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ABSTRACT—ALt the molecular level, the inflammatory response is characterized by changes in gene
expression of various organ systems. One gene by which expression has been observed to be altered in
the liver during inflammation is connexin (Cx) 32. Cx genes encode the polypeptide subunits of the
hemichannels that comprise gap junctions. In the present study, an increase in the expression of a different
Cx gene, Cx43, was observed in the kidney and lung of rats injected with a sublethal dose (1 mg/kg) of
bacterial lipolysaccharide (LPS). To elucidate the possible mechanism by which the Cx43 expression is
increased during inflammation, the 5’ flanking region of the gene was cloned and coupled to a reporter gene
(human growth hormone). This construct was transfected into cells of renal origin (NRK), which express
Cx43 constitutively. The Cx43 promoter activity was indeed found in the cloned region, which contained
725 base pairs upstream of the transcriptional initiation site of the Cx43 gene. The Cx43 promoter activity
was found to be increased by incubation of the transfected cells with serum obtained from LPS-treated
rats. Moreover, direct incubation of the transfected cells with LPS or interleukin 18, but not with other
cytokines, was observed to increase the Cx43 promoter activity. These results suggest the expression of
Cx43 after administration of LPS is part of the inflammatory response. Moreover, the expression of this

gene seems to be mediated by proinflammatory mediators.

INTRODUCTION

The sequential collapse of different organ systems (lung,
kidney, gut, and liver) after severe trauma, sepsis, pancreatitis,
or shock, termed multiple organ dysfunction syndrome
(MODS), is the most important cause of mortality and mor-
bidity in surgical intensive care units (1, 2). Studies performed
during the last decade have suggested that the development of
MODS is not caused directly by the primary insult, but rather
by the overwhelming host defense system, such as an uncon-
trolled inflammatory response (3). The inflammatory response
is characterized by the coordinated action of several mediators
of different natures and origins acting in a variety of organ
systems. At the molecular level, the inflammatory response
could be described as a change in the pattern of gene expres-
sion in different organ systems. For example, the acute phase
proteins, which are involved in the systemic protection, are
rapidly expressed in the liver during inflammation (4). Metal-
lothionein (MT), which is involved in the cellular defense from
oxygen radicals (5) and nitric oxide (NO) toxicity (6), is also
induced in the liver during inflammation (7). Simultaneous
with the induction of these “protective” genes, there is a
decrease in the levels of constitutively expressed genes, such as
albumin (4), phosphoenolpyruvate carboxykinase (8, 9), glu-
cose-6-phophatase, palmitoyl transferase II, acetyl coenzyme
A-acyltranferase, and ornithine transcarbamylase (10). We
have previously postulated that the down-regulation of these
nonvital genes during injury is due to the limited cellular
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capacity for gene expression; this phenomenon has been coined
“the adaptive response to stress” (8).

Another important aspect of the inflammatory response is
the alteration in the communication between cells and organs.
Thus, paracrine and autocrine communication is affected dur-
ing inflammation by changes in the normal hormonal balance,
presence of cytokines, the levels of secondary mediators such
as calcium, NO, and arachidonic acid (11, 12). Another form of
cellular communication mediated by the direct coupling of
adjacent cells, named gap junctional cellular communication,
has also been observed to be altered during inflammation (13).
Gap junctions are channels that allow the transit of low mo-
lecular weight metabolites (e.g., cCAMP, inositol 1,4,5-trisphos-
phate) and ions (e.g., Ca*?, K*, CI7) between adjacent cells.
They play an important role in smooth muscle contraction,
propagation of electrical signals, and metabolic regulation (14).
Gap junctions are formed by the docking of two hemichannels,
termed “connexons,” located on the plasma membrane of
neighboring cells. Each connexon is composed of six subunits,
connexins (Cx), that are transmembrane proteins. There are
several Cx genes that have been classified according to the
molecular weight of the encoded polypeptide (15). The expres-
sion of the Cx genes is tissue specific. For example, Cx43 is the
major Cx found in the heart, and Cx37 is predominant in the
lungs and kidneys, whereas Cx 32 and Cx26 are present in the
liver (15).

We have previously observed a decrease in the expression of
connexin 32 (Cx32), the protein subunit of the most abundant
hepatic gap junction, in the liver during lipopolysaccharide
(LPS) induced inflammation (13). In addition, a down-regula-
tion of the Cx32 expression was observed in both ischemic and
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nonischemic liver lobes following regional hepatic ischemia/
reperfusion (16). Consequently, it would be important to de-
termine whether the expression of other Cx genes is affected
during stress. In the present study we show a dramatic increase
in the expression of Cx43 in the kidney and the lung after
administration of LPS. In order to elucidate the possible mech-
anism underlying the increase in the expression of Cx43 in the
kidney and the lung, the promoter region of this gene was
cloned. The effect of different proinflammatory mediators on
the Cx43 promoter activity was analyzed. It was found that
LPS and interleukin 183 (IL-183) can increase the Cx43 pro-
moter activity in kidney epithelial cells.

MATERIALS AND METHODS

Experimental endotoxemia

Adult male Sprague-Dawley rats (250-300 g) were fasted for 16 h, anes-
thetized by metophane inhalation and intravenously injected with Escherichia
coli LPS B 026:B6 (1 mg/kg in saline) or with saline (1 mL/kg) via the dorsal
penile vein under aseptic conditions as previously described (8). No food was
provided following the administration of LPS. At different time points follow-
ing the LPS injection, animals were killed, and organ samples were taken.
Animal studies were conducted according to protocols reviewed and approved
by the Institutional Animal Care and Use Committee and adhered to guidelines
promulgated by the National Institute of Health.

Northern blot/hybridization analysis

Total RNA was isolated by the acid guanidinium thiocyanate-phenol-
chloroform method (17). RNA (10 ng) was separated in formaldehyde-agarose
gels and transferred onto nylon modified membranes (Gene Screen Plus). Blots
were hybridized at 42°C with radiolabeled ¢cDNA probes using the random
primer method (18), with [«**P]dATP and [«**P]dCTP as previously de-
scribed (19). Blots were washed with 50 mM Tris, pH 8.6, 1 M NaCl, 2 mM
EDTA, 1% SDS at 42°C for at least 1 h with a minimum of four changes. Blots
were subsequently washed with 2X standard saline citrate buffer (SSC), .1%
SDS at 42°C for 30 min and further with 2X SSC, .1% SDS at 65°C for 10
min, as needed. Blots were exposed to X-ray film (Kodak X-OMAT AR) at
—70°C in the presence of intensifying screens. Autoradiograms, in the linear
range of detection, were quantitated by laser scanning densitometry (Molecular
Dynamics). Signals were normalized to the intensity of 185 rRNA, as deter-
mined prior to probing by staining the blots with methylene blue (.03%) in 3
M NaOAc, pH 5.2.

Cloning, transfection, and reporter gene analysis of rat
Cx43 promoter

Rat genomic DNA was used as a template for the cloning of the Cx43
promoter region by the polymerase chain reaction (PCR) using Taq polymer-
ase and standard reagents with a MgCl, concentration of 1.5 mM. The primers
used (TCACGCCTTCCCCCCAATG and GGACGTTCACTTCCTCG-
GAGAC, 5" and 3, respectively) were synthesized based on the sequence of
the Cx43 gene reported by Yu et al. (20). Reaction conditions were as follows:
denaturation, 1 min, 94°C; annealing, 1 min, 55°C; elongation, 2 min, 72°C; 30
cycles and 5 min of final elongation at 72°C. A product of approximately 770
base pairs (bp) was obtained and subcloned into pCRII using the TA cloning
kit (Invitrogen). Sequencing of this fragment confirmed that it was indeed a
segment of Cx43 gene. The PCR product was subcloned in front of the human
growth hormone (hGH) gene (p¢GH). The resulting construct (pCx43/725/
hGH) was transfected using Lipofectin (Life Technologies, Inc) into 50%
confluent monolayers of normal rat kidney (NRK) cell line maintained in
D-MEM supplemented with 5% fetal bovine serum. The levels of hGH in the
extracellular medium were measured using a commercial radioimmunoassay
(Nichols Institute Diagnostics). In addition to the Cx43 constructs, NRK cells
were co-transfected with the vector pPOPRSVI-CAT containing the RSV pro-
moter and the chloramphenicol acetyl transferase gene (CAT), which allows
the constitutive expression of CAT. Expression of CAT was analyzed by an
ELISA (5 prime—?3 prime, Inc). Expression of CAT was used to evaluate the
efficiency of transfection. Consequently, the activity of the Cx43 promoter
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(hGH) was normalized by the level of CAT expression and the protein content
in the sample. Protein was determined by the BCA assay (Pierce). Data is
presented as mean = SE. Statistical analysis was performed by repeated
measures analysis of variance (ANOVA) using Dunnett’s methods. To gener-
ate a stable cell line transfected with the Cx43 promoter and hGH, cells were
co-transfected with pRC/CMYV, which expresses an antibiotic resistant gene.
Cell were selected with geneticin and cloned by limiting dilution. The resulting
clones were tested for the presence of hGH in the extracellular medium.

RESULTS

Expression of Cx43 in kidneys and lungs during
inflammation

Fasted rats were injected with a sublethal concentration of E.
coli LPS (1 mg/kg), which has been previously shown to
induce a rapid and reversible acute phase expression in the
liver (8). Kidney and lung were harvested at different times
after the LPS injection. Total RNA was isolated and analyzed
by Northern blot/hybridization using ¢DNA radiolabeled
probes. An increase in mRNA levels of Cx43 and MT was
observed in kidneys within 2 h of LPS administration, reaching
a maximum after 4 h and returning to basal levels within 12 h
(Fig. 1). These two genes are not highly expressed in the
kidney of normal rats. Moreover, their expression was not
induced by administration of saline (not shown). In addition,
the expression of Cx43 was observed in the lungs of rats
injected with LPS (Fig. 24). The presence of Cx43 mRNA in
the lungs paralleled an increase in the mRNA levels of the
inducible form of NO synthase (iNOS) as illustrated in Fig. 2B.
Expression of iNOS in lungs has been previously associated
with the response of this organ to inflammation (21).

Analysis of Cx43 promoter in NRK cells

The sequence of rat Cx43 gene has been previously reported
and the promoter activity has been partially characterized (20).
To study the mechanism of Cx43 expression in the kidney
during inflammation, a region of the Cx43 gene comprising
725 bp upstream of the transcriptional initiation site was cloned
by PCR amplification of rat genomic DNA using primers
designed on the basis of the reported sequence (20). The PCR
product was subcloned upstream of hGH gene used as reporter
gene. This construct (pCx43/725/hGH) was transfected into
NRK cells, which have been previously shown to express Cx43
constitutively (22, 23). Cells were co-transfected with
pOPRSVI-CAT to evaluate the efficiency of transfection. After
48 h of the transfection, the extracellular medium was collected
to measure the hGH content using a commercial radioimmu-
noassay (see Materials and Methods). Cells were also lysed to
measure CAT activity. There was a sevenfold increase in the
ratio hGH activity/Cat activity/mg protein between cells trans-
fected with pCx43/725/hGH and cells transfected with a pro-
moterless plasmid p¢GH (see Fig. 3). These results indicate
that the 725 bp region of the Cx43 gene indeed possesses
promoter activity.

Activity of Cx43 promoter in the presence of
inflammatory mediators

To study the regulation of the Cx43 gene during inflamma-
tion, NRK cells were transfected with pCx43/725/hGH and
pRC/CMYV. The latter plasmid contains an antibiotic-resistant
gene. The transfected cells were selected with geneticin and a
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Fic. 1. Detection of Cx43 and MT mRNA steady-state levels in
kidney after administration of LPS. Total RNA was isolated from rat
kidney 0, 2, 3, 4, 6, 8, 12, and 24 h after LPS (1 mg/kg) injection. RNA
was separated in a formaldehyde agarose gel and transferred onto
nylon modified membranes. Blots were probed with a 3?P-labeled
¢DNA insert coding for rat Cx43 {A) or pig MT (B) (insets). The autora-
diogram in the linear range of film sensitivity was quantitated using a
laser scanner densitometer (Molecular Dynamics). Differences in RNA
loading between lanes were estimated by staining the blots with meth-
yiene blue (0.03% in 3 M NaOAc, pH 5.2) before probing. The ratio of
signal intensities between Cx43 or MT mRNA (Northern blot) and 18S
rRNA (methylene blue staining) was plotted as a function of time.

cell line was obtained (NRK-Cx43/725/hGH). This cell line
was incubated for 16 h with serum (1% final concentration)
obtained from rats after 0, 1, 2.5, 4, and 24 h of LPS injection.
An increase in the content of hGH in the extracellular medium
was observed after incubation with the serum obtained after 1
or 2.5 h of LPS treatment. However, serum collected after 4 or
24 h of the LPS injection had no effect on the Cx43 promoter
activity (Fig. 4). These findings suggest that there is a compo-
nent in the serum of LPS-treated rats that stimulated the Cx43
expression, which could be a proinflammatory mediator. To
test this possibility, the NRK-Cx43/725/hGH cell line was
incubated for 24 h with different concentrations of LPS. The
results from this experiment indicate that there is an increase in
the Cx43 promoter activity after addition of LPS, which is dose
dependent, reaching a maximum value at a concentration of 20
pg/mL (Fig. 5). To confirm this observation, NRK cells were
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Fia. 2. Detection of Cx43 and iNOS mRNA steady-state levels in
lung after administration of LPS. Total RNA was isolated from rat
kidney 0, 2, 3, 4, 6, 8, 12, and 24 h after LPS (1 mg/kg) injection. RNA
was separated in a formaldehyde agarose gel and transferred onto
nylon modified membranes. Blots were probed with a *2P-labeled
cDNA insert coding for rat Cx43 (A) or human iNOS (B) (inset). The
autoradiogram in the linear range of film sensitivity was quantitated
using a laser scanner densitometer (Molecular Dynamics). Differences
in RNA loading between lanes were estimated by staining the blots with
methylene blue (0.03% in 3 M NaOAc, pH 5.2) before probing. The ratio
of signal intensities between Cx43 or INOS mRNA (Northern blot) and
18S rRNA (methylene blue staining) was plotted as a function of time.
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Fic. 3. Cx43 promoter activity after transfection in NRK cells.
NRK cells (60% confluent monolayers) were transfected with pOPRSVI-
CAT and pCx43/725/hGH or pdGH. After 48 h of the transfection, the
extracellular medium was collected and cell were lysed. The level hGH
in the extracellular medium was measured using a commercial radio-
immunoassay as described in “Materials and Methods” and the levels
of CAT was analyzed by an ELISA in the cell lysate. Protein levels were
also determined in the cell lysate. The Cx43 promoter activity was
expressed as the ratio between the specific activity of hGH and CAT.
The results correspond to the average of three independent transfec-
tions. Both hGH and CAT assays were performed in triplicate.

incubated with LPS, and total RNA was isolated and analyzed
for the presence of Cx43 mRNA. A 1.5-fold increase in the
endogenous levels of the Cx43 mRNA gene was obtained
following incubation with LPS (not shown). The NRK-Cx43/
725/hGH cell line was also incubated for 24 h with a different
concentration of 1IL-18, TNF-¢, IL-6, or IFN-v, and the Cx43
promoter activity was determined. An increase in Cx43 pro-
moter activity was observed after incubation of the NRK-
Cx43/725/hGH cell line with IL-18 (Fig. 6). There was no
significant increase in the Cx43 promoter activity after incu-
bation with TNF-«, IL-6, or IFN-v (Fig. 6). Co-incubation of
the NRK-Cx43/725/hGH cell line with LPS and IL-18 did not
increase the Cx43 promoter activity to levels higher than those
observed by incubation with the individual mediators. These
observations suggest that LPS and IL-18 do not act synergis-
tically. NRK cells incubated with LPS were not found to
secrete IL-13 as analyzed by an ELISA (not shown). These
result suggest that the effect of LPS on the Cx43 promoter
activity was not due to the secretion of IL-18 by NRK cells
incubated with LPS.
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Fic. 4. Effect of serum obtained from rats that were injected
with LPS in the activity of Cx43 promoter in NRK cells. Rats (tripli-
cate) were injected with LPS (1 mg/kg) and serum was isolated from
blood samples obtained at 0, 1, 2.5, 4, and 24 h of the injection. Stably
transfected NRK cells expressing hGH driven by the Cx43 promoter
were incubated with rat serum (1% final) for 16 h. Expression of hGH
was measured in the extracellular medium by a radicimmunoassay. The
levels of hGH after addition of serum were normalized to the hGH levels
in absence of serum. The results {relative hGH expression) are the
average of triplicate determinations carried out with serum obtained
from three individual animals for each time point. Each individual serum
sample was tested in triplicate with the NRK cell line. Values corre-
spond to mean *= SEM, p < .05 for the serum samples of 1 and 2.5 h
with respect to the control.

DISCUSSION

A large body of studies has indicated that the inflammatory
response is triggered by various circulating mediators produced
by different cell types. For example, macrophages and mono-
cytes secrete cytokines in response to injury that induce the
expression of other genes in various organ systems. Thus, acute
phase proteins and secondary mediators such as NO and ara-
chidonic acid are all synthesized in response to inflammatory
stimuli. These proinflammatory mediators are believed to play
an early beneficial role following trauma. However, their un-
controlled expression may be detrimental in the long term.
Consequently, it is important to elucidate the molecular and
cellular mechanisms underlying the inflammatory response. A
profound understanding of these mechanisms may eventually
allow us to develop the appropriate strategies to enhance or
repress the inflammatory response based on a particular clini-
cal scenario.

We have previously observed the down-regulation of two
hepatic genes during inflammation: phosphoenolpyruvate car-
boxykinase (8, 9), and Cx32 (13, 16). In the present study, we
show that the expression of another CX gene, Cx43, was
altered during inflammation. In this case, Cx43 expression was
increased in kidney and lung following administration of LPS.
The expression of Cx43 was observed simultaneously with an
increase in kidney and lung mRNA levels of two other genes
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Fic. 5. Effect of LPS on the activity of Cx43 promoter in NRK
cells. NRK cells were stably transfected with Cx43 promoter/hGH
vector. The resulting cell line was incubated for 24 h with LPS (0.5, 1,
5, 10, 20 pug/mL). Expression of hGH was measured in the extracellular
medium using a radioimmunoassay. The results were normalized for
the protein content in the sample and expressed as a ratio of the
samples in which no proinflammatory mediator was added. The data
correspond to the average of six independent experiments = SEM, p <
.05 for all LPS determinations with respect to the control.

involved in the inflammatory response: MT and iNOS, respec-
tively. Expression of MT has been observed during inflamma-
tory states induced by various types of injury, such as isch-
emia/reperfusion (16), endotoxemia (8), and circulatory shock
(24). The expression of this gene is regulated by zinc, glu-
cocorticoids, epinephrine, glucagon, IL-1, and IL-6 (25-27).
MT is involved in cellular protection from oxygen radicals and
NO toxicity (5, 6). There are several studies showing an
increase in the expression of iNOS in response to proinflam-
matory mediators (28, 29). Thus, the expression of Cx43 in the
kidney and lung seems to be part of a generalized inflammatory
response. Consequently, it would be important to elucidate the
possible mechanism of Cx43 expression after administration of
LPS and correlate these observations with the expression of
other genes such as MT and iNOS. This information will
increase our understanding of the different mechanisms of gene
regulation involved in the inflammatory response.

In order to study the mechanisms of Cx43 up-regulation
during inflammation, the 5’ flanking region of this gene was
cloned. This region of the Cx43 gene was coupled to a reporter
gene (hGH) and transfected into NRK cells, which are of renal
origin. NRK cells were used in this study because these cells
have been well characterized for the expression of Cx43 (22,
23). It was found that the Cx43 promoter activity was indeed
localized in the cloned region, which contained 725 bp up-
stream of the transcriptional initiation site. A stable cell line
containing the Cx43 promoter region ligated to hGH was
obtained to investigate the possible role of proinflammatory
mediators. We first tested the effect of serum obtained from
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Fic. 6. Effect of IL18, IL6, TNF«, and IFN-vy incubation on the
activity of Cx43 promoter in NRK cells. A cell line stably transfected
with Cx43 promoter/hGH vector was incubated for 20 h with IL18 (20,
50, 200 U/mL); IL6 (20, 50, 200 U/mL); TNF« (0.5, 1, 2, 10 ng/mL); and
IFN-y {1, 10, 20 U/mL). Expression of hGH was measured in the
extracellular medium using a radioimmunoassay. The results were nor-
malized for the protein content in the sample and expressed as a ratio
of the samples in which no proinflammatory mediator was added. The
data correspond to the average of 3 to 12 independent experiments =
SEM, p < .05 for IL-1 with respect to control and cytokines, respec-
tively.

LPS-treated rats. It was found that Cx43 promoter activity in
this cell line was increased by incubation with serum obtained
between | and 2.5 h of LPS injection. To determine whether
the effect of serum from the LPS-treated rats was due to the
presence of proinflammatory mediators, the cell line was indi-
vidually incubated with several proinflammatory mediators:
LPS, IL-18, TNF-a, IL-6, or IFN-y. LPS and IL-183 were
found to augment the Cx43 promoter activity by 1.5- to 1.7-
fold. The other cytokines significantly did not increase Cx43
promoter activity. LPS and IL-183 do not act synergistically,
suggesting that their activity may occur through the same
signal transduction pathway. Moreover, the effect of LPS was
not due to secretion of IL-13 by NRK cells incubated with
LPS. The effect of proinflammatory mediators on the expres-
sion of Cx43 in the transfected NRK cells was smaller than that
observed in rat kidney after administration of LPS. This dif-
ference could be explained by several arguments. First, it is
possible that the expression of Cx43 in rat kidney requires the
presence of several factors that may not be present completely
in the serum samples from LPS treated rats. Perhaps, some of
these factors are acting in an autocrine fashion. In addition, the
basal level of Cx43 expression in NRK cells is higher than that
observed in rat kidney. Thus, the relative increase in expression
may be lower in NRK cells than in vivo. Regardless of the
increase in Cx43 expression in the in vivo and ex vivo systems,
our findings support the assumption that the expression of
Cx43 is linked to the inflammatory response.

Analysis of the sequence of the Cx43 promoter region re-
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vealed several interesting elements that may be involved in the
transcriptional regulation of this gene during inflammation.
These include AP-1, AP-2, and Sp-1 binding sites within the
promoter region (20). Proinflammatory mediators like IL-1 are
known to increase the expression of c-fos and c-jun, or acti-
vation of c-jun by phosphorylation (30, 31). Since the AP-1
transcriptional factor is formed by the c-fos and c-jun het-
erodimer, it iS tempting to speculate that this may be the
potential element involved in the up-regulation of the Cx43
gene in kidney and lungs during inflammation. An increased in
Cx43 expression has been observed in the myometrium, which
seems to be mediated by estrogen. This increase in Cx43
expression has been correlated with an increase in the levels of
c-fos and c-jun (32). In addition to estrogen (20), the expres-
sion of Cx43 has been shown to be increased by other medi-
ators, such as basic fibroblast growth factor (33), parathyroid
hormone (34), membrane permeable cAMP derivatives (34), and
inducers of cellular levels of cAMP, such as forskolin (34, 35).

In summary, the results presented in this study show that the
inflammatory response is characterized by changes in the ex-
pression of various genes located within different organ sys-
tems. The elucidation of the regulatory mechanisms for gene
expression during inflammation may provide evidence of com-
mon pathways that may be used to modulate the inflammatory
response during a disease process.
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