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Background: Reflux of blood through incompetent venous valves is a major cause of the venous hypertension that
underlies clinical manifestations of chronic venous disease, including varicose veins, lipodermatosclerosis, and venous
ulcers.
Objective: To review published literature relating to animal models in which venous hypertension has been produced and
which have yielded information on the mechanisms by which venous hypertension may trigger inflammation and cause
changes in the skin and venous valves.
Methods: Medline searches, with additional papers identified from reference lists in published papers.
Results: At least three types of animal model were identified that have contributed to a better understanding of the trigger
mechanisms and role of inflammatory processes in chronic venous disease. These models involve venous hypertension
induced either by acute venular occlusion, placement of a chronic arteriovenous fistula, or ligation of several large veins.
Model results suggest that elevated venous pressure and altered flow can trigger inflammatory cascades in the vein wall
and venous valves which can cause progressive valvular incompetence and eventual valvular destruction, and which are
also important in the skin changes associated with venous disease. Treatment with agents that reduce oxidative stress by
scavenging free radicals and that inhibit the inflammatory cascade can prevent the progressive deterioration of function
in valves exposed to elevated venous pressure and can prevent the development of reflux blood flow.
Conclusions: Understanding these processes suggests potential therapeutic targets that could be effective in slowing or
preventing progression, and could help promote a more positive and proactive attitude towards treatment of the
underlying disease process, rather than the later manifestations of chronic venous disease. ( J Vasc Surg 2008;47:

183-92.)
Venous reflux through incompetent venous valves is a
major cause of the venous hypertension that underlies
many, and possibly all, the clinical manifestations of pri-
mary chronic venous disease (CVD).1,2 Examination of
affected veins from patients with CVD has shown abnor-
malities of valve structure, including thinning, stretching,
and tearing of valve leaflets.3 Microscopic studies have
reported leaflet hypotrophy with collagen abnormalities
and endothelial changes.4,5 The number of valves in a given
venous segment is reduced,6 and degenerated valve stumps
have been identified,7 in veins from patients with CVD.

Valves in veins removed from patients with CVD show
clear signs of inflammation. Monocyte/macrophage infil-
tration of the valve leaflets and venous wall was seen in every
specimen in one surgical series,7 and expression of intercel-
lular adhesion molecule-1 (ICAM-1) was elevated in the
vein wall and valves in another series.8 In patients with
CVD, circulating leukocytes show greater levels of activa-
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tion, and their plasma shows elevated hydrogen peroxide
production and also contains an (unknown) activating fac-
tor for granulocytes.9 Interestingly, varicose veins from
individuals with a family history of CVD showed elevated
levels of mast cell infiltration, suggesting that inflammation
may be a cause rather than a consequence of venous dis-
ease.10 However, studies in humans can generally give
information only about processes operating in established
disease, whereas the very early stages may be helpful in
understanding pathogenesis and trigger mechanisms. Ani-
mal models have a role to play in this regard. The aim of this
article is to review results that have been obtained using
three different animal models of primary CVD that have
enabled investigation of the mechanisms by which venous
hypertension may trigger inflammation and cause changes
in the skin and venous valves: a mesenteric venule occlusion
model; an arteriovenous fistula model; and a large vein
ligation model. Some of the literature was selected based on
ongoing research activities in the authors’ laboratories.
Additional material was found by Medline searching. Al-
though it is not certain that the triggering events in these
models closely reflect those in human CVD, these findings
may be useful in informing future research and therapeutic
decision-making.

MESENTERIC VENULE OCCLUSION MODEL

An acute rodent model in which a mesenteric venule is

exteriorized and reversibly occluded has allowed direct
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observation of events occurring early after the onset of
venous hypertension, and during reperfusion and return to
normal pressures.11-13

Methods

In anesthetized rats, the mesentery was exposed
through a midline incision, draped on a transparent pedes-
tal on a heated stage, and observed using an intravital
microscope.14 Fluid pressures within venules were mea-
sured with micropipettes using the servo-null technique.15

Single unbranched vessels, at least 350 �m long and 35
to 70 �m in diameter, were selected and observed for a
20-minute control period. Occlusion of the venule was
performed using a glass micropipette with a smooth
rounded tip, and a region approximately 100 �m upstream
of the occlusion was selected for observation. Measure-
ments were taken before occlusion, at 20-minute intervals
during 1 hour of occlusion, and during 1 hour after reper-
fusion. Venules prepared in a similar way but without
occlusion were used as controls.

Investigation of inflammation mechanisms. Levels
of oxidative stress due to hydrogen peroxide (H2O2) were
measured using dichlorofluorescein (DCF) fluores-
cence,16-18 and oxidative stress due to hydroxyl radicals was
assessed using the hydroxyl radical scavenger dimethylthio-
urea (DMTU). Flavonoids are naturally occurring antioxi-
dant substances that can scavenge superoxide anions and
lipid peroxy radicals, and can sequester metal ions.19-21

Their effect was assessed using micronized purified fla-
vonoid fraction (MPFF), which has been shown to reduce
leukocyte adhesion and migration after arterial ischemia/
reperfusion.22-24 MPFF was administered orally for 7 days
before experimentation at doses of 50 and 100 mg/kg
body weight per day, while a control group received vehicle
alone. Cell death in the tissue parenchyma adjacent to the
occluded venule was evaluated by propidium iodide (PI)
staining.25

Results

Venular micropressures upstream of the occlusion in-
creased from 13.4 � 3.8 mm Hg before occlusion to 44 �
4.7 mm Hg during occlusion, and venular diameters in-
creased by 10% to 20%. There was no change in pressure
downstream of the occlusion.

The number of leucocytes migrating across the venule
wall increased progressively during occlusion, from zero
before occlusion to 5.5 per 100 �m length of venule at 1
hour, and increased further during reperfusion to 9.7 per
100 �m (P � .05). During reperfusion, the numbers of
rolling and adherent leukocytes increased significantly rel-
ative to preocclusion levels.

Multiple microhemorrhages occurred upstream of the
occlusion. Hemorrhages 20 to 30 �m in diameter were first
detected after about 23 minutes of occlusion, and ex-
panded and merged to cover an area of mesentery some
200 �m in diameter. No hemorrhages were seen at or
downstream of the occlusion. Cell death in the tissue

parenchyma adjacent to the venule was increased signifi-
cantly relative to nonoccluded control venules, both during
occlusion and subsequent reperfusion.

It is possible that the observed increase in parenchymal
cell death could have been caused by toxic effects of escaped
red blood cells in the microhemorrhages. However, this
seems unlikely for two reasons. First, there was no colocal-
isation between the PI-positive cells and the microhemor-
rhages. Second, in a separate series of experiments, it was
found that puncturing the venule with micropipette, allow-
ing escape of blood cells and plasma, did not produce an
increase in parenchymal cell death.26

Comparison of upstream and downstream sites. All
the above observations were made at sites upstream of the
occlusion, subjected to both reduced flow (to near zero)
and increased pressure. In order to distinguish between the
effects of these two factors, in a subsequent series of exper-
iments,13 upstream sites were compared with sites down-
stream of the occlusion (which experienced only the reduc-
tion in flow). The number of leukocytes rolling and
adhering during reperfusion, the number migrating into
the interstitial space, and the amount of parenchymal cell
death were all elevated at both sites, and the kinetics of the
changes were similar. However, the degree of elevation was
consistently greater at the upstream site (Fig 1). This sug-
gests that the reduction in flow was sufficient to trigger the
leukocyte cascade at both sites, but the elevated pressure at
the upstream site enhanced the magnitude of the inflam-
matory reactions.

Mechanisms of inflammation. In most experiments,
DCF fluorescence from the endothelium and the mesen-
tery parenchyma increased over time at the same rate in
both control (nonoccluded) and occluded venules. By con-
trast, DMTU and MPFF treatments attenuated the in-
creases in leukocyte rolling, adherence, and migration, and
reduced parenchymal cell death associated with occlusion
(Fig 2, online only, Fig 3). MPFF also significantly in-
creased the delay between occlusion and the first detection
of microhemorrhage, from 23 � 13 minutes in the vehicle
group to 50 � 30 minutes and 48 � 8 minutes in the 50
and 100 mg/kg/day MPFF groups, respectively (P �.05
for both doses). MPFF treatment had no significant effect
on DCF fluorescence intensity.

ARTERIO-VENOUS FISTULA MODEL

In order to investigate the effects of venous hyperten-
sion over a longer time scale and in larger veins we have
used a model originally developed by van Bemmelen27 in
which a fistula is created surgically between the femoral
artery and vein in the groin of the rat.28-31

Methods

Under pentobarbital anesthesia, the femoral artery and
vein were clamped, and a fistula of approximately 0.5 mm
internal diameter was created between them, proximal to
the saphenofemoral junction, using monofilament sutures.
Heparin (1000 U/kg body weight) was administered to

prevent blood coagulation, and the incision was closed.
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The rats were given intensive postsurgical care and main-
tained for up to 6 weeks.

To assess the effects of the fistula, rats were anesthe-
tized once more and pressures were measured by catheteri-
sation in the femoral vein 3 cm distal to the fistula, in the
contralateral femoral vein, and in the contralateral femoral
artery. Each femoral vein was then sectioned distal to its
proximal valve, and blood reflux through the valve was
collected over a timed period. The femoral vein distal to the
fistula was then removed for morphometric assessment.
Valve specimens were processed for histology and immu-
nohistochemistry for macrophages, granulocytes and T-
lymphocytes, the matrix metalloproteinases (MMP)-2 and
MMP-9, and the endothelial adhesion molecules P-selectin
and ICAM-1. Terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labelling (TUNEL) staining for apo-

Fig 1. Comparison of upstream and downstream sites in the
venular occlusion model. A, number of migrating leukocytes per
100 �m length of venule. B, proportion of propidium iodide
(PI)-positive cells, a measure of parenchymal cell death, in a tissue
region close to the experimental venule. From Takase et al.13
ptotic cells was also performed. In some experiments, ma-
trix metalloproteinase (MMP) activity was determined by
gelatin zymography as described by Rosario et al.32

MPFF treatment. The effects of MPFF were investi-
gated in another series of experiments. MPFF (50 and 100
mg/kg/day) or vehicle alone were administered orally for
4 days before fistula placement and continued for 21 days
afterwards, at which time the second surgery and evalua-
tions were performed.

Results

Some investigations and measurements were per-
formed in more than one series of experiments. To avoid
repetition, when results were consistent across experimen-
tal series, a single representative set of results will be pre-
sented.

Reflux rates and valve morphology. Immediately
after fistula creation, the distal femoral and saphenous veins

Fig 2. Effects of the hydroxyl radical scavenger DMTU (2 mM)
at sites upstream of the venular occlusion. A, number of migrating
leukocytes per 100 �m length of venule. B, net increase (%) of
propidium iodide (PI)-positive cells, a measure of parenchymal cell
death. From Takase et al.13
were visibly distended with pulsatile blood flow through
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the fistula. One week after the procedure, all rats showed
some degree of edema of the hind limb ipsilateral to the
fistula. During the second surgery, at the end of the exper-
imental period, pressure in the femoral vein distal to the
fistula was markedly elevated to 94 � 9 mm Hg, compared
with 11 � 2 mm Hg in the contralateral femoral vein. Mean
arterial pressure was relatively unchanged in animals with
the fistula (97 � 8 mm Hg) compared with controls (92 �
4 mm Hg).

No reflux occurred at 1 or 2 days after fistula creation.
By 7 days, the reflux rate was significantly higher than in
controls (P � .05), and the rate was markedly increased at
21 and 42 days (P �.01 for both times) (Fig 4, online

Fig 3. Effect of MPFF (50 mg/kg/day and 100 mg/kg/day) at
sites upstream of the venular occlusion. A, number of migrating
leukocytes per 100 �m length of venule. B, net increase (%) of
propidium iodide (PI)-positive cells, a measure of parenchymal cell
death. From Takase et al.12
only), reflecting progressively greater valvular incompe-
tence over time. Macroscopic examination of the terminal
valve in the saphenous vein and the valve just distal to the
fistula in the femoral vein showed significant increases in
valve diameter (to 1.8 mm at day 42 compared with �0.4
mm in controls, (P �.01) and reductions in valve height.
The time course of these morphological changes closely
mirrored the development of reflux flow (Fig 4, online
only). Macroscopic disappearance of valves was noted in
the 21- and 42-day groups, and histology confirmed the
complete disappearance of valvular structures at 42 days.

Immunohistochemistry. The numbers of granulo-
cytes, monocytes/macrophages, and T-lymphocytes were
increased in pressurized valves compared with control
valves at 21 days. Expression of the inflammatory markers
P-selectin and ICAM-1 was also greater on the endothe-
lium of saphenous venous valve leaflets.

Matrix metalloproteinases. Results for MMP levels
in vein walls were less consistent across experimental series.
In one series,28 MMP-2 and MMP-9 expression levels,
assayed by immunohistochemistry, were not increased in
the pressurized veins. However, in a later series,31 immu-
nohistochemistry showed a significant increase in MMP-2

Fig 4. Time course of development of reflux and changes in
venous valve morphology after placement of an arteriovenous
fistula (at day 0). A, reflux rate. B, valve diameter. C, valvular
height. Control: unoperated rats; contra: femoral vein con-
tralateral to the fistula (n � 15 in each group). From Pascarella
et al.30
expression at 21 and 42 days, with no elevation at 1 and 7
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days. MMP-9 showed a bimodal pattern of expression, with
significant elevations at day 1 and again at days 21 and 42.
In a further series of experiments,30 gelatin zymography
showed elevated MMP-2 activity at 21 and 42 days and
elevated MMP-9 activity at 7 days.

MPFF treatment. MPFF treatment significantly at-
tenuated the reduction in valve height in pressurized veins,
although it did not affect the increase in valve diameter.
Importantly, the rate of reflux blood flow at 3 weeks was
markedly reduced by MPFF (P �.05), in a dose-dependent
manner (Fig 5).

With MPFF treatment, the numbers of T-lymphocytes
in pressurized valves were reduced markedly compared with
vehicle treatment, and were the same as in control valves in
the contralateral, nonpressurized limb (Fig 6, online only).
The numbers of granulocytes and monocytes/macro-
phages in the valve leaflets were all less in MPFF-treated
rats, but the differences did not reach significance. Levels of
P-selectin and ICAM-1 expression in endothelial cells, and
the number of apoptotic, TUNEL positive cells in the vein
wall were all lower with MPFF than in vehicle-treated rats,
but the differences were not significant (Fig 6, online only).

LARGE VEIN LIGATION MODEL

Another rodent model, in which venous hypertension
was produced by ligation of several large veins,33-35 has
been used to investigate the link between venous hyperten-
sion and the skin changes that are important manifestations
of severe clinical CVD.2

Methods

Under pentobarbital anesthesia, the distal vena cava
was ligated and the common femoral veins and common
iliac veins were ligated bilaterally using cotton ties. In acute
experiments, anesthesia was maintained and experimental

Fig 5. Effect of treatment with MPFF 50 mg/kg/day and 100
mg/kg/day, or vehicle alone on reflux flow rates 21 days after
placement of an arteriovenous fistula (n � 6 in each group). From
Takase et al.29
investigations began directly.33 In the chronic model, the
incisions were closed and the rats were maintained for 7 or
14 days before a second anesthesia and investigation.34

Arterial and venous pressure measurements were ob-
tained via cannulation of the right carotid artery and the
right superficial epigastric vein. Tissue distribution of leu-
kocytes was assessed by tissue myeloperoxidase (MPO)
activity.36 One unit of MPO activity is equivalent to ap-
proximately 106 leukocytes in tissues.37

Results

Ligation produced elevation of pressure in the superfi-
cial epigastric vein of the hindlimb in both the acute and
chronic models, from 3.3 � 1.2 mm Hg in sham-operated
controls to 12.6 � 3.2 mm Hg in ligated rats at 7 days in
the chronic model.

Tissue MPO activity was significantly increased in the
skin of the hind limb after 135 minutes in acute rats and 7
days in chronic rats compared with skin from the forelimb
or sham-operated hind limb (Fig 7), indicating increased
numbers of leukocytes in skin from the limb exposed to
elevated venous pressure.33,34 Pretreatment with anti-

Fig 6. Effects of fistula placement and MPFF treatment on num-
bers of T-lymphocytes (A), P-selectin expression (B), and apopto-
tic TUNEL-positive cells (C) in saphenous venous valves. Control:
unpressurized, contralateral valves; vehicle, pressurized valves
treated with vehicle alone; MPFF 50 and MPFF 100: pressurized
valves treated with MPFF 50 and 100 mg/kg/day. From Takase et
al.29
ICAM-1 monoclonal antibody significantly reduced skin
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MPO activity in acute rats, from 19.8 �1.54 units to 6.71
� 2.46 units (P �.001). There was no difference in endo-
thelial expression of ICAM-1 between normotensive and
hypertensive limbs 2 weeks after ligation.35

DISCUSSION

Venular occlusion model

The venular occlusion experiments showed that re-
duced flow can rapidly set in motion an inflammatory
cascade, including hallmarks like leukocyte adhesion to the
endothelium, migration into the interstitium, free radical
production, and parenchymal cell death that begins soon
after occlusion and continues for at least 1 hour after the
occlusion is removed and reperfusion occurs. Normal
blood flow, producing physiological levels of fluid shear
stress transduced by endothelial cells, can inhibit inflamma-
tion by several mechanisms,38 including inhibition of mi-
togen-activated kinase inflammatory pathways,39,40 reduc-
ing expression of adhesion molecules,41 and activating
protective antioxidant mechanisms.42 Shear stress also acts
on leukocytes themselves, causing retraction of pseudo-
pods, down-regulation of CD18 adhesion molecules, and
detachment from the endothelial surface.43-45 Thus, con-
ditions of low or zero flow and shear stress are likely to
promote a shift towards an inflammatory state.

Occlusion of a mesenteric venule also induced a signif-
icant elevation of pressure upstream of the occlusion. In
many microvascular beds, including skeletal muscle, that
have a high level of connectivity with relatively short venu-
lar interconnections, occlusion of any one venule does not
cause a significant increase in pressure upstream of the
occlusion. However, in the mesenteric circulation, there are
microvascular domains that are connected to only a single,
relatively long, venous outflow vessel. In such a situation,
occlusion of one outflow vessel causes a significant increase
in capillary pressure and pressure in the portion of the
venule upstream of the occlusion. The addition of elevated
micropressure enhanced the inflammatory reaction caused

Fig 7. Myeloperoxidase (MPO) activity, indicative of tissue leu-
kocyte numbers, in skin samples from the forelimb, sham-operated
hindlimb, and ligated (hypertensive) hindlimb in the rat large vein
ligation model, 7 days after ligation. From Hahn et al.34
by flow reduction and produced microhemorrhages. Ele-
vated pressure causes stretching of the endothelium, which
can itself cause expression of cytokines and adhesion mol-
ecules,46,47 activation of extracellular signal-related kinases
1 and 2,48 and free radical production.49 Elevated pressure
can also cause the formation of transcellular gaps through
endothelial cells,50 which may be related to the develop-
ment of microhemorrhages. It may be that these processes
reinforce the pro-inflammatory signals generated by the
reduction in flow.

The inflammatory responses seen with venular occlu-
sion are similar to those seen after exposure to inflamma-
tory mediators such as platelet activating factor and N-
formyl-methionyl-leucyl-phenylalanine.51,52 They also
have features in common with reactions seen during arterial
occlusion/reperfusion.53-55 The effects of venular occlu-
sion seem to be more severe than arterial occlusion, with
greater parenchymal cell death and microhemorrhage for-
mation. The greater severity may be related to elevated
pressure in capillaries and postcapillary venules produced in
the venular occlusion model.

Results from experiments with DMTU demonstrated
the importance of oxidative stress and free radicals, partic-
ularly the hydroxyl ion, in the inflammatory process. Fla-
vonoids have multiple actions, so MPFF may interfere with
the inflammatory process at several points and so represents
only a nonspecific probe of inflammatory mechanisms.
However, being of low toxicity and active by oral adminis-
tration, MPFF and other flavonoids are of considerable
therapeutic interest.56-58 MPFF is used clinically in some
countries for the treatment of patients with the later man-
ifestations of venous disease and their symptoms, such as
varicose veins, hemorrhoids, and venous ulcers (for review,
see Lyseng-Williamson and Perry59). The present animal
model results suggest that MPFF is effective in reducing the
initial components of the inflammatory cascade. It is there-
fore possible that MPFF (and potentially other anti-inflam-
matory treatments) could also be of benefit in the early
stages of chronic venous disease and might inhibit inflam-
mation-induced tissue damage and disease progression.

Arterio-venous fistula model

These experiments have demonstrated that formation
of a femoral arteriovenous fistula produces an immediate
increase in venous pressure and dilation of the distal veins.
Detectable reversed flow did not begin immediately, but
rather, the rate of reversed flow increased over the course of
the next 21 days or more. The increasing reflux mirrored
progressive changes in venous valve morphology that were
consistent with those originally reported by van Bemmelen
et al,60 and led in some cases to complete disappearance of
valvular structures at 42 days. Pressurized valves showed
increased numbers of granulocytes, monocytes/macro-
phages, and T-lymphocytes, and elevated levels of inflam-
matory markers. Thickening and fibrosis of the vein wall
were also seen at 21 and 42 days.

Recent studies on the operation of venous valves have
shown that closure normally occurs with no or minimal

reflux, and that blood flowing through the valve separates



JOURNAL OF VASCULAR SURGERY
Volume 47, Number 1 Bergan et al 189
into two separate streams: a proximally-directed axial jet,
and also a vortical fluid motion into the sinus pocket behind
the leaflet.61 The vortical flow in the pocket of the valve
prevents stagnation of blood in the valve pocket and en-
sures that all parts of the valvular endothelium are exposed
to significant fluid shear stress. Elevated venous pressure
causes dilation and distortion of the valve, possibly prevent-
ing proper closure of the leaflets, disturbing the flow pat-
tern within the valve, and allowing reflux.

There is considerable evidence that unidirectional, lam-
inar flow (including pulsatile flow) produces shear stress
that is transduced by endothelial cells and causes an anti-
inflammatory response, while zero or low flow is a pro-
inflammatory stimulus.37,60 It is now becoming clear that
disturbed or turbulent flow, and in particular flow whose
direction reverses (often referred to as oscillatory flow with
reciprocating shear stress), also has a pro-inflammatory
action.62-65 Furthermore, elevated pressure itself can acti-
vate pro-inflammatory signalling pathways. Thus, a venous
valve subjected to high pressure, causing structural distor-
tion and disturbed and reversing flow, is likely to display an
inflammatory reaction that may result in tissue damage and
weakening of valvular structures.

The effects of MPFF treatment are important in under-
standing the pathogenetic sequence of events. We propose
that, in the absence of MPFF, the increased venous pressure
produced by fistula placement distorts the venous valves
exposed to it, altering the flow pattern through the valves
and possibly producing some reflux flow. The altered,
possibly reversed flow and the increased pressure set in
motion an inflammatory reaction that leads to damage of
the valvular tissue, in turn leading to impaired valvular
function and increased reflux flow. In this way, a vicious
cycle of increasing valvular damage and greater reflux is
produced, that may culminate in the complete destruction
of valves. MPFF treatment may inhibit the inflammatory
cascade, reducing valvular tissue damage and preventing
the establishment of this vicious cycle, thereby accounting
for the dose-dependent reduction of reflux flow that was
observed.

It could be argued that placement of an arteriovenous
fistula represents an extreme form of venous hypertension,
in that parts of the venous system are exposed to pressures
�90 mm Hg. However, the venous system of the lower
limb in the human can also be exposed to high pressures. A
mean pressure of 95.4 � 5.5 mm Hg was recorded in the
dorsal foot veins during quiet standing in a group of 20
healthy volunteers aged 22 to 34 years,66 a value consistent
with earlier studies.67 Some vessels in the calf are exposed
to the pressures generated by calf muscle contraction, and
peak intramuscular pressures in the human soleus muscle
have been recorded at 181 mm Hg during walking and 269
mm Hg during running.68 Proximal venous valves may be
exposed to high pressures caused by intra-abdominal pres-
sure, which has recently been reported to reach 107 mm
Hg during coughing and 171 mm Hg during jumping in
healthy young adults.69 Thus, parts of the human venous

system are exposed to pressures at least as high as those
produced by fistula placement in the rat. However, the rat
model is severe in terms of the continuous nature of the
pressure elevation. This may account for the fact that valve
destruction can occur within 6 weeks in the model, but may
progress over many years in human patients.

As well as in primary venous disease, venous valves may
become incompetent secondary to lower limb trauma or
venous thrombosis. Although beyond the main scope of
this article, animal models have been important in showing
that an inflammatory response is also involved in thrombus
formation and the deleterious changes in venous valves and
vein walls that accompany it.70-73 In rodent models of
venous thrombosis, thrombus initiation was associated
with a rapid vein wall inflammatory reaction involving early
neutrophil infiltration,74 and later vein wall remodelling
associated with increased MMP-9 and MMP-2 expres-
sion.75 Inhibition of the pro-inflammatory adhesion mole-
cule P-selectin had no effect on thrombus mass, but re-
duced vein wall injury.73

Large vein ligation model

Skin changes in the lower limb, including hyperpig-
mentation, lipodermatosclerosis and, most seriously, ve-
nous ulcer, are frequent manifestations of long-standing or
severe CVD.2 Studies in humans have shown that blood
returning from feet experiencing venous hypertension due
to calf muscle inactivity is relatively depleted of leuko-
cytes.76,77 Consistent with this phenomenon, the numbers
of macrophages, lymphocytes, and mast cells are elevated in
skin biopsies from patients with CVD.78,79 Results such as
these have led to the “leukocyte trapping hypothesis”,
according to which an inflammatory reaction, involving
leukocyte activation and entrapment in the microcircula-
tion (including capillaries), migration from the microvas-
culature into skin tissue, and accompanied by release of
inflammatory mediators, is important in provoking skin
changes.80,81

Research using the large vein ligation model of venous
hypertension in the rat has shown that a relatively modest
elevation of venous pressure can provoke leukocyte migra-
tion leading to elevated tissue leukocyte levels that are
detectable within approximately 2 hours of ligation and
which persist for at least a week with chronic pressure
elevation.33,34 Leukocyte accumulation was largely pre-
vented by prior injection of an anti-ICAM-1 monoclonal
antibody,35 confirming the key role of ICAM-1 in leuko-
cyte adherence and migration in skin tissue as well as in the
walls and valves of large veins. Interestingly, endothelial
expression of ICAM-1 was not increased after 14 days of
venous hypertension. This may mean that basal levels of
endothelial ICAM-1 expression are sufficient to support
significant leukocyte migration.

Implications for the pathogenesis of primary CVD in
humans

Events that would be predicted, on the basis of animal
model results, to trigger inflammatory reactions are likely

to occur during everyday human activities. Indeed, plasma
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levels of adhesion molecules including ICAM-1 are ele-
vated and leukocyte “trapping” occurs in normal subjects
in response to the venous hypertension produced by 30
minutes of quiet standing.82 However, in most individuals
such events do not lead to the development of CVD. The
inflammatory cascade is basically a repair mechanism, and
there is a balance between inflammation-induced tissue
injury and the processes of healing and repair. The overall
level of injury may depend on the intensity and frequency of
triggering events, and a combination of inflammatory stim-
uli are likely more injurious than just a single stimulus. Risk
factors such as prolonged standing, greater body height,
and physical inactivity, together with genetic susceptibility,
may tip the balance in favour of injury and eventually lead
to the clinical manifestations of CVD. In women, the action
of progesterone may be important,83 possibly by reducing
smooth muscle tone and allowing greater venous disten-
sion, compromising the action of venous valves. Once
initiated, venous valve damage will be self-reinforcing, ex-
acerbating venous hypertension and disturbance of venous
flow, and causing further inflammation.

Animal models differ from patients in terms of their
genomes, hemodynamic pressures and flow, and disease
risk factors, so mechanisms identified in animal models
require testing in patients. Nonetheless, animal models
have highlighted the central role of inflammation and elu-
cidated some of the key processes involved. The results
obtained with MPFF and free radical scavengers suggest
that inhibition of the early stages of the inflammatory
cascade offers potential targets for therapeutic intervention.
It may be that existing anti-inflammatory agents warrant
wider use and more detailed study, and there may be
opportunities for the development of novel agents acting in
this area. These findings also suggest that the optimal and
earliest use of those treatment options that are currently
available, including lifestyle changes, aimed at reducing
venous hypertension and inhibiting inflammation, could
minimise valve damage and prevent the development or
worsening of venous reflux. It is to be hoped that future
clinical research will confirm or deny these suggestions
before too long.62
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