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The role of endotoxin/lipopolysaccharide in surgicalily
induced tumour growth in a murine model of metastatic

disease

GP Pidgeon’, JH Harmey', E Kay?, M Da Costa’, HP Redmond' and D.J Bouchier-Hayes'

Royal Collzge of Surgeons in Ireland, Departments of *Surgery and *Pathology, Beaumont Hospital, Beaumont. Dublin 9. freland

Summary Surgical removal of a primary tumour is often followad by rapid growth of previously dormant metasta

lipopolysaccharide, a cell wall constituent of Gram-negative bacteria. is ubiguitously present in air and may be introduced

BALB/c mice received a tail vein injection of 10° 471 mouse mammary carcinoma cells. Two weeks later, animais were su
trauma or an intraperitoneal injection of endotoxin (10 ug per animal). Five days later, animals which undarwent open su

with air sufflation or received an endotoxin injection displayed increased lung metastasis compared to anaesthetic controls. The

in metastatic tumour growth were reflected in increased tumour cell profiferation and decreased apoptosis within lung metastases. Ci
levels of the angiogenic cytokine. vascular endothelial growth factor (VEGF), were alsc elevated in these groups and correiated wi
increased plasma levels of endotoxin. Endotoxin treatment for 18 h (>10 ng mi*) directly up-regulated VEGF production by
cells in vitro. Metastatic tumour growth in mice undergoing carbon dioxide laparoscopy, where air is excluded, was simi
controls. These data indicate that endotoxin introduced during surgery is associated with the enhanced growth of ms
surgical trauma. by altering the critical balances governing celiular growth and angiogenesis. ©

» 1999 Cancer Resea
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Rapid growth of previously dormant metastases following surgical
removal of a primary tumour is well documented (Arai et al, 1992;
Kodama et al, 1992). Up to 50% of patients diagnosed with

primary cancer aircady have metastatic deposits (Fidler and Ellis,

1994}, The mechanisms controlling growth and dormancy of

metastases 1s an arca of intense investigation. Primary tumours
have been shown to inhibit the growth of their own metastases by
the secrction of angiogenesis inhibitors such as angiostatin and
endostatin (O'Reilly et al. 1994; O'Reilly et al, 1997). Tumour
manipulation during surgery may increase tumour cell dissemina-
tion into the bloodstream resulting in the seeding of tumour cells
in distant organs and the cstablishment of metastases (Hansen et
al, 1993). Surgical removal of a primary tumour may therefore not
only facilitate the seeding of metastases, but also create a permis-
sive environment for their subsequent growth by removing the
source of angiogenesis inhibitors. We have previously reported
that the growth of metastases following excision of a B16
melanoma primary tumour was increased when a simultancous
laparotomy or laparoscopy was performed at the time of excision
(Da Costa ct al, 1998). Tt
growth of metastases therefore merits separate investigation.
Tumour cell metastasis is a complex multistep process
mvolving a number of cell types. cytokines and pathways
{Crissman et al, 1988; Naylor and Balkwill. 1995). Angiogenesis.

¢ cffect of the surgical insult itself on the

the formation of new blood vessels, is essential for the growth of

primary tumours and established metastases (Folkman. 1990:
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Fidler and Ellis, 1994}, In the absence of'
tumours are resiricted to a

diameter of
New vessel formation is associated with inoree
the new vessels allow tumour cells access
(Wcidncr et al. 109‘1’ Anan ct al. 19961 N

mokuxkx \a>cula1 mdolhchal gm\\"gh factor
known as vascular permeability factor (VPEF). 15«
genic cytokine stimulating the growth and
cndothelial cells (Peters ot al. 1993). It also
permeability resulting in leaky blood vessel

tumour cell extravasation, a critical step n the metasial
{Clauss et al, 1990; Marmg, 1996). VEGF is produced by ¢
of host inflammatory and tumour cells
Frecman ct al, 1993:

In addition to new vessel formation, net tumour gr
on the balance between tumour cell proliferation
(Holmgren et al, 1995). Apoptosis, or progra
characterized by single-cell death in the mids
When proliferation equals the rate of apoptosis, no net

(Sunderkouer et al, 1€

Harmey ct al, 19

results and the tumours enter a cmtc \Fquic%cmc ord

Endotoxin or lipopolysacc
of Gram-negative bacteria that is present ubiquit
atmosphere at concentrations of approximately |
ctal, 1989).
bacteria. Abdominal contamination with airbo
shown to cause

Another major source of endotoxin is cs‘sdog ne

surgery has previously been
alterations and bactenal translocation {Wat
reports have shown that cndotoxin is ang
cularization in both the mesenteric wing
model {Li et al, 1991; Mattsby-Baltzer ¢t al. ’i :
1996).
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We hypothesized that open surgery (laparotomy) results in
increased metastatic tumour growth and that this increase is duc,
at least in part, to LPS introduced during the surgical procedure
and/or LPS translocation within the peritoneal cavity. To investi-
gate the role of surgery and endotoxin in metastatic growth we
used a murine model of metastatic disease where no primary
tumour is established. In this model, alterations in tumour growth
cannot be attributed to the removal of angiogenesis inhibitors.

such as angiostatin, derived from primary tumours. We assessed
the cffects of laparotomy, air laparoscopy. laparoscopy with air
exclusion under carbon dioxide (CO.) and endotoxin injection
{10 ug per animal) on metastatic tumour burden. Increased
metastatic burden, elevated serum VEGF, elevated circulating
LPS, increased tmour cell proliferation and decreased apoptosis
were identifted in animals subjected to laparotomy or air
laparoscopy. In the CO, laparoscopy group, these parameters were
similar to controls. In animals receiving endotoxin injection,
metastatic growth was similar to that observed in the laparotomy
group.

MATERIALS AND METHODS

Animais

Male 6- to 8-week old BALB/c mice {(Charles River Institute,
Margate. Kent, UK) were used. The animals were acclimatized for
I week and caged in groups of five or less in an air-conditioned
room al ambient temperature of 21-22°C and 50% relative
humidity under a 12-h lighi—dark cycle (lights at 08.00). Animals
were housed in a licensed biomedical facility (RCSI Department
of Surgery, Beaumont Hospital) and all procedures were carried
out under animal license guidelines of the Ministry of Health,
Ircland. Animals had ad libitum access to animal chow (WM
Connolly & Sons Ltd, Kilkenny. Ireland) and water.

Cell culture and injection of cells

The spontancously metastasizing manmary adenocarcinoma cell
line. 4T1. was generously provided by Mr E Coveny (Waterford
Regional Hospital. County Waterford, Ireland). All cell culture
reagents were obtained from Gibeo-BRL (Pasiey, UK. 4T1 cells
were maintained in RPMI-1640 supplemented with 10% heat-
inactivated fetal calf serum (FCS). 100U mi? penicillin and
100 ug mi™* streptomycin sulphate in a humidified atmosphere of
5% CO. in air at 37°C. Cells at 80% confluency were removed
by try sinization and washed threc fimes in Ca g-{ree
phosphate-buffered saline (PBS). Cells were resuspended at
5% 10°mit in PBS and 200 ul injected into each mouse via the
lateral tail vein following intramuscular administration of the anaes-
thetic and vasodilator hypnonn (Janssen. Buckinghamshire. UK).

Experimental design — surgical groups

Two weeks after tumour cell injection, mice were randomized into
four groups {(n = 8 per group). A control group received anaes-
thesia (Halothane, Rhone-Poulenc Rorer Ltd. Dublin, Ireland) for
30 min, a laparoscopy group received air sufflation of the peri-
toneal cavity for a period of 30 min, a group received laparoscopy
with CO, mstead of air {3 mmHg constant pressure) and a laparo-
tomy gréup underwent a midline incision along the peritoneum
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Figure 1 Metastatic burden in mice following surg
performed 2 weeks after tail vein injection of 1
days later animals were sacrificed and lungs were rey
is expressed as lung weight/body weight = 100 {me
aroup). A significant increase in metastatic growth w
laparotomy and air laparoscopy (P < 0.0001) compared &
laparoscopy #(FP < 0.001)

with periodical agitation of the intestines over a
interval.

Five days later, the animals were weighed. blood was ¢

and animals sacrificed by cervical dislocation. Lung

fixed in 10% formalin and processed for histology.

Experimental design — injection groups

the lateral tail vein as before. Two weeks later the ani
divided into two groups (rn = 8 per group). The cont
received a 200 ul mtraperitoneal (i.p.) injection of sien
and the experimental group received a 200 ul
50 pg ml? commercial LPS (Sigma Corp.. Dublin,
saline. i.e. 10 ug LPS per mouse. Parameters were meas
for the surgical groups.

Serum collection

Mice were anaesthetized with halothane and their chests cleancd
with ethanol. Blood was obtained via closed cardiac punciure

means of a 22-gauge hypodermic needle and a
i
§

and centrifuged for 20 min at 1100 g. Serum was removed.
through a 0.22-um filter and stored at —80°C E
by enzyme-linked immunosorbent assay {ELISA} ac

manufacturer’s instructions (R&D Svstems, Oxford, UK

Histology

Paraffin-embedded sections were stained with hagmatox:
cosin and a mitotic index (MD) estimated usn
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Ten ficlds were

counting an average of 300 tumour cells mm™.
scored by two independent observers (GP and JH) in a blinded

fashion. Mitotic cells were identified morphologically and the

mean number of mitotic cells in ten fields used as the mitotic
index.

Apoptotic cells were stained using the in situ cell death detec-
tion kit according to manufacturer’s instructions (Boehringer
Mannheim, East Sussex, UK). Peroxidase activity was visualized
by the precipitation of 3.3 -diaminobenzidene. Apoptotic celis
stained brown and were counted as above. The apoptotic index
(AT} was calculated as the mean number of positively stained cells
mnten —1 ds.

e
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Figure 2 Mitosis and apoptosis within fung metastas
{(A) Mitotic cells in lung metastases. Arrow indica
with chromosome separation {o two separate polas ¥
(B} Apoptotic cells in lung metastases. Arrow indicale
following TUNEL staining as described in Materials and M
{magnification » 400). {C) Mitosis: apoptosis ratios
following surgery. The number of mitotic and apopt
fields) were esﬁmated for each group and the ratic
represent mean = s.d. (n = 8 per group). A significa
mitosis:apoptosis ratios were observed following lapar
laparoscopy “(P < 0.01) compared to controls or CO. ia;
was no significant difference between the controls and CO,
groups (P = NS} ’

VEGF production by 471 cells in vitro

4T1 tumour cells were plated at 2 x 107 cells w
plates. Sixtcen hours later LPS (0~10ug mi
Eighteen

—80°C for analysis. Cells were washed twice with PBS
protein measured using the Bicinchonmic Acid metl
IL, USA). Superatants were assaved for
Svstems, Oxford. UK) and results expr
protein.

hours later supernatants were collected

VEGF ‘\\

ssed as VI

Plasma LPS measurement

Anmmals (n = 5) were inoculated with 4T tumour ¢
and randomly divided into surgical and injection gr
ously described in the experimental design section.

after surgical treatment or blood v
closed cardiac puncture inte pyrogen-free Coatex
{Chromogenix AB. Maoindak.
by centrifugation at 2200 g for 15 min. Pl
Amgeboc
ny accord

mutmn
Sweden) and
were measured using the Limulus

(Chromogenix AB. Maindak., Swede
turer’s protocol and results expressed as LPS

Statistical analysis

Statistical comparison between surgical gl*(m;}<
with analysis of \ﬂmncc (%\O\w\) and S che
tion using DataDesk 4.1™ (Data Descripti
The two injcction <>mup< were analysed
in DataDesk 4,17 Ru&uh\ are
d.). Data we

C\'prcs\tcd as

deviation (s
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Figure 3 Plasma LPS levels following surgery. Blood was collected by
cardiac puncture and LPS levels were examined 4 h post-surgery by the LAL
assay as described in Materials and Methods. Data represent mean + s.d.

{r = 8 per group). Laparotomy t (P < 0.0001) and air laparoscopy @

{P < 0.03) both resulted in significantly elevated levels of circulating LPS
compared to the controls receiving anesthesia alone. No significant
difference was observed betwaen the control and CO, laparoscopy groups
{P=NS}

Pearson Product Moment correlation was calculated for serum
VEGF levels in relation to plasma LPS concentrations.

RESULTS

Effect of surgery on metastatic tumour growth

4T1 mammary adenocarcinoma cells spontancously metastasize to
the lungs. A preliminary study established that lung metastases
were visibly present 14 days after tail vein injection of 10° 4T1
tumour cells. No metastases were apparent in other organs at this
time or at the time of sacrifice (5 days later). There was no signifi-
cant difference in body

weights between groups, indicating that
the animals were not cachectic (P = not significant (NS)) and no
apparent ocdema was observed. Both laparotomy (3.37 £ 0.14)
and air laparoscopy (2.73 £ 0.11) groups had a <1ﬂmﬁcamiy
(P < 0.0001} higher metastatic burden than controls (1.32 £ 0.12),
indicated by lung/body weight measurcments. A metastatic burden
similar to controls was observed in animals undergoing CO,
laparoscopy. where air is excluded (1.94 £ 0.42. P = NS)
(Figure 1. Surface examination of the lungs in the laparotomy and
air laparoscopy groups revealed multiple macroscopic tumour
mctastases in comparison with the other two groups.

ithin fung
trends were observed to those seen for the
Representative  sections with  highlighted

We assessed tumour cell mitosis and apoptosis w
metastases. Similar
metastatic burden.

mimtic and apoptotic cclls are shown in Figure ZA and 2B,
respectively. The laparotomy (8.33 = 0.21) and air laparoscopy
{7.99 = ') 09) groups had significantly {£ < 0.0001) higher mitotic
indices compared with control (4.39 = 0.63) or CO, laparoscopy
(4.71 £ 0.15) groups. Laparotomy (1.31 £ 0.13 and laparoscopy

with air (1.33 £ 0.42) resulted in significantly (P < 0.01) lower
apoptotic indices compared with controls (4.46 £ 1.13). In con-
trast. laparoscopy with CO,
(439 £ 0.63) and apoptotich index to controls
P = NS,

As net tumour growth is ultimately determined by the relative

resulted 1 a similar mitotic
(3,17 £ Q.76.

numbers of proliferating and apoptotic tumour cells, the ratio of

MI/AT was calculated as described. Laparotomy (6.20 £ 0.35) and

British Journal of Cancer (1999) 81(8), 1311-1317
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Mitosis/apopto

Figure 4 {A) Lung:body weight in mice following saline or
Two weeks after tail vein injection of 107 471 mammary
received an injection of saline or 10 ug LPS. Five day
sacrificed and lungs were removed. Data represent mes
group). A significantly higher tumcur burden {indicate
was observed following LPS injection "{F < 0.0002;
receiving an equivalent injection of saline. (B) Mito
lung metastases of mice following saline or LPS injec
mean * s.d. (n = 5 per group). A significantly high
observed following LPS injection compared 1o at imals recel
injection

laparoscopy with awr (6.35 % 1.00) resulted
(P < 0.01) higher ratios compared with cith

(1.54 £0.19) or control {1.02 £ 0.15) groups

Plasma LPS levels foliowing surgery

018 EU mi™y and  air
} groups had \wnsﬁmnd» (P <

Laparotomy (1.22 &
(0.30 £ LIS EU mibh)
levels of uxwhtmv LPS than control {013 +
Animals

that reccived Idpamsmm with air coxcl

Endotoxin injection resulted in a significantly {
metastatic burden compared with the group rec
injection (2.84 £ 0.20 vs 1.99 £ 0.10 respectiv

Endotoxin injection resulted in a similar metastatic
observed (Figure 1} in the Japarotomy and air laparoscopy ¢
(3.37+0.14 and 2.73 2 0.11

respectiveiyy. This |

© 1988 Cancer Research Campaign
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Figure 5 (A} Serum VEGF in mice following surgery. Five days post‘operauve v blood was oblained by cardiac punciure and VEGF was
quantitative ELISA. Data represent mean + s.e.m. {n = 8 per group). A significant increase in circulating levels of VEGF was obse

taparoscopy with air compared to controls *
of saline or 10 ug LPS. Data represent mean * s d {n=5perg
compared to animals receiving a saline inject

300

Serum VEGF

S0 T T ¥
0 1 2 3 4

-

Plasma LPS (EUmI™)

Figure 8 Circulating VEGF in relation o plasma LPS levels (n= 24} A
strong positive corralation {r = 0.966) was observed between serum VEGF
and plasma LPS jevels

burden was accompanied by a higher mitotic index in the endo-
toxin injection group {7.68 £ 0.42) compared with the saline injec-
tion group (4.74 £ 1.71). In addition, a lower apoptotic index was
observed in the endotoxin group (1.27 £
saline group (298 £ 0.91). The MI/AT ratio in the endotoxin
mjection group (6.18 £ 0.64) was significantly (7 < 0.02) higher
than the ratio observed following saline injection (2.02 £ 0.88)
(Figure 4B) and similar to the MI/AT ratio in the surgical groups
exposed to air — laparotomy (6.20 £ 0.35) and laparoscopy with
air sufflation (6.35 £ 1.00).

.19) compared with the

Serum VEGF levels following surgery or injection

Laparotomy (77.92 + 300pg mi") and air lapams‘ccpv
(61.97 £ 7.14 pg ml") resulted in significantly (P < 0.0001)
clevated post-operative ]C\'C}\ of circulating VEGF compared w xil
cither control (14.28 + 5.44 pg mI™) or CO, laparoscopy groups
(2841 % 13.70 pg ml%) {(Figure 5SA). No \mmmant difference
was observed between the control and CO, laparoscopy group
""" = NS}. The presence of high levels of this pro-angiogenic factor
1 thu circulation following surgery implicates an angiogenic

© 1999 Cancer Research Campaign

(P < 0.0001) or CO, laparoscopy groups, ¢ (P < 0.01} T {P < 0.001). (B) Serum VEGF levels follow
group). LPS injection resulted in a significant”
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Figure 7 VEGF production by 4T1 tumour cells al")w
LPS. 2 % 10° 471 cells were plated out in 9G-we

were incubated with different concentrations o
above 10 ng mi~* resulted in significantly * {P < 0.05) higher le
(pg ug total cell protein). Data represent mean + s.d. of
carried out in duplicate

fLPS LPS ato

mechanism

in the enhanced tumour
ﬁurmca] ﬂroup< exposed to air emd in animals reeely

njection {207.85 £ 42.74 pg mi™

Endotoxin injection resulted in .\1gni("xcam!y (P <0
levels of serum VEGF than saline injection {3
(Figure SB). This level 1s almost threefold that ¢
undergoing laparotomy. This may be duc to the In
circulating L.PS following ip.
EU mi™). which was also 1hmcfold hi
laparotomy group (1.22 2 0.18 EU mi
cant correlation (r = 0 )(m; was obsc
VEGF and LPS levels, when all groups w
(Figure 6). Therefore we investigated the
production by 4T1 tumour cells in vitro.

orowth
g

injection of

i0ug

Tumour cell production of VEGF following LPS
stimulation

LPS treatment (10 ng.
up-regulated VEGF
(93.27 £ 18

100ng. 1ug
pmduction b\«' J.T‘:
14,9594 £ 19.83,
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mg ' protein ;‘cspcctivc]v £ < 0.02 vs untreated control cells
3.73 pg mg ™ protein) (Figure 7).

DISCUSSION

We identified increased metastatic tumour growth in mice which
underwent laparotomy or air laparoscopy, where the peritoneum
was insufflated with air, compared to controls which received
anacsthetic only. Mice that received a CO. laparoscopy. where air
is excluded. had a metastatic burden cox:nparab!c to the control
group, implicating an airbomne factor in this increased metastatic
growth. The increases in metastatic burden coincided with signifi-
cantly higher tumour cell mitosis and lower apoptosis within lung
mddblHSLS of both laparotomy and air laparoscopy groups. The
a primary tumour {and consequently the anti-angio-
genic factors it produces) has been implicated in post- opuatlx

tumour recurrence (O Reilly et al, 1994, 1997)
is no primary twmour established.

removal of a

In our model th
Therefore, the incrcascd
mctastatic growth observed in animals exposed to air during the
surgical procedure cannot be attributed to the removal of anti-
angiogenic factors. The tumour enhancing effect of open surgery
has been demonstrated previously (Skipper et al, 1989: Arai et al.
1992; Kodama et al. 1992). but the mechanisms by which surgery
increases tumour growth have remained unclear.

Both laparotomy and air contamination of the peritoneum have
previously been shown to result in bacterial translocation across
the gut (Watson et al, 1993). and we observed high plasma levels
of LPS in animals 4 h afier i.p injection of LPS. Bacterial translo-
cation results in the release of LPS from endogenous gut bacteria,
potentiating the inflammatory response. Our study suggests that
air contamination during the surgical procedure
stimuli responsible

1s one of the
for the enhanced tumour growth and angiogen-
esis observed following open surgery. In animals which received
endotoxin injection. metastatic burden was increased compared o
those receiving a saline injection. Again, this increase was
reflected in higher tumour cell proliferation and decreased apop-
tosis within ¢ es. LPS has been implicated in
cellular proliferation and differentiation, possibly through the
phosphorylation and activation of several
{(Weinstein et al. 1992: Shapira et al, 1994}
VEGF is the most potent angiogenic

he lung metas

protein  kinases

¢ factor known (Peters et al.
1993). VEGF production can be regulated by a range of
molecules and cytokines. Open
resulted i

effector
surgery and air laparoscopy
significantly clevated levels of circulating serum VEGF
comparcd with either the CO, laparoscopy group or controls.
Animals recetving an endotoxin injection also had elevated serum
VEGF indicating that. in addition to promoting tumour growth,
LPS induces the release of the pro-angiogenic cvtokine VEGFE.
When the levels of plasma LPS were compared with circulating
VEGF in all groups, a strong positive correlation was observed
and we demonstrated that LPS directly increased VEGE produc-
tion by tumour cells in vitro.

Our results indicate that endotoxin, introduced into the circula-
tion during the surgical procedurc, augments metastatic growth by
increasing tumour cell proliferation. decreasing tumour cell apop-
tosis and increasing production of the angiogenic factor VEGF. It
is therefore likely that endotoxin plays a role in tumour recurrence

following surgical trauma. Thus. incrcased metastatic tumour
growth following removal of a primary tumour may not be entirely
due to the removal of angiogenesis inhibitors produced by the
primary tumour. Our findings may be of particular relevance to

British Journal of Cancer {1898) 81(8), 1311-1317

paticnts with a previous history of cancer und
an unrelated complaint. We are currently investig
administration of blocking antibodics to L.PS i the
period attenuates  surgically
tumour growth.

induced  increases
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