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Abstract

We present an ODE model which we use to investigate how High Density
Lipoproteins (HDL) reduce the inflammatory response in atherosclerosis. HDL
causes atherosclerotic plaque stabilisation and regression, and is an important po-
tential marker and treatment target for cardiovascular disease. HDL enables choles-
terol efflux from the arterial wall, macrophage and foam cell emigration, and has
other athero-protective effects. Our basic inflammatory model is augmented to in-
clude several different ways that HDL can act in early atherosclerosis. In each case,
the action of HDL is represented via a parameter in the model. The long-term
model behaviour is investigated through phase plane analysis and simulations. Our
results indicate that only HDL-enabled cholesterol efflux can stabilise the inter-
nalised lipid content in the lesion so that it does not continue to grow, but this
does not stabilise the lesion or prevent rupture. HDL-enabled macrophage emigra-
tion guarantees lesion stabilisation by maintaining stable macrophage content.

Keywords: atherosclerosis, inflammatory response, macrophages, High Density
Lipoproteins HDL, Ordinary Differential Equations model, dynamical system, Low
density Lipids, LDL

1 Introduction

Atherosclerosis is a cardiovascular disease of the major arteries characterised by the for-
mation in the arterial wall of fatty lesions or plaques that contain lipids and cellular
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debris [1]. These lesions continue to grow and transform throughout an individual’s life
and, over many years, may become thrombotic, unstable and prone to rupture. If a
lesion ruptures, this can cause a heart attack or stroke [2, 3]. With detection and treat-
ment, atherosclerotic lesions can remain stable, and even regress with time [4, 5, 6, 7],
significantly reducing the risk of heart attack or stroke.

A number of key risk factors are indicative of cardiovascular disease. These include:
high blood levels of cholesterol found in Low Density Lipoproteins (LDL); a number of
inflammatory markers; and low blood levels of cholesterol found in High Density Lipopro-
teins (HDL). HDL levels below 40 mg/dL have been identified as an independent major
risk factor for cardiovascular disease [8]. This led to HDL being described as “good”
cholesterol and becoming a key therapeutic target, and a variety of treatments that in-
crease levels and activity of HDL are being developed and tested [5, 8, 9, 10, 11, 12].

The significance of HDL in the treatment and progression of atherosclerosis is em-
phasised by the results of several clinical trials which found that even aggressive LDL-
lowering therapy, previously the key focus of therapeutic research, can result in only a
limited reduction in adverse coronary events [5, 8, 13]. Furthermore, an increasing under-
standing of the crucial role that inflammation plays in the development of atherosclerosis
[1, 2, 3, 14, 15], has placed a focus on factors that can moderate the inflammatory re-
sponse. HDL is gaining increasing attention, as it interacts with macrophages, foam cells
and other inflammatory immune cells, to reduce the growth and progression of atheroscle-
rotic lesions.

Atherosclerotic lesions can form as early as childhood, when Low Density Lipoproteins
(LDL), commonly known as “bad cholesterol”, penetrate the artery lining and are oxidised
or modified in other ways by free radicals. The modified LDL creates an inflammatory
response which leads to macrophages and other immune cells penetrating the lining of
the artery. Macrophages consume the modified LDL and eventually become cholesterol-
laden immune cells known as foam cells that collect in the artery wall [1, 16]. These fatty
lesions continue to grow and transform throughout an individual’s life, and can develop
a core of extra-cellular lipids with a fibrous cap which contains smooth muscle cells and
collagen-rich matrix [2]. Lesions may become thrombotic (that is prone to causing blood
clots), unstable and susceptible to rupture, causing a heart attack or stroke [2, 3].

HDL can inhibit lesion progression and even cause plaque regression. In this paper
we use a model for the inflammatory response [17] to investigate how HDL inhibits and
reverses the growth of atheroslerotic lesions. A detailed understanding of the mechanisms
of action of HDL is crucial to our ability to manage atherosclerosis.

In this paper we will focus, in particular, on three different actions of HDL:

1. Promotion of cholesterol efflux from the artery wall: a major protein of HDL,
Apolipoprotein A-I, promotes efflux of built-up cholesterol from lipid-laden foam
cells and enables HDL to carry it out of the arterial wall into the bloodstream [5].

2. Promotion of emigration of macrophages and foam cells: HDL can help lesion re-
gression by enabling the macrophages and foam cells to emigrate out of the arterial
wall [18].

3. Reducing the modification rate of LDL and the immigration rate of macrophages
into the artery wall: HDL inhibits the migration of immune cells into the intima
(the innermost layer of the arterial wall) [9, 10], which reduces the strength of
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the inflammatory response. HDL also functions as an anti-oxidant by removing
oxidant molecules from the arterial wall, thus reducing the amount of modified
LDL taken up by the foam cells. These effects both restrict the presence of causes
of inflammation by reducing modLDL concentration and macrophage entry into the
intima.

The significance of these mechanisms is not yet fully understood [5, 12], but HDL has
been shown to reduce lesion size significantly in a variety of animals, including mice and
rabbits [19, 20, 21] and a number of clinical trials have shown that a reduced incidence
of coronary events is associated with an increase in plasma HDL levels in patients [5].
Since coronary events are linked to lesions rich in active immune cells [1, 2], the trial
results suggest that HDL’s role in moderating the inflammatory response may be a key
mechanism in inhibition of disease progression.

We have previously formulated a model that represents the interactions between
modified Low Density Lipoproteins (modLDL) and monocyte-derived macrophages by
a system of ordinary differential equations [17]. This model suggests that macrophage
proliferation and signaling, rather than constant modLDL influx, may drive a lesion to
instability. The model also suggested that increasing the rate of LDL influx into the
intima, may increase the rate of growth of the lesion, but not affect lesion stability.

In this paper we focus on the effect of HDL on these time-dependent processes in
early lesions and investigate how each different mechanism of HDL activity affects lesion
growth and causes changes in consistency and stability of the lesion. In particular, we aim
to explore how HDL affects the numbers and activity of the foam cells and macrophages
in the intima.

We use time-dependent differential equations; that is, we assume that the lesion con-
tent is spatially homogeneous so we consider events that occur after lesion location is
determined by haemodynamic stresses, but before a cap is formed by smooth muscle
cells.

We analyse the qualitative effects of the model assumptions through phase-plane and
bifurcation studies. In particular, we investigate the hypothesis that HDL can stabilise
the lesion, and we identify the key mechanisms in the model by which stabilisation occurs.

This paper is structured as follows. In Section 2 we review the cellular processes
relevant to early lesion formation, and how they are affected by HDL. In Section 3 we
develop a generalised model for the inflammatory response incorporating HDL activity.
In Section 4 we analyse the model by separating it into smaller submodels that allow us
to investigate the effect of each mechanism of HDL action on the system. In Section 5 we
discuss the results and identify the key model mechanisms that affect lesion behaviour.
Section 6 gives a general discussion of the results.

2 Development of atherosclerotic lesions and the role

of HDL

2.1 Early stage disease processes

Atherosclerotic lesions form in the intima which is the innermost layer of the artery. A
layer of epithelial cells, known as the endothelium, separates the bloodflow in the lumen of
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Figure 1: Modifications of the basic inflammatory response due to the presence of HDL
(green). The basic inflammatory response involves the interaction of modLDL and
macrophages. The presence of modLDL in the intima, the innermost layer of the ar-
terial wall, causes monocytes to migrate out of the blood stream in the lumen of the
vessel and into the intima. Once in the intima, monocytes differentiate into macrophages
which capture modLDL particles on their suface and consume them to become foam
cells. T-cells in the intima interact with the macrophages and produce pro-inflammatory
substances that attract more macrophages. HDL acts as an antioxidant to prevent mod-
ification of incoming LDL ; it inhibits the migration of monocytes into the artery wall; it
promotes efflux of cholesterol from foam cells and transports this cholesterol out of the
artery wall; and it enables foam cells to migrate out into the blood steam in the lumen.
(The last effect is not illustrated.)

the blood vessel from the intima (see Figure 1). When the endothelium becomes injured,
due to shear stress from the blood flow or other causes, LDL from the blood stream is
able to penetrate the intima from the blood stream. Once it is in the intima, the LDL
can become oxidised by free radicals, or modified in other ways. We will refer to this
modified LDL as mod LDL.

The injury to the endothelium and the presence of modified LDL inside the in-
tima cause the endothelium to initiate an inflammatory response, by expressing adhe-
sion molecules. Monocytes (immune cells in the blood stream) respond to these ad-
hesion molecules by sticking to the damaged endothelium. The presence of modLDL
in the intima triggers the production of cytokines which draw the adhered monocytes
across the endothelium into the intima, where they differentiate into macrophages. The
macrophages consume modLDL which causes them to become large, cholesterol-laden
foam cells. These macrophages and foam cells further fuel the inflammatory response,
by secreting more cytokines to attract more monocytes into the intima, and by increas-
ing adhesion molecule expression on the endothelium. This process produces chronic
inflammation.
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The large, lipid-laden foam cells become trapped in the intima and form a fatty
streak in the vessel wall. In the later stages of disease progression, as this streak grows,
the dead internalised foam cells form a necrotic core. Smooth muscle cells from deeper
in the arterial wall, respond to the endothelial injury and to the activity inside the
intima, and migrate to the top of the lesion and proliferate to form a hard cap. This cap
separates the necrotic, thrombogenic material inside the lesion from bloodstream, but the
cap can become weakened and unstable over time. If the cap ruptures, the thrombogenic
material from the lesion becomes exposed to the bloodstream and may cause a blood clot
(thrombosis). Such ruptures usually occur in the shoulder of the plaque, in areas rich in
active macrophages.

2.2 HDL and its role in atherosclerosis

High Density Lipoprotein is a small lipoprotein synthesised in the liver as complexes of
apolipoprotein (mostly Apolipoprotein A-I (ApoA-I)) and phospholipid, which can accept
cholesterol from cells. It is known as high-density because, compared to low-density
lipoprotein, it has a high ratio of protein to cholesterol. HDL can accept cholesterol from
other cells such as lipid-laden macrophages in atherosclerotic plaques, and transport it
to the liver for excretion. This is known as reverse cholesterol transport.

Figure 1 shows the interaction of HDL with macrophage foam cells, as well as its other
atheroprotective properties, such as the antioxidant effect that neutralises free radicals,
and the anti-inflammatory effect on the endothelium.

ApoA-I, present in most HDL particles, accounts for almost 70% of of their protein
content. It promotes efflux of built-up cholesterol from lipid-laden foam cells, and causes
the HDL to accept the cholesterol and ferry it out of the intima into the liver, for excretion
[5, 10]. ApoA-I also functions as an anti-oxidant by removing oxidant molecules from the
intima, reducing the amount of modLDL [9].

HDL inhibits the production of adhesion molecules and monocyte chemoattractants
by endothelial cells, which in turn inhibits the migration of monocytes and T-cells into the
intima [10, 9]. Lastly, HDL aids lesion regression by reducing the oxidation by-products
that retain newly differentiated macrophages in the intima, enabling macrophages and
lipid-laden foam cells to emigrate from the intima altogether [4].

2.3 HDL as a therapeutic target

With such a wide array of possible athero-protective properties, HDL has become a key
therapeutic target, and low levels of HDL cholesterol are regarded as a significant disease
marker [8, 11, 12]. Recent studies show a 2-3% decrease in cardiovascular risk for every
1mg increase in HDL cholesterol [11]. Recommended therapy for patients with low levels
of HDL cholesterol include aerobic exercise, weight loss, change in diet and cessation of
smoking, which have all been associated with moderate to substantial increases in HDL
cholesterol levels [8, 22, 23, 24]. Only limited benefits are currently possible through
readily available lipid-modifying drugs such as statins or fibrates [8].

It is not yet well understood how HDL acts to reduce the risk of adverse cardiovascular
events. Studies show that not all HDL-raising interventions reduce adverse events, while
other interventions can reduce reverse cholesterol transport, without raising HDL levels.
New research indicates that the quality and function of HDL, as well as quantity, play an
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important role, as HDL may become dysfunctional in some disease states [8, 25]. Further
understanding of the dynamics of reverse cholesterol transport and the interaction of
HDL with the inflammatory response is critical to our understanding of HDL treatment
methodologies [8].

A number of therapeutic methodologies are currently being tested. These include
targeting major components of HDL particles, such as ApoA-I, the main protein in HDL,
and phospholipids which combine with ApoA-I to form HDL particles. Clinical studies
that investigate infusing of combinations of ApoA-I and phospholipids show that not only
are HDL levels transiently increased, but cholesterol removal is also indicated [26, 25].
Other studies have shown that such infusions have a favourable impact on endothelial
function [11]. A clinical study of the effect of 4 weekly infusions of synthesised HDL shows
that a reduction in atheroma volume was achieved in humans [11]. Repeated infusions of
synthesised HDL in cholesterol-fed rabbits have been linked to a reduced level of intimal
thickening, together with decreased smooth muscle cell proliferation, which suggests a
reduced likelihood of arterial stenosis [11, 27, 28].

3 Modelling the effect of HDL on the basic inflam-

matory response

In this section we construct a model for the interaction of HDL with the inflammatory
response.

In [17] we showed that the inflammatory response in atherosclerosis can be represented
by an ODE model for the interactions between modified LDL, active macrophages and
foam cells. Our system consists of three equations for the variables:

`(t) : concentration of modified LDL in the intima at time t

m(t) : capacity of the active macrophages in the intima to ingest modLDL at time t

n(t) : internalized lipid content in foam cells at time t.

We use our model to examine events that occur on a time scale of months to years.
We therefore can ignore events that occur on the small scale of hours and days, such
as the modification of LDL in the intima [29], and the differentiation of monocytes into
activated macrophages that express scavenger receptors [30]. Thus we assume that the
influx of LDL and subsequent modification can be treated as an influx of modified LDL.
Similarly, we combine the influx of monocytes and their subsequent differentiation into
an influx of active macrophages with a certain capacity for modLDL.

Our variables represent different kinds of lesion components and reflect the qualitative
properties of the lesions rather than specific cell counts or concentrations. In particular,
the capacity of activated macrophages is related to the number of activated macrophages
in the intima, and the internalized lipid content is related to the foam cell volume in the
lesion.

We incorporate HDL into the model by considering how it affects the mechanisms of
lesion formation. Because HDL can move in and out of the intima easily, we assume that
the concentration of HDL in the lesion h is constant on the time scale of the model so
that h can be treated as a parameter in the model.
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We propose the following equations for the modified LDL and macrophage interaction
in the presence of HDL:

d`

dt
= − aU(`)m︸ ︷︷ ︸

removal
of modLDL

+ K(h)︸ ︷︷ ︸
modLDL

influx

(1)

dm

dt
= − cU(`)m︸ ︷︷ ︸

reduction in
macrophage

capacity

+ rmR(h)m︸ ︷︷ ︸
recycled
capacity

− amA(l, h)m︸ ︷︷ ︸
macrophage
emigration

+ D(h)` + f(h)`m︸ ︷︷ ︸
macrophage

influx

(2)

dn

dt
= dU(`)m︸ ︷︷ ︸

internalised
modLDL

− rnR(h)n︸ ︷︷ ︸
cholesterol

efflux

− anB(l, h)n︸ ︷︷ ︸
foam cell

emigration

. (3)

A summary of parameters and rate functions introduced in these equations can be
found in Table 1. The parameters represent the combined effect of a multitude of cy-
tokines and other signalling mediators. Because the parameters cannot be determined
precisely, we present them in terms of units of the associated variables rather than the
actual measurements.

The basic model presented in [17] represents the inflammatory process only, with-
out the action of HDL. It has only the first two terms on the right hand side of equation
(1) and (2) with K constant, rather than a function of h; only the first and last brackets
of terms on the right hand side of equation (2) with D and f constant; and it has only
the first term on the right hand side of equation (3). In the basic model, because n(t)
only has a source term, it increases unboundedly and can never come to a steady state,
even when ` and m have reached steady state.

Cholesterol efflux and re-use of foam cell capacity, rmR(h) and rnR(h): The
efflux of cholesterol from foam cells is mediated by HDL and is thought to be a crucial
step in the prevention or reversal of atherosclerosis [5]. The protein, ApoA-I, present
in most HDL particles, can accept cholesterol from lipid-laden foam cells via receptor
binding [5, 10]. We assume that this is done at a saturating rate, so R(h) is a smooth,
increasing, saturating function of h, with R(0) = 0 and limh→∞R(h) = 1. We assume
that the rate at which capacity can be reused is, at most, as fast as the rate at which the
lipid is removed by HDL, so rm ≤ rn.

Macrophage and foam cell emigration governed by A(`, h) and B(`, h): Llodra
et. al. [4] have shown experimentally that HDL causes macrophages and foam cells to
acquire behaviours that enable them to emigrate out of the intima into the lymph nodes.
They also found that this emigration is prevented by byproducts of the modification of
LDL. Thus the emigration rate increases as h increases, and decreases as ` increases,
so we model the emigration rate as dependent on the ratio `

h
. As `

h
→ 0, the rate

functions should tend to 1. Thus A(`, h) = A( `
h
) and B(`, h) = B( `

h
), are continuously

differentiable functions that decrease monotonically with `
h
, tend to zero as `

h
tends to

∞ and satisfy A(0) = B(0) = 1.
ModLDL influx K(h): It is generally accepted that the LDL plasma concentrations

do not vary in time without significant changes in diet, so we assume that the influx of
LDL into the intima is constant. The LDL is then oxidised and modified at a rate that
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is dependent on the amount of HDL present. Hence we let the modified LDL influx rate
K be a function of h. Since h is a constant, K(h) is also constant for any given level of
h. However this function allows us to consider the effects of changes in h on the model.
Since HDL reduces the rate of LDL oxidation, K(h) is a smooth, positive, decreasing
function.

Macrophage influx: The monocyte-derived-macrophage influx is controlled by the
endothelial cells’ response to the modified LDL and by cytokines released by the macrophages.
Thus the macrophage influx term consists of two components, one proportional to `, and
one to `m. Since HDL lowers the expression of adhesion molecules by the endothelial
cells, it decreases the overall rate of new macrophage influx into the intima. Thus f
and D decrease as h increases. We require f(h) and D(h) to be smooth, positive and
decreasing functions of h.

Rate of modLDL uptake by macrophages U(`): Macrophage uptake of modified
LDL is mediated by a multitude of scavenger receptors, [31] with varying uptake kinetics
[32] so the exact dynamics of modified LDL uptake are unclear. We showed in [17], that
the LDL uptake dynamics may have a significant effect on the inflammatory response.
Hence rather than choosing a particular form for U(`), we work with a general uptake
rate function that is continuous, differentiable, increasing, with at most one inflection
point for ` > 0, saturates as ` → ∞ (that is, lim`→∞ U(`) = 1) and has U(0) = 0. We
will use U(`) = `2/(1 + `2) in all the simulations presented in this paper.

More complex kinetics that can result in multiple inflections are dealt with in [17].
We take Equations (1), (2) and (3) and rescale time so that the equations operate

on a similar time scale to the rate of uptake of mod LDL by macrophages. We use the
following transformations:

˜̀= `, m̃ =
am

c
, ñ =

an

d
, t̃ = ct, K̃(h) =

K(h)

c
, D̃(h) =

D(h)a

c2
, f̃(h) =

f(h)

c
,

r̃m =
drm

c2
, r̃n =

rn

c
, ãm =

am

c
, ãn =

an

c
.

We drop the tildes and replace the variables and parameters in the system with their
rescaled equivalent. The rescaled system is given by the following equations:

d`

dt
= −U(`)m + K(h) (4)

dm

dt
= −U(`)m + rmR(h)m− amA(l, h)m + D(h)` + f(h)`m (5)

dn

dt
= U(`)m− rnR(h)n− anB(l, h)n. (6)

4 Model Analysis and Results

We divide the model into several submodels, and analyse them individually to consider
the effect of each type of HDL activity on the system.
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Table 1: Dimensional parameters and non-dimensional rate functions for the inflamma-
tory response model. We denote `-units by L, m-units by M , n-units by N and time
units by t.

Parameter Units Interpretation
a L/(Mt) Maximum uptake rate of modLDL by

macrophages
c t−1 Maximum rate of reduction in capacity of

macrophages as a result of modLDL uptake
d N/(Mt) Maximum rate of accumulation of internalized

lipid in foam cells
rm M/Nt Maximum rate of return of active macrophage

capacity as a result of cholesterol efflux from
cells

rn t−1 Maximum rate of cholesterol efflux out of foam
cells

am t−1 Maximum rate of emigration of macrophages
an t−1 Maximum rate of emigration of internalized

lipid via foam cell emigration

Rate function Interpretation
U(`) Rate of modLDL uptake by a macrophage
K(h) Cholesterol influx rate, moderated by HDL
D(h) Macrophage influx rate due to endothelial re-

sponse to modLDL, moderated by HDL
f(h) Maximum macrophage influx rate due to en-

dothelial response to active macrophages, mod-
erated by HDL

R(h) Rate of lipid efflux from a foam cell
A(`, h) Rate of emigration of active macrophages as a

function of ` and h
B(`, h) Rate of emigration of foam cells as a function

of ` and h

4.1 Cholesterol Efflux

In this section we consider the basic model for the inflammatory response presented in
[17], with the addition of cholesterol efflux from foam cells. Cholesterol efflux frees some
of the macrophage capacity and allows each macrophage to continue to take up more
modified LDL so we assume that this efflux usually leads to macrophage capacity being
recycled so that modLDL can continue to be consumed even when no new macrophages
are entering the intima.

When HDL acts on via cholesterol efflux and macrophage capacity recycling, the
model equation are:
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(a) (b)

Figure 2: Representative bifurcation diagrams for the systems that include choles-
terol efflux. The bifurcation parameter is f , which models the endothelial response to
macrophages and which governs the rate of macrophage-dependent macrophage immi-
gration. There are two possibilities; (a) A system with two positive finite steady states:
a stable node and a saddle that meet in a saddle-node bifurcation, and a stable steady
state at (`, m) = (0,∞) (not shown); (b) A single stable steady state.

d`

dt
= −U(`)m + K(h) (7)

dm

dt
= −U(`)m + D(h)` + f(h)`m + rmR(h)n (8)

dn

dt
= U(`)m− rnR(h)n. (9)

This system differs from [17] because there is now a finite, stable steady state value
of n, say n∗, for all parameter values such that n(t) → n∗ as t →∞.

The system has either a single finite non-zero steady state that is a global attractor;
or an attractor at ` = 0 and m = ∞ and two finite non-zero steady states, one stable and
one a saddle, which undergo a saddle-node bifurcation as f increases with decreasing h;
or no finite steady states and a global attractor at ` = 0 and m = ∞.

The steady states are given by the solutions of

F (`) :=
f(h)K(h)`

K(h)(1− rm

rn
)−D(h)`

= U(`). (10)

Since U(`) ≥ 0, this assumes that the extra capacity restored to macrophages by choles-
terol recycling or efflux is less than or equal to the amount of lipid removed from the
cells.There are no closed orbits for ` > 0, m > 0 so no oscillations occur in `, m or n..
The proof of this is very similar to the proof presented in [17] for the model with no HDL.
Figure 2 shows the possible bifurcation diagrams for the system.

The existence of a stable steady state at (`, m) = (0,∞) implies that macrophage
numbers may grow unboundedly and `(t) → 0.
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Solving Equation (9) for n(t) at steady state, we get n∗ = K(h)/rnR(h). Since
K(h) is a decreasing function of h, if R(h) is constant,we have that if h1 < h2, then
n∗(h1) > n∗(h2). This is still true if R(h) is taken to be an increasing function of h.
Thus not only does the presence of HDL in the system stabilise foam cell numbers, but
an increase in h lowers the stable foam cell level n∗ in the model lesion.

Figure 3(a) shows the effects of including cholesterol efflux and foam cell capacity
recycling in the model, while keeping K, D and f constant. In this example, for t < 150,
there is no cholesterol efflux or capacity recycling, i.e. rm = rn = 0. For t > 150, we set
the cholesterol efflux rate parameter rn = 0.1, and recycle some of the capacity with a
small recycling rate, rm = 0.009. The foam cell content is drastically reduced, but the
macrophage capacity becomes unstable and grows rapidly. Figure 3(b) shows the effects of
doubling the rate of capacity recycling parameter rm from 0.009 to 0.018 at t = 150. The
foam cell mass remains unchanged because when rm = 0.009 there is already sufficient
recycling to prevent foam cell mass continually increasing. The macrophage capacity,
however, is increased due to greater reuse after t = 150.

Note that in Figure 3(b) the macrophage capacity at t = 300is lower than in Figure
3(a), which appears to contradict our conclusion that increasing the recycling param-
eter rm leads to an increase in macrophage numbers. This is because in Figure 3(b)
there are far fewer foam cells at t = 150 than in Figure 3(a) as cholesterol efflux and
macrophage capacity recycling occurs from t = 0 in Figure 3(b). This means that fewer
new macrophages enter the intima while t < 150 than for the simulation of Figure 3(a).
Hence, a lower total macrophage capacity results when these foam cells’ capacity to
recycle is increased.

4.2 Cholesterol efflux and constant macrophage and foam cell
emigration rates

Here we include the HDL-enabled emigration of foam cells and macrophages. We con-
sider the basic model for the inflammatory response with cholesterol efflux and capacity
recycling as in Section 4.1, and add constant-rate macrophage and foam cell emigration.
The equations that we consider here are:

d`

dt
= −U(`)m + K(h) (11)

dm

dt
= −U(`)m + D(h)` + f(h)`m + rmR(h)n− amm (12)

dn

dt
= U(`)m− rnR(h)n− ann (13)

where the terms −amm in (12) and −ann in (13) are included to represent immigration
rates of macrophages and foam cells.

This model allows for stable foam cell numbers for all parameter values, as the model
with cholesterol efflux in Section 4.1. As t →∞, n(t) → n∗, steady state value of n.

The main result of adding macrophage and foam cell emigration is that the steady
state with l = 0, m = ∞ is no longer stable for any parameter values. There can be
one, two or three finite non-zero steady states. If there are three, with l∗1 < l∗2 < l∗3,
then (l∗1, m

∗
1, n

∗) is stable, (l∗2, m
∗
2, n

∗) is a saddle, and (l∗3, m
∗
3, n

∗) is stable. There are two
possible saddle-node bifurcations. There are no closed orbits [17].
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Figure 3: Effects of cholesterol efflux and macrophage capacity reuse on the model for
the inflammatory response. 3(a) Here U(`) = `2

1+`2
, R(h) = 1, K(h) = 5, D(h) = 2

and f(h) = 0.3. At t = 150, rm is changed from 0 to 0.009, and rn from 0 to 0.1. The
emigration parameters am, an = 0. For t < 150, the system reaches stable modLDL
and macrophage capacity levels, however foam cell content is increasing at a constant
rate. After the introduction of cholesterol efflux and capacity recycling, however, the
macrophage capacity begins to increase due to capacity recycling, whereas the foam cell
density decreases drastically and stabilises. 3(b) Here the functions are as above, with
K(h) = 5, D(h) = 2 and f(h) = 0.3, and rn = 0.1 throughout. At t = 150, rm is changed
from 0.009 to 0.018. The emigration parameters am, an = 0. The macrophage capacity
increases dramatically for t > 150 due to a greater level of recycling.

The steady states are given by the solutions of

F (`) :=
(f(h)`− am)K(h)

K(h)(1− R(h)rm

R(h)rn+an
)−D(h)`

= U(`). (14)
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Figure 4: Some possible intersections of different uptake rate functions U(`) with F (`)
that result in steady state values of `, in systems with cholesterol efflux, capacity re-
cycling, and constant macrophage and foam cell emigration. Only the non-degenerate
intersections are shown. If dU

d`
< dF

d`
at the point of intersection, then the resulting steady

state is stable, if dU
d`

= dF
d`

it is a saddle node, and if dU
d`

> dF
d`

then the steady state
is a saddle. 4(a) Here we have f` − am > 0 and K(1 + rm

rn+an
) − d` > 0 for ` > 0.

There can be one or three non-degenerate intersections of F (`) with U(`) (shown), or one
non-degenerate intersection and one degenerate intersection with dF

d`
= dU

d`
(not shown).

4(b) Here we have f` − am < 0 and K(1 + rm

rn+an
) − d` < 0 for ` > 0. Exactly one

non-degenerate intersection is possible for all U(`).

Some possible intersections of these two functions are shown in Figure 4. Figure 5 shows
some possible phase plane diagrams.

Solving Equation (13) for steady state value of n(t), we have n∗ = K(h)/(R(h)rn+an),
so the stable foam cell content is further reduced by the possibility of foam cell efflux.
The stable macrophage numbers are similarly reduced by the possibility of macrophage
efflux.

Figure 6(a) shows the effects of allowing macrophage and foam cell emigration for
t > 150. Run-away macrophage capacity can be stabilised and foam cell content is
reduced.

The bifurcation diagram in Figure 5(a) shows that a hysteresis effect is possible as
the bifurcation parameter f is varied. Here f essentially controls the rate of arrival of
macrophages in the intima under stimulus from both modLDL and the macrophages
already present. This suggests that sudden changes in stable modLDL and macrophage
levels are possible as a result of only small parameter changes in the system is close to a
saddle-node point.

4.3 Cholesterol efflux and non-constant macrophage and foam
cell emigration rates

We now consider the full system, as listed in Equations (1), (2), and (3) and make
macrophage and foam cell emigration rates depend on modLDL and HDL concentrations
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Figure 5: Bifurcation diagrams, each with its representative possible phase planes for
the transformed `-w system with cholesterol efflux, capacity recycling, and constant
macrophage and foam cell emigration. Here w = 1

m
. The transformation allows us to

analyse (`, m) = (0,∞) as an (`, w) = (0, 0) steady state [17]. Only the non-degenerate
phase plane diagrams are shown. Note that (0, 0) is always unstable. The positive steady
states result from intersections of F (`) with U(`), with the relative sizes of dF

d`
and dU

d`

determining stability. 5(a) Bifurcation diagram for systems that allow a maximum of
three steady states. The top and bottom branches are stable; the middle branch is a
saddle. 5(b) Bifurcation diagram for systems that only allow one steady state, which is
always stable. 5(c) Here there are three positive steady states, with `-values `∗1 < `∗2 < `∗3;
(`∗1, w(`∗1)) and (`∗3, w(`∗3)) are stable, and (`∗2, w(`∗2)) is a saddle. By considering all the
flows we can show that (0, 0) is unstable. This phase plane corresponds to any point
on the bifurcation diagram in 5(a) with three positive steady states. 5(d) Here there is
exactly 1 positive steady state, which is stable. The origin is a steady state. Using the
flows it can be shown that (0, 0) is unstable. This phase plane corresponds to any point
on the bifurcation diagram in 5(b) with one positive steady state.
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Figure 6: Effects of macrophage and foam cell emigration on the inflammatory response,
resulting in stabilisation and reduction in macrophage and internalised lipid content. 6(a)
Here U(`) = `2

1+`2
, R(h) = 1, K(h) = 5, A(`, h) = B(`, h) = 1, D(h) = 2 and f(h) = 0.3,

rm = 0.009 and rn = 0.1. At t = 150, am and an are changed from 0 to 0.1. For
t < 150, the system reaches stable foam cell content, however the macrophage capacity is
increasing unboundedly due to capacity recyling. After the introduction of macrophage
and foam cell emigration, the macrophage capacity drops and stabilises, and the foam
cell content drops to a stable lower level. 6(b) Here A(`, h) = B(`, h) = 1

`2

h2 +1
, other

parameters are as above, with am = an = 0.1. At t = 300, h is increased from 0.01 to
0.03. This results in a noticeable decrease in stable macrophage capacity levels, and a
small drop in foam cell content.
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by including the functions A( `
h
) and B( `

h
).

These functions A( `
h
) and B( `

h
) are smooth and positive and decrease from 1 to 0.

They act as smooth switches between having a constant emigration term of −amm or
−ann and no emigration at all. Thus the main feature of this system is that it is able to
switch between having and not having an attractor at ` = 0, m = ∞.

Figure 6(b) shows how an increase in h can cause the steady state at ` = 0, m = ∞,
n = n∗ to lose stability so that the macrophage numbers to stabilise at a finite value.
At t = 300, h was increased from 0.01 to 0.03. This caused a marked decrease in stable
macrophage capacity levels, and a small decrease in foam cell content.

4.4 HDL-dependent modLDL influx and macrophage recruit-
ment

In this section we consider the model for the inflammatory response where the modified
LDL influx and macrophage recruitment are altered by the presence of HDL. To consider
the effects of these mechanisms alone, we will not include cholesterol efflux, capacity
recycling or macrophage or foam cell emigration. The simplified model that we consider
in this section is given by:

d`

dt
= −U(`)m + K(h) (15)

dm

dt
= −U(`)m + D(h)` + f(h)`m (16)

dn

dt
= U(`)m. (17)

Since K(h), D(h) and f(h) do not depend on `, m or n, the analysis of this system is
identical to that in [17]. This system never has a stable steady state for all variables: the
foam cell content n(t) will always continue to grow, irrespective of whether macrophage
capacity and modLDL concentration stabilises. However, Eqns (15) and (16) are inde-
pendent of n, and decouple from Eqn (17) and can be analysed as a two by two system.

The steady states in the 2D `−m phase plane are given by the solutions of

F (`) :=
f(h)K(h)`

K(h)−D(h)`
= U(`). (18)

The system exhibits the same types of steady states for ` and m as the cholesterol efflux
system in Section 4.1: either a single finite positive steady state, or a steady state at
(`, m) = (0,∞) and with a pair of steady states that undergo a saddle node bifurcation;
or only a global attractor at (0,∞). There are no closed orbits for ` > 0, m > 0.

This system has the potential for runaway inflammatory response: it is possible that
macrophage numbers increase indefinitely, even in very low levels of modLDL.

In [17] we showed that f is a crucial parameter in determining the stability of
macrophage numbers. Increasing f may lead to a disappearance of the finite stable
steady state for (`, m), resulting in runaway macrophage capacity. In this model, f is not
constant but a decreasing function of h. Thus, an increase in h may reduce f(h) enough
so that it lies in the range where the stable steady state for (`, m) exists, and increase
the likelihood of stable macrophage numbers.
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Solving Equation (17) for n(t), we get n(t) = K(h)t − `(t). As we have shown in
[17], as t → ∞, either `(t) → `∗ at steady state, or `(t) → 0, and so, in either case,
n(t) ∼ K(h)t. HDL lowers the rate of modification of LDL, so increasing h results in a
decreased K(h). Thus the model suggests that raising levels of HDL can lead to lower
foam cell content within a lesion if HDL only affects modLDL influx and macrophage
recruitment.

This submodel suggests that the main benefits of reduced LDL oxidation and macrophage
recruitment, are a lower rate of accumulation of foam cell content n, and an increased
likelihood of stable macrophage numbers.

5 Implications of the model

In this section, we discuss the results of the models and some implications for lesion
behaviour. We consider n(t) as a measure of lesion size in the early stages of lesion
formation, since the lipid-laden foam cells are easy to observe. We also interpret the
capacity of macrophages m(t) to reflect the number of macrophages and the level of
inflammation in the lesion. We assume that an increasing number of macrophages indicate
that the lesion is becoming more unstable. It is widely accepted that an increasing
macrophage density is not only a sign of ongoing inflammation but can weaken the cap
that covers mature lesions, leading to lesion instability and a higher likelihood of rupture
[2, 33].

The analysis in Section 4 shows that there are a number of possible behaviours for
the (`, m, n) system. Without HDL-enabled cholesterol efflux and macrophage and foam
cell emigration in the model, the solutions of the model equations tend to either a finite
stable steady state, or to (`, m) = (0,∞) with n(t) ∼ K(h)t. Allowing cholesterol efflux
from foam cells and recycling macrophage capacity that is freed up by cholesterol efflux,
causes the foam cell content n(t) to stabilise for all parameter values although there is
still the possibility that m(t) → ∞. Including macrophage and foam cell emigration
eliminates the possibility of run-away macrophage numbers altogether. In this case all
trajectories tend towards a finite positive stable steady state. The results for the different
models are summarised in Table 2.

Lack of a finite positive stable steady state for ` and m means that the number of
active macrophages in the intima is increasing with time, even at low levels of modLDL.
We associate this with a high level of inflammation and lesion instability. Lack of a stable
steady state for n, so that n(t) ∼ K(h)t, means the lesion is constantly growing in time,
regardless of its stability and degree of inflammation.

5.1 HDL stabilises and reduces lesion size via cholesterol efflux
and foam cell emigration

The HDL-mediated efflux of cholesterol from foam cells is believed to be a crucial step
in the reversal of atherosclerosis [5]. Our model suggests that enabling cholesterol efflux
from foam cells is one of major avenues by which HDL reverses atherosclerosis.

The main difference between the systems in Sections 4.1 and 4.2 and the system
in Section 4.4 is the existence of a stable, globally attracting level of internalised lipid
content, n∗(h) = K(h)

rnR(h)+an
.
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Table 2: Summary of analytic results of the different models

System Behaviour of n Behaviour of ` and m
Basic inflammatory response
model with HDL-enabled re-
duced mod LDL and macrophage
recruitment (Section 4.4)

n ∼ K(h)t Either (`, m) → (0,∞) or
(`, m) → (`∗, m∗), the only finite
stable positive steady state.

Above plus cholesterol efflux and
macrophage capacity recycling
(Section 4.1)

n → n∗ Either (`, m) → (0,∞) or
(`, m) → (`∗, m∗), the only finite
stable positive steady state.

All of the above plus macrophage
and foam cell emigration (Sec-
tions 4.2 and 4.3)

n → n∗ (`, m) tends to one of two stable
positive steady states.
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Figure 7: Effects of including cholesterol efflux on internalised lipid content. 7(a) Here
U(`) = `2

1+`2
, R(h) = h

1+h
, K(h) = 5

(1+h)
, A(`, h) = B(`, h) = 1, D(h) = 2 and f(h) = 0.3

and h = 0.5. At t = 150, rm is changed from 0 to 0.009, and rn from 0 to 0.2. The
emigration parameters am, an = 0. For t < 150, the system’s internalised lipid content
is increasing at a constant rate. After the introduction of cholesterol efflux the lipid
content decreases drastically and stabilises. 7(b) Here the functions are as above, with
rm = 0.009 and rn = 0.2 throughout. At t = 150, h is changed from 0.5 to 1. The result
is a significant drop in stable internalised lipid content n.

Figure 7 shows the effects of switching on cholesterol efflux. Internalised lipid content
is quickly reduced and stabilised, which implies that the lesion is reduced in size and
no longer continues to grow while the levels of HDL are maintained. These results are
supported by experimental findings, which show that significant regression of fatty streaks
in mice can be achieved very quickly using HDL therapy, in as few as 4 weeks [6].

18



0 50 100 150 200 250 3000

200

400

600

800

1000

1200

t

n
(t

)

Figure 8: Effects of including cholesterol efflux on internalised lipid content. Here
U(`) = `2

1+`2
, K(h) = 5

(1+h)
, D(h) = 2 and f(h) = 0.3, rm = rn = am = an = 0. At

t = 150, h is increased from 0.01 to 1. This results in a marked decrease in the rate of
accumulation of internalised lipid.

5.2 HDL’s anti-oxidative property reduces internalised lipid con-
tent

The main protein in HDL, ApoA-I, is capable of removing LDL oxidants from the intima
[9]. This results in a decrease in the rate of modification of LDL, and thus in decrease of
the rate influx of modLDL.

The amount of internalised lipid in the model lesion depends directly on K(h), the
rate of influx or production of modified LDL. In systems without cholesterol efflux and
foam cell emigration, when n(t) ∼ K(h)t, the rate of accumulation of internalised lipid
in the lesion is directly proportional to the rate of influx of modLDL. In systems with
cholesterol efflux and foam cell emigration, n(t) → n∗, a stable level of internalised lipid
in foam cells, where n∗ = K(h)/rnR(h) + an. So in both cases, the stable internalised
lipid levels are directly proportional to the rate of influx of modLDL.

By increasing h, we reduce K(h), the rate of influx of modLDL, which results either in
a slower rate of accumulation of lipid, or lower stable internalised lipid level n∗, depending
on which model we are considering. Figure 8 shows the effect of increasing h on a
system without cholesterol efflux or macrophage emigration, where the internalised lipid
accumulates with time and never stabilises. The simulation shows that an increase in h
results in a decrease in the rate of accumulation of n, which we interpret as a decrease in
the growth rate of the lesion.

The rate of production of modLDL in the intima is related to the blood cholesterol
levels of an individual, and so increasing h levels has the same effect on the rate of
production of modLDL as lowering plasma LDL levels. While it is accepted that lowering
LDL levels via methods such as statin therapy can lead to a reduction in atheroma
volumes [19, 18, 5], even aggressively treated patients experience a high level of residual
cardiovascular disease [5, 19]. This is supported by our findings, which suggest that while
decreasing modLDL production reduces the rate of lesion growth, the main way that foam
cell content is reduced and stabilised is by enabling cholesterol efflux and the emigration
of lipid-laden foam cells. These processes are enabled only by HDL and not by other
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methods such as statin therapy which control LDL levels [5].

5.3 HDL-enabled macrophage emigration is required to conclu-
sively stabilise active macrophage numbers

The stability of the steady state with ` = 0, m = ∞ and n = n∗ is the most significant
difference between the models with either cholesterol efflux or the inflammatory response
(Sections 4.1 and 4.4 respectively) and the model with macrophage and foam cell em-
igration (Sections 4.2 and 4.3). Without macrophage emigration, this steady state at
m = ∞ may be stable, so that there is a large influx of macrophages even when the level
of modified LDL in the lesion is very low. When macrophage emigration is included,
the steady state at m = ∞ ceases to be an attracting state and macrophage numbers
stabilise at a finite level.
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Figure 9: Effects of including macrophage emigration in the inflammatory response model.
Here U(`) = `2

1+`2
, K(h) = 5

(1+h)
, D(h) = 2 and f(h) = 0.3, rm = rn = 0. At t = 150, am

and an are increased from 0 to 0.05. Macrophage numbers are reduced and stabilised.

Figure 9 shows the effect of enabling macrophage emigration out of the intima. The
growing macrophage numbers are quickly reduced and maintained at a low stable level.

Later stage lesions that are rich in active macrophages are known to be highly rupture-
prone, as macrophages can degrade the collagen-rich cap that separates the plaque from
the bloodstream [1, 2]. Thus it is highly desirable to limit macrophage numbers in any
atherosclerosis treatment. Our model suggests that HDL stabilises runaway macrophage
numbers, by allowing macrophages and foam cells to become more motile and leave the
intima [4, 18].

5.4 Anti-inflammatory properties of HDL help to stabilise macrophage
numbers

Anti-inflammatory properties of HDL include reducing the production of adhesion molecules
by endothelial cells, which reduces the rate at which monocytes and T-cells enter the in-
tima [5, 9, 10, 11]. We model this by assuming that macrophage recuitment parameters
f and D from [17] are functions of h. We assume that monocyte migration dominates
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Figure 10: Effects of raising h to reduce macrophage recruitment parameter f . 10(a)
Here U(`) = `2

1+`2
, K(h) = 5, D(h) = 2, f(h) = 0.4/(1 + h), and rm = rn = am = an = 0.

At t = 15, h is increased from 0 to 1. This results in a stabilisation of macrophage
numbers. 10(a) Here all parameters are the same as above, however h is increased from
0 to 1 at t = 150. Even though for t > 150 a stable steady state m∗ for macrophage
numbers exists, the trajectory does not tend towards it as m(150) is outside the basin of
attraction, so m(t) →∞.

the effect of T-cells and so we do not model T-cells. In [17] we showed that f is a key
parameter that is responsible for causing macrophage runaway and thus lesion instability
in the absence of HDL. Thus the ability of h to lower f can stabilise the macrophage
numbers.

For example, in Figure 10(a) we present the results of a simulation of a model for the
basic inflammatory response, where, for t < 15, there is no cholesterol efflux, capacity
recycling, or macrophage and foam cell emigration and so h = 0. For t < 15, there is a
large influx of active macrophages as f , which governs the movement of macrophages into
the intima, is high. At t = 15, h is raised from 0 to 1 which lowers f and the macrophage
numbers stabilise for t > 15. This is because for t < 15, when h = 0, the system does
not possess a stable finite steady state, whereas this steady state exists for t > 15 after
h has been raised to 1.

This stabilisation depends on the initial values of ` and m and the time that h is
increased. In some cases, the macrophage population may continue to increase even
when h is raised into the range where we expect m to go to a finite steady state. Figure
10(b) shows a simulation with identical parameters to that in Figure 10(a), except that
h is raised from 0 to 1 much later at t = 150. A stable steady state for modLDL and
macrophages (`∗, m∗) exists for t > 150, when h = 1. However, because the macrophages
have had more time to accumulate, they reach a level where m at t = 150 is outside the
basin of attraction of (`∗, m∗), and so the trajectory tends towards (0,∞) instead. In
this case, the existing macrophage levels are too large for the anti-inflammatory effect
of HDL to stabilise the system, although the presence of HDL does reduce the rate of
accumulation of macrophages.
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5.5 Implications for treatment strategies and optimal HDL lev-
els

These models suggest how the mechanisms of HDL action produce the beneficial effects of
HDL on atherosclerotic lesions, including stabilising foam cell content and lowering and
stabilising macrophage numbers. The model results also suggest that increasing HDL
levels increases these benefits. For example if HDL levels rise then foam cell decreases.
However it is important to point out that the effects are directly dependent on the current
levels of HDL in the system, so that the lesion will return to the state it was in before
the addition of HDL unless the new, higher levels of HDL are maintained. This implies
that for any treatment to be successful in the long term, it needs to be able to produce
sustained higher HDL levels. This result is in agreement with clinical studies that have
found that single infusions of synthetic HDL could only achieve transient benefits [25, 26].

The models also suggest that there may exist an optimal range of HDL. A hysteresis
effect exists between the upper and lower stable steady states in the system with HDL-
enabled cholesterol efflux and macrophage and foam cell emigration, (Figure 5(a)). The
optimal steady state is on the upper branch of the bifurcation diagram, where modLDL
levels are higher and corresponding macrophage levels lower. If HDL levels decrease, this
increases the bifurcation parameter f(h). Increasing f(h) above a critical value results in
a sudden drop in modLDL levels at a stable steady state, and a corresponding increase
in macrophage numbers.

Conversely, if the system is stabilised at a steady state on the lower branch in the
bifurcation diagram in Figure 5(a), and HDL increases so that f(h) decreases enough
to pass the lower limit point then the system willswitch to the more beneficial upper
branch. Once the system is stabilised at the better stable steady state, HDL levels must
be maintained so that macrophage levels remain low.

6 Discussion

We have constructed an ODE model for the effects of HDL on the inflammatory response
in the early stages of atherosclerosis. The model includes cholesterol efflux from foam
cells, foam cell and macrophage emigration, and a reduction in modLDL oxidation and
macrophage recruitment. All of these can be brought about by HDL.

We have concentrated on the steady states of the model, and their stability, and how
these change when HDL-enabled mechanisms are included.

This model has been formulated explicitly for the early stages of atherosclerosis but
it represents processes that continue throughout the development of the atherosclerotic
lesions. HDL-raising therapy, however, is often applied in animal subjects and in humans
at an intermediate or late pint in lesion development and the model gives at least some
insight into what happens when HDL levels rise after a lesion has been established.

We associate a stable steady state in the model with a lesion that maintains constant
levels of modified LDL, and macrophage and foam cell density. Conversely, the lack
of a steady state is associated with lesion growth. When internalised lipid content in
foam cells is not stabilised, the model lesion continues to grow at a constant rate. This is
associated with constant physical lesion growth, as foam cells make up most of the volume
of early lesions [1, 14]. If macrophage concentration does not stabilise, it continues
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to increase without bound, even if levels of modLDL are low. Increasing macrophage
numbers can lead to long term lesion instability and a higher likelihood of plaque rupture
as macrophages can degrade the protective hard cap in the mature lesion, [1, 33, 14].

The model indicates that only HDL-enabled cholesterol efflux of internalised lipid
from foam cells and emigration of foam cells from the intima can stabilise lesion foam
cell content. Without these two mechanisms, the internalised lipid content continues to
grow at a constant rate that is dependent on the rate of influx of modLDL from the
bloodstream which is related to the blood cholesterol levels. HDL also lowers the stable
foam cell content in the model via a reduction in the rate of modification of LDL but
this, on its own, is not sufficient to stop the lesion growing.

Reduction in lesion size and foam cell content as a result of HDL therapy is well
documented in the literature, in particular in the studies of mice and rabbits described
in [19, 20, 21]. Our results support the hypothesis that this regression is achieved via
cholesterol efflux mechanisms, as suggested in [5, 8, 9, 10, 11, 25].

As well as acting on foam cells and LDL, HDL also acts on macrophages. The model
suggests that without HDL-enabled macrophage emigration, the macrophage numbers
may continue to grow unboundedly but when macrophage emigration is included in the
model, the macrophage levels always stabilise. HDL inhibition of macrophage recruitment
can stabilise the lesion by reducing the number of macrophages but will not, on its own,
lead to stable foam cell levels. These results are supported by experimental findings that
show that raising levels of HDL results in a significant decrease in macrophage density in
lesions in animals such as mice [21].

Our results suggest that for any HDL-raising treatment to be effective, the new levels
need to be sustained otherwise the positive effect on the lesion will not persist and lowering
the HDL levels back to pre-treatment levels will result in the system going back to its
original state. This finding is supported by experimental findings where significant lesion
regression and stabilisation is achieved by transplanting a plaque-rich artery from an
animal deficient in HDL to one that consistently produces HDL [20, 21].

HDL levels are often raised at an intermediate or late point in lesion development in
human and animal patients who are given HDL-raising therapy. but the model suggests
that HDL therapy may not be effective in reducing macrophage numbers if HDL levels
are raised too late in the lesion development, even though modLDL levels are reduced.

This model is a simplification and abstraction of the many complex processes that
act during atherosclerosis. It shows how different mechanisms of HDL action may cause
atherosclerotic lesions to stabilise and regress. It captures the key functions of HDL such
as cholesterol efflux and macrophage emigration and demonstrates more precisely how
these mechanisms either, separately or in combination, cause a reduction in both lesion
size and macrophage content. Further experimentation is needed to confirm our results,
perhaps by isolating the functions of HDL in vitro or in vivo, and measuring their effect
on lesions individually.
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