavala29 suggested that
PBRs might be linked directly or indirectly to a second-
messenger pathway that involves prostaglandin metab-
olism. Furthermore, benzodiazepines have been
reported to inhibit cyclic AMP production33, which is
enhanced by prostaglandins and was shown to enhance
IL-6 production.34 However, a specific agonist of
PBRs, Ro5-4864, was also found to have the effects on
the prostaglandin metabolism and cyclic AMP produc-
tion as well as diazepam.33 This means that these
effects were mediated with PBRs. In the present study
Ro5-4864 had no effect on IL-6 response, and a specific
antagonist of PBRs, PK11195, could not reverse the
effect of midazolam. These findings suggest that mid-
azolam induces the effect but not via benzodiazepine
receptors. Other investigators35–39 also reported that
benzodiazepines had a peripheral effect that was
independent of peripheral benzodiazepine receptors.
However, the mechanism of action has not been fully
clarified. Marti-Cabrera et al.35 suggested that benzo-
diazepines had another low (micromolar)-affinity
binding site. This binding site was postulated to be
linked to -type calcium channels. Although benzo-
diazepines have been suggested to be involved in
modulation of calcium channels,40 it seems that the
effect of midazolam on IL-6 response in the present
study was independent of the modulation of calcium
channels because we used a calcium-free medium, 0.9%
NaCl solution. Crocker et al.36 suggested that an effect
that was independent of peripheral benzodiazepine
receptors might be involved in the inhibition of
the calcium/protein kinase C-related pathway. Zhao
et al.38 showed that benzodiazepines at a submicro-
molar concentration potentiated the increase in free
cytosolic calcium concentration in astrocytes. Further-
more, Yamakage et al.39 demonstrated that calcium-
activated and voltage-dependent potassium outward
currents were inhibited by high concentrations of
diazepam and midazolam in smooth muscle cells.
These effects were seen at high concentrations in agree-
ment with the finding in the present study. However, it
is not clear whether these effects are linked directly or
indirectly to IL-6 response in PBMCs. Further studies
will be necessary to clarify the mechanism in the effect
of midazolam on the IL-6 response in human PBMCs.

IL-6 has been suggested to be associated with
post-operative complications in patients undergoing
surgery.2 In a previous study, we demonstrated that the
elevation of plasma IL-6 level was correlated with
post-operative fever.41 Furthermore, prolonged
increases of circulating IL-6 are associated with mor-
bidity and mortality after cardiac operations.42 IL-6
was demonstrated to have a negative inotropic effect
on the heart, mediated though myocardial nitric oxide
production.43 Royblat et al.44 indicated that ketamine,
added to opioid-based anaesthesia, inhibited the
increase in the plasma IL-6 level following coronary
artery bypass surgery, and suggested that inhibition of
cytokine responses might be clinically beneficial to
improve outcome following surgery. In order to regu-
late the acute systemic inflammatory response includ-
ing a post-operative state, further studies of inhibition
of excessive cytokine response are important. Although
the findings of the present study indicated a suppres-
sion of the IL-6 response in human PBMCs by mid-
azolam in the absence of LPS, it will be necessary to
evaluate the effect of midazolam on excessive IL-6
response, including injury-induced response and LPS-
induced response, other cytokine responses, and the
network of cytokine responses.
MATERIALS AND METHODS
Drugs
Midazolam (Dormicum) was purchased from

Yamanouchi Pharmaceutical Co. (Tokyo, Japan).
Ro5-4864 [4�-Chlorodiazepam: 7-chloro-5-(4-chlorophenyl)-
1,3-dihydro-1-methyl-2H-1,4-benzodiazepine-2-one] was
purchased from Fluka (Buchs, Switzerland). Clonazepam
and PK11195 [1-(2-chlorophenyl)-N-methyl-N-(1-methyl-
propyl)-3-isoquinolinecarboxamide] were purchased from
Sigma Chemical Co. (St Louis, MO, USA). Midazolam were
dissolved with endotoxin-free 0.9% NaCl solution (S8776,
Sigma, USA). Ro5-4864, clonazepam, and PK11195 were
dissolved with ethanol (<0.1% final volume concentration)
and the endotoxin-free 0.9% NaCl solution.
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Separation and incubation of PBMCs
The present study was approved by the ethics committee

of our institution. We enrolled healthy volunteers aged
between 25 and 40 years with their informed consent. From
each, a venous blood sample (21 ml) was collected in a sterile
tube containing EDTA (1 mg/blood 1 ml). PBMCs were
separated by a density-gradient centrifugation using a
Mono-Poly Resolving Medium (Dainippon Pharmaceutical
Co. Osaka, Japan), followed by washing and placing at 3 to
4�106 cells/ml of the endotoxin-free 0.9% NaCl solution.
In the absence of LPS, the separated PBMCs were incu-
bated with midazolam, Ro5-4864, clonazepam, or PK11195
at 37�C immediately after the separation. The pH of each
sample was measured and adjusted to the similar pH by
adding a hydrochloride solution or a sodium hydroxide
solution.
Evaluation of the viability of PBMCs
We investigated the time course of viability of PBMCs in

the absence and presence of midazolam in endotoxin-free
0.9% NaCl solution for 8 h. The viability of the cells was
evaluated by the ability to exclude 0.2% trypan blue.
RNA isolation form PBMCs and IL-6 cDNA
synthesis from isolated RNA

Total RNA was isolated from the PBMCs by the single
step acid guanidium-isothiocyanate-phenol-chloroform
extraction method, using a TRIzol LS (GIBCO BRL, Life
Technologies, Inc., Rockville, MD, USA). The amount of
isolated RNA was measured using a spectrophotometer
(model DU-640, Beckman, Tokyo, Japan). Isolated RNA
was treated with amplification grade DNase I (GIBCO BRL,
Life Technologies, Inc., Rockville, MD, USA). First-chain
cDNA was synthesised from 1 �g RNA, using a Superscript
Preamplification System (GIBCO BRL, Life Technologies,
Inc., Rockville, MD, USA).
Competitive PCR
Synthesized cDNA was amplified with primers specific

for human IL-6 mRNA (Human Interleukin-6 Amplimer
Sets, Clontech, Laboratories, Inc., Palo Alto, CA, USA) in
the presence of 10�1 attomoles competitive DNA (PCR
MIMICs human IL-6, Clontech, Laboratories, Inc., Palo
Alto, CA, USA) as an internal standard by PCR with a DNA
polymerase (AmpliTag Gold, PE Biosystems, Foster City,
CA, USA) and a thermal cycler (PC-800 Programmable
Temp Control System, Astec, Fukuoka, Japan). House-
keeping gene primers (Human G3PDH Control Amplimer
Sets, Clontech, Laboratories, Inc., Palo Alto, CA, USA)
were also used in PCR amplification of each sample for the
uniformity of the RNA isolation and reverse transcription
steps. The PCR mixture was heated at 95�C for 10 min,
followed by 45 cycles for the IL-6 gene or by 35 cycles for the
housekeeping gene, each consisting of denaturation for 45 s
at 94�C, annealing for 45 s at 56�C, and elongation for 2 min
at 72�C.
Quantitative evaluation of IL-6 mRNA expression
PCR products were electrophoresed through 2% agarose

and placed in ethidium bromide solution for 30 min. The size
of the PCR product for IL-6 cDNA was clarified by a DNA
size marker (�X174/Hae III digest, Toyobo Co., Ltd., Osaka,
Japan) and electrophoresed. The band of competitive DNA
was found to be located slightly below the IL-6 band. The
intensity of the band generated by IL-6 cDNA or competitive
DNA was quantified by a densitometer (Foto/Analyst Image
Analysis System, Fotodyne Incorporated, Hartland, WI,
USA). The ratio of log IL-6 cDNA intensity to log competi-
tive DNA intensity was calculated. In a preliminary study, we
established proportionality between the initial amounts of
IL-6 gene and the calculated ratio. The preliminary study
showed a linear relationship between the amounts of stan-
dard IL-6 cDNA prior to the PCR and the ratio of IL-6
cDNA to competitive DNA (Fig. 6). This finding indicates
that this method is useful for quantification of IL-6 mRNA
expression.
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Figure 6. (A) PCR product bands of standard IL-6 cDNA and
competitive DNA, visualised on a transilluminator. (B) The proportion-
ality between the initial amounts of IL-6 cDNA and the ratio of IL-6
cDNA to competitive DNA.

Values are plotted as the ratio of log standard IL-6 cDNA intensity/
log competitive DNA intensity vs the initial amounts of standard
IL-6 cDNA (10�3, 10 �2, 10�1, and 0.4 attomoles) prior to PCR. It
shows a linear relationship between the initial amounts of standard
cDNA prior to PCR and the calculated ratio.
Statistical analysis
Differences were determined using the Mann–Whitney

U-test or the Kruskal–Wallis test followed by Dunn’s test.
Statistical significance was defined as P<0.05.
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