































































































































































































































































































































































































































































































































































































Chapter 6: Frctional effects of statins on monocytes

cause a large reduction in FcyR-mediated immune complex trafficking and
degradation. Inhibition of immune complex internalisation was also seen but was
less profound. These effects of statins are of importance as macrophage FcyR-
internalised IC can be targeted for degradation and MHC class II antigen
presentation to T-cells. The presence of activated CD4+ T-cells and abundant
expression of MHC class IT antigens within atherosclerotic lesions suggest that
specific cellular immune responses, as well as non-specific inflammatory

responses, contribute to atherosclerosis324: 325,

Statins have previously been reported to inhibit production of inflammatory
mediators (including MCP-1, MMP-9, TNF-o and IL-8) by monocytes!s3; 320, 321,
Inhibition by fluvastatin and simvastatin of FcyR-coupled release of the
inflammatory mediators, IL-6, IL-8, IL-10 and MMP-1, and associated inhibition
of the MAP kinases ERK and p38, which lie upstream in this pathway of cytokine
release, was observed. Classically, coupling of receptors to ERK activation is
thought to lie downstream of the farnesylated small GTPase, Ras while p38 is
thought to lie downstream of geranylgeranylated Rho family GTPases3o,
However, data suggest that FcyR coupling to ERK is independent of Ras326,327,
Specific isoprenyl transferase inhibitors had little or no effect on tyrosine
phosphorylation and the ERK pathway, and associated immune complex
trafficking and degradation. It is not known whether this is because a Ras
independent pathway is involved in trafficking and degradation and prenyl
inhibitors would therefore not have an effect or whether it is cholesterol reduction
by statins that disrupts rafts and associated signalling pathways. As prenyl
inhibitors had some effect on cytokine release, these are likely to be a Ras
dependent pathway, which is disrupted by both prenyl inhibition and cholesterol
in rafts. Further investigation is required to determine whether statin mediated
inhibition of FcyR coupling to these pathways depends on a block in isoprenylation

to disruption of membrane raft function through blockade of cholesterol synthesis.

Release of MMP-1 from U937 cells in response to oxLDL-IC has previously been
reported 319, Thus, the observation that fluvastatin or simvastatin abolishes MMP-
1 release in response to FcyR stimulation is of particular interest as monocyte
MMP-1 has been implicated in the destabilisation of atherosclerotic plaques and

subsequent acute coronary events. Inhibition of MMP-1 release could contribute
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Chapter 6: Functional ¢ffects of statins on monocyles

to the reported plaque stabilising properties of statins. The finding that fluvastatin
decreased FcyR mediated IL-6 production in monocytes is particularly pertinent in
light of recent clinical data demonstrating that statin therapy results in a
significant reduction in systemic IL-6 levels in patients with cardiovascular

disease3=28,

In conclusion, accumulating evidence indicates a multi-factorial mode of action for
statins in the successful reduction of morbidity and mortality in cardiovascular
disease. Thus, in addition to lowering LDL-cholesterol levels, statins block
leukocyte recruitment to atherosclerotic lesions, inhibit monocyte antigen
processing and production of inflammatory mediators and inhibit release of matrix
proteases implicated in plaque rupture. To exert these pleiotropic effects statins
appear to use multiple mechanisms including inhibition of cholesterol (and
cholesterol rich signalling domains) and isoprenoid synthesis. Perhaps by exerting
their effects at multiple levels, statins may limit disease progression without
inhibiting essential cellular or immunological functions. Overall, the data supports
a potential role for Fc receptors and IC in the pathophysiology of atherosclerosis,
and identify a potential effect of statins on membrane rafts that may affect other
transmembrane receptors and offer novel therapeutic targets in cardiovascular

disease.
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Chapter 7: Functional effects of statins on Lymphocytes

7.1 Infroduction

The cell type for which there is most in vivo evidence of statin effect is the natural
killer (NK) cell. This is a specialised lymphocyte that targets virus-infected and
malignant cells that do not express MHC class I molecules on the cell surface.
MHC class I molecules are the ligand for inhibitory receptors on NK cells; thus loss
of MHC class renders target cells susceptible to the killing machinery and
activating receptors of NK cells93. 329, Previously, it was thought that NK cells were
predominantly under inhibitory regulation, but it is now known that activation
receptors are necessary for cytotoxicity:0z 330, Recent studies have also shown that
NK cell killing is dependent on membrane rafts, where activation receptors are
localised, thus offering an explanation for the apparent sensitivity of NK cells to

statin therapys6, 280, 297, 331,

The aim of this chapter was to investigate the effects of statins on modification of
membrane rafts and isoprenylation on T cell and NK cell function. I examined the
effect of statins on functional responses in primary human T cells by measuring
CD3 stimulated proliferation. Ithen examined the effect of statins on functional
responses in the NKg2MI human NK cell line by measuring chromium release in a
cytotoxicity assay. MBCD and prenyltransferase inhibitors were also utilised to
determine whether statins affect mainly raft integrity or prenylation of small G
proteins in NK cells. I hypothesised that statins would interrupt signalling
pathways by mainly raft disruption to reduce cytotoxicity of NK cells and reduce

proliferation of T cells.
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Chapter 7: Functional effects of statins ou lymphocytes

7.2 Results

7.2.1 T cell proliferation (Figure 7.1)

Lymphocytes were extracted from normal volunteers and CD3 stimulated T cell
proliferation measured by tritiated thymidine incorporation (Figure 7.1).
Mevalonate added in the final 18 hours failed to rescue proliferation. However,
mevalonate added at the same time as fluvastatin prevented the inhibitory

response of the fluvastatin. FTI and GGTI had no effect on T cell proliferation.

7.2.2 Natural killer cells

I sought to elaborate the relative importance of rafts and isoprenylation in vitro,
using the immortalised NK cell line - NK-g2MI. NK-92MI is an interleukin-2
independent natural killer cell line derived the NK9g2 cell line by transfection. NK-
92 cell line was derived from peripheral blood mononuclear cells from a 50-year-

old Caucasian male with rapidly progressive non-Hodgkins’s lymphoma.
7.2.2.1 NK cell surface receptors

PCR and FACS were performed to measure some of the known surface receptors of

NK cells to ensure comparability of the cell line to primary NK cells.

7.2.2.1.1 PCR (Figure 7.2)

RNA from NK-92MI and U937 cells were extracted using Trizol and reverse
transcribed using the SuperScripttm First-Strand Synthesis System for RT-PCR.
PCR was performed with various settings optimised for each set of primers (Figure

7.2). NK cells contain mRNA for the classic receptor FCyRIII.

7.2.2.1.2 FACS (Figure 7.3)

NK-92MI and Ug37 cells were incubated with various antibodies and FACS used to

measure receptor protein on the cell surface (Figure 7.3). This confirmed that the
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Figure 7.1 Mevalonate rescue of T cell proliferation.

T cells obtained from 4 normal volunteers were stimulated by anti-CD3 ab and the
tritiated thymidine incorporated, measured. Mevalonate added at the start (72
hours) prevented fluvastatin exerting an effect. Mevalonate added in the final 18
hours failed to rescue proliferation. FTI and GGTI had no effect on T cell
proliferation. This was representative of 2 experiments.
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Figure 7.2 PCR of NK cell receptors.

RNA was extracted using Trizol and reverse transcribed using the SuperScripttm
First-Strand Synthesis System for RT-PCR. PCR was performed with various
settings optimised for each set of primers. U937 cells were used as a PCR control.
NK cells contain mRNA for: FcyRI, FcyRIIA, FeyRIIB, FeyRIII, Feca/pR and the

gamma chain.
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Figure 7.3 FACS of NK cell receptors

NK-92MI and U937 cells were incubated with various antibodies and FACS used to
measure receptor protein on the cell surface. Mean fluorescence intensities were
plotted. NK cells do not express the classical FcyRIII on their surface. This was
the average of 2 experiments.
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NK-92MI cell line does not express FcyRIII on its surface even though message is

made.
7.2.2.2 NK Proliferation

NK-92 cells were assessed for effects on proliferation by “AlamarBlue” assay.

7.2.2.2.1 Statin concentration gradient (Figure 7.4)

NK-92MI cells were treated with various concentrations of fluvastatin or
simvastatin (Figure 7.4). Proliferation was reduced slightly with increasing

concentrations of statin.
7.2.2.2.2 Mevalonate rescue (Figure 7.5)

NK-92MI cells were treated with 10uM fluvastatin or simvastatin with 1mM
mevalonate added at 24, 48 and 72 hour time points (Figure 7.5). Mevalonate
added at the same time as statin prevented any inhibition of proliferation.
Mevalonate added 24 hours and 48 hours after statin treatment did not rescue the

limited inhibition by statin
7.2.2.2.3 FTl and GGTI (Figure 7.6)

NK-92MI cells were treated with various concentrations of FTT and/or GGTIs, but

had no effect on proliferation (Figure 7.6).
7.2.2.3 NK Cytotoxicity

Chromium release assay was performed to assess the effects of cholesterol
disruption on NK lysis of 5:Chromium labelled K562 target cells. A ratio of 5 NK

cells to 1 target cell was used.
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Figure 7.4 Statins minimally reduce proliferation of NK-92MI cells in a dose
dependent manner.

NK-92MI cells were treated with increasing concentrations of fluvastatin or
simvastatin for 48 hours. Higher concentrations of each statin reduced
proliferation slightly. This was an average of 2 experiments performed in
replicates if 4.
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Figure 7.5 Mevalonate rescues inhibition of NK proliferation by statins.

NK-92MI cells were treated with 1o0uM fluvastatin or simvastatin for 72 hours with
1mM mevalonate added at various time points. Mevalonate added at the same
time as statin prevented any inhibition of proliferation. This was representative of
2 experiments performed in replicates of 6.
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Figure 7.6 FTI and/or GGTI does not affect NK proliferation.

NK-92MI cells were treated with FTI and GGTI in increasing concentrations for 48

hours with no effect.
replicates of 5.

This was the average of 2 experiments performed in
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7.2.2.3.1 Statin concentration gradient (Figure 7.7)

Pre-incubation of NK-92MI cells with either fluvastatin or simvastatin reduced NK
killing of K-562 cells in a dose dependent manner (Figure 7.7). Simvastatin was
more potent than fluvastatin; both compounds caused 50% inhibition of

cytotoxicity at concentrations of 5-10 pM.

7.2.2.3.2 Mevalonate rescue (Figure 7.8)

The effects of statin could be fully reversed by pre-incubation of cells with
mevalonate (Figure 3). A minimum of 24 hours pre-incubation was required for
full reversal of statin effects; shorter incubations had limited, time-dependent

effects (data not shown). (Figure 7.8)
7.2.2.3.3 FTl and GGTI (Figure 7.9)

NK-92MI cells were treated with various concentrations of FTT and/or GGTIs, but
had no effect on cytotoxicity (Figure 7.9)

7.2.2.3.4 MBCD (Figure 7.10)

The relationship with membrane cholesterol was investigated further by
incubation with MBCD. At high concentrations this facilitates the depletion of
membrane cholesterol, associated with reduced NXK cell cytotoxicity (Figure 7.10
A). In the presence of cholesterol in the culture media, however, low
concentrations increase internalisation of extracellular cholesterol that is likely to
explain the increase in NK cell cytotoxicity. The biphasic response of NK cells to
MBCD was reduced by omission of serum from the culture medium (Figure 7.10
B).
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Figure 7.7 Statins reduce NK cytotoxicity in NK-92MI cells in a dose dependent
manner.

NK-92 cells were treated with increasing concentrations of fluvastatin or
simvastatin for 48 hours. Cell numbers were adjusted to account for proliferation
difference and cytotoxicity assay performed in replicates of 6. This was
representative of 2 experiments.
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Figure 7.8 Mevalonate rescues statin inhibition of NK cytotoxicity.

NK cells were incubated with 1ouM fluvastatin or simvastatin with mevalonate
added at various time points. The effect of statin was fully reversed by pre-
incubation of cells with mevalonate. A minimum of 24 hours pre-incubation was
required for full reversal of statin effects; shorter three hour incubations had no
effect. This was representative of 2 experiments performed in replicates of 6.
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Figure 7.9 FTI and GGTI does not affect NK cytotoxicity in NK-92MI cells.

NK-92MI cells were treated with increasing concentrations of FTT and GGTI for 48
hours with no effect. This was the average of 2 experiments performed in
replicates of 6.
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Figure 7.10 High doses of MBCD reduced cytotoxicity of NK-92MI cells and low
doses increased cytotoxicity when cultured in media containing cholesterol.

NK-92MI cells were treated with various concentrations of MBCD in culture media
with or without FCS for one hour. At high concentrations membrane cholesterol
was depleted resulting in reduced NK cytotoxicity. The presence of cholesterol in
the culture media, however, increased internalisation of extracellular cholesterol at
low concentrations of MBCD and probably caused the increase in NK cell
cytotoxicity (A). The increase at low MBCD concentrations was abolished by

omission of serum (and therefore extracellular cholesterol) from the culture
medium (B).
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7.3 Discussion

The effects of statins have been proposed to be independent of changes in
circulating cholesterol and to be due to reduction of isoprenoid intermediates in
the cholesterol biosynthetic pathway=280. 300, Isoprenoids play key roles in various
aspects of cellular function, specifically the transport and incorporation of lipid
insoluble peptides into the cell membrane46: 332,333, Many of these peptides - for
example, small G-proteins such as Ras - are involved in membrane signalling and
are concentrated within membrane rafts4o. 56,297,333, These signal platforms are
dependent on the production of intracellular cholesterol and the recycling of
extracellular cholesterol. The prevailing view - that inhibition of isoprenylation
explains the pleiotropic effects of statins - is reliant on studies where the inhibitory
effects of statins were replaced by the addition of mevalonate, farnesyl
pyrophosphate or geranylgeranyl pyrophosphate. However, mevalonate will
restore synthesis of all components of the mevalonate pathway distal to HMG-CoA
reductase including cholesterol and, since some of the reactions in this pathway
are potentially bi-directional, addition of isoprenoids may have a similar effect.
Although statins are known to deplete membrane rafts3st 334 the notion that this
may explain the pleiotropic effects of statins has received little attention. The
alternative hypothesis — that modification of lipid rafts is the central effect — has
found favour amongst nutritionalists to explain the immunomodulatory effects of

lipid modifying agents, such as fish oils297.

A unifying hypothesis would be that membrane and plasma cholesterol (and the
density of membrane rafts) may change in parallel. Thus, a treatment that lowers
circulating cholesterol is likely to reduce membrane cholesterol and,
correspondingly, cell functions that are dependent on membrane cholesterol (and

cholesterol rafts). The data provides some preliminary support for this hypothesis.

Potential mechanisms were investigated in a series of in vitro studies using an
immortalised NK cell line. Depletion of membrane cholesterol using MBCD at
high concentrations resulted in reduced NK cell cytotoxicity. Lower
concentrations produced a small, reproducible and unexpected increase in NK cell

killing. A possible explanation for this is that MBCD increases internalisation of
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cholesterol at low concentrations3!4 due to its three dimensional structure, and the
effect was not seen in the absence of extracellular cholesterol. Exposure to statins
had a similar effect that could not be reproduced by inhibitors of farnesyl and
geranylgeranyl transferase3s2. Again, this is consistent with an effect mediated by
reduction in membrane cholesterol rather than isoprenylation297. Western
blotting of whole cell membrane and membrane raft fractions were used to
determine whether depletion of raft cholesterol was likely (Chapter 5, Figure 5.6
and 5.11). Both statin and MBCD treated cells showed reduced quantities of signal
peptides known to be localised in rafts - specifically LAT and Lyn - consistent with

reduction in rafts and raft-associated proteins.

NK cells may provide an accessible cell type and the relationship between lipids

and immune cell function297-299 may be applicable to all cells.
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The beneficial effects of statin therapy in the treatment of cardiovascular disease
are well documented?77, 179,193,203, Although these are likely to be mediated in a
large part by the reduction in cholesterol, there is increasing evidence to suggest
that inhibition of inflammatory mechanisms may also be important. Some of the
beneficial effects of statins have been proposed to be independent of changes in
circulating cholesterol and to be due to reduction of isoprenoid intermediates in
the cholesterol biosynthetic pathway=280. 300, Isoprenoids (and isoprenylation) play
key roles in various aspects of cellular function, specifically membrane
translocation of lipid insoluble peptides into the cell membrane4é. 332 333, Many of
these peptides, for example Ras and Rho families of GTPases, are involved in
membrane signalling and are concentrated within membrane rafts4o, 56, 297, 333,
These signal platforms are dependent on the production of intracellular cholesterol
and the recycling of extracellular cholesterol. The common view, that inhibition of
isoprenylation explains the pleiotropic effects of statins, is reliant on studies where
the inhibitory effects of statins were replaced by the addition of mevalonate,
farnesyl pyrophosphate or geranylgeranyl pyrophosphate. However, mevalonate
will restore synthesis of all components of the mevalonate pathway distal to HMG-
CoA reductase including cholesterol and, since some of the reactions in this
pathway are potentially bi-directional, addition of isoprenoids may have a similar

effect.

An alternative hypothesis would be that membrane and plasma cholesterol (and
the density of membrane rafts) may change in parallel. Thus, a treatment that
lowers circulating cholesterol is likely to reduce membrane cholesterol and,
correspondingly, cell functions that are dependent on membrane cholesterol (and
cholesterol rafts). This thesis provides some preliminary support for this
hypothesis and is in keeping with the findings from meta-analysis of clinical
studies suggesting that the benefit of statin therapy on cardiovascular outcomes is
primarily due to the direct effect of lowering serum cholesterol and hence cell

membrane cholesterol3ss,
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This thesis hypothesised that the pleiotropic effects of statins would reduce
lymphocyte functions of T cell proliferation and NK cytotoxicity in vivo and in
vitro and reduce monocyte functions of cytokine release and IC trafficking and
degradation. It also aimed to determine the mechanism of immunosuppressive
and anti-inflammatory actions of statins by identifying the signalling pathways
involved and the mode of disruption whether membrane raft depletion or prenyl

inhibition.

The in vivo studies of chapter 3 confirmed the benefits of statins in lowering
cholesterol and raising HDL. Even in the normal volunteer study, with lipid levels
much lower than the majority of patients in clinical trials a significant reduction in
LDL cholesterol and increase in HDL cholesterol was observed. In vivo, T cell
proliferation was reduced in the cardiovascular patients study and statistically
insignificantly in the normal volunteer study. The absence of an effect on T cell
proliferation is consistent with the absence of infection rates in large-scale trials77;
179,193,203 Alternatively it could reflect the insensitivity of the assay system or the
fact that T cell proliferation is such an important biological response that it may

bypass inhibition of a single signalling mechanism.

Natural killer cell function is, however, more sensitive to in vivo statin use25° 285,
A clear reduction in NK cytotoxicity was observed in the normal volunteers, which
was reversed by withdrawal from statin therapy. A similar reduction was also
obtained in the cardiovascular patients. The changes in cell function paralleled
those changes in LDL-cholesterol, reflecting the influence of statin therapy. As
with lymphocyte proliferation, there may be differences in sensitivity of the assay
making it is easier to detect a reduction in NK cell killing than in lymphocyte
proliferation. Alternatively, NK cell activation and killing may be more susceptible
to blockade of statin dependent signalling pathways, whether they be dependent
on isoprenoids or membrane rafts. Sanni et als¢ suggest that NKG2A inhibitory
receptors are excluded from lipid rafts and therefore prevents formation of
activation signalling complexes. As activating signals require membrane rafts,
disruption of lipid rafts by statins would therefore allow inhibitory receptors to
dominate and maintain NK cells in a non-cytotoxic state. The dependence on
membrane rafts for activating signals may explain why the ex vivo NK cytotoxicity

assay was so sensitive to statin treatment.
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After showing that statins reduce NK cell cytotoxicity in vivo, the possibility that
this may reflect an underlying relationship between cholesterol synthesis,
membrane cholesterol and cell function was then considered297. In the NK study,
we found that statin treated patients did not have lower NK cell cytotoxicity than
non-statin treated patients but that the overall relationship was with total
cholesterol (Chapter 3.10; Table 3.2). The patient selection for this study was not
focused on one particular group but was deliberately wide-ranging to provide a
spectrum of age, underlying disease and drug therapy to allow comparison of
potential influences. The analysis was preliminary and power calculations were
not performed, as these were pilot studies. The information gained will require
further investigation and be used to power larger, more homogeneous clinical
studies. However, the findings concur with the normal volunteer study where
there was a close relationship between reduction in NK cell cytotoxicity and lipid
levels in normal subjects receiving statins. The meta-analysis by Baigent et al277
also confirms these findings. The authors concluded that the risk reductions were
proportional to the absolute reductions in LDL cholesterol. Thus, rather than
being due to the pleiotropic effects of statin treatment, this change may be a
consequence of changes in cholesterol levels, both in the circulation and in the cell

membrane.

The potential mechanisms were investigated in a series of in vitro studies using an
immortalised NK cell line. Depletion of membrane cholesterol using MBCD at
high concentrations resulted in reduced NK cell cytotoxicity. Exposure to statins
had a similar effect that could not be reproduced by inhibitors of farnesyl and
geranylgeranyl transferase332. Again, this is consistent with an effect mediated by
reduction in membrane cholesterol rather than isoprenylation297. Western
blotting of whole cells and membrane raft fractions were used to determine
whether depletion of raft cholesterol was likely. Both statin and MBCD treated
cells showed reduced quantities of signal peptides known to be localised in rafts

(i.e. LAT and Lyn) consistent with reduction in rafts and raft-associated proteins.

Although these were small-scale, pilot studies that recruited normal subjects and
patients over a wide age range, a range of drug therapy and underlying pathology,
it poses questions about the relationship between circulating lipids and membrane

lipids, and the wider effects on cell membrane structure and signalling. NK cells
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may simply provide an accessible cell type and the relationship between lipids and

immune cell function298; 314 may be applicable to all cells.

Monocyte FcyR mediate several critical functions within the immune system
including clearance and disposal of immune complexes, antigen presentation, and
release of inflammatory mediators, that may be involved in atherosclerosis3s¢.
Chapter 6 demonstrates that fluvastatin causes a large reduction in FcyR-mediated
immune complex trafficking and degradation and, to a lesser extent, IC
internalisation. FcyR-mediated tyrosine phosphorylation was attenuated by
fluvastatin at therapeutic concentrations without altering the number of receptors.
These effects are important as macrophage FcyR-internalised IC can be degraded
and MHC class II antigen presented to T-cells. The presence of activated CD4+ T-
cells and increased MHC class II expression within atherosclerotic lesions suggest
that specific cellular immune responses, as well as non-specific inflammatory

responses, contribute to atherosclerosis32s and then thus be inhibited by statins.

Statins have previously been reported to inhibit production of inflammatory
mediators (including MCP-1, MMP-9, TNF-a and IL-8) by monocytes!53 320, 321,
The FcyR-coupled release of the inflammatory mediators, IL-6 and MMP-1, and
associated inhibition of the MAP kinases ERK and p38, which lie upstream in this
pathway of cytokine release were inhibited by fluvastatin and simvastatin.
Coupling of receptors to ERK activation lies downstream of the farnesylated small
GTPase, Ras whilst p38 is downstream of geranyl-geranylated Rho family
GTPases301, However, recent data suggest that FcyR coupling to ERK is
independent of Ras326 and further investigation is required to determine whether
statin mediated inhibition of FcyR coupling to these pathways depends on a block
in isoprenylation or to disruption of membrane raft function through blockade of

cholesterol synthesis.

Release of MMP-1 from U937 cells in response to oxLDL-IC has previously been
reporteds:9. Thus, the observation that fluvastatin abolishes MMP-1 release in
response to FcyR stimulation is of particular interest as monocyte MMP-1 has been
implicated in the destabilisation of atherosclerotic plaques and subsequent

coronary events. The finding that fluvastatin decreased FcyR mediated IL-6
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production in monocytes is pertinent in light of recent data that statins reduced

systemic IL-6 levels in patients with cardiovascular disease328.

Membrane rafts are critical to initiation of signal transduction by many ITAM
bearing immune receptors, including FcyR and the B and T cell antigen
receptors279.315, Following ligation, receptors translocate into rafts where they co-
localise with signal transduction molecules, such as src kinases, adapter proteins
and PLC-y. Since raft structure and function depends on cholesterol, disruption of
rafts provides a potential novel mechanism to explain the actions of statins on
FcyR signalling. Raft dependent FcyR mediated signaling is inhibited in a time
and dose dependent manner by low levels of fluvastatin (0.5uM) that are
representative of in vivo concentrations337, with parallel reductions in the lipid raft
associated signaling proteins LAT and Lyn. Disruption of membrane rafts was not
seen following treatment of cells with inhibitors of prenylation, supporting the
hypothesis that this effect of fluvastatin is independent of prenylated proteins.
Since other multichain immune recognition receptors (e.g. BCR, TCR) signal
through membrane rafts this mechanism is likely to have broad significance in the

immune system and elsewherest7,

Accumulating evidence indicates a multifactorial mode of action for statins in the
reduction of morbidity and mortality from cardiovascular disease. Thus, in
addition to lowering LDL-cholesterol levels, statins block leukocyte recruitment to
atherosclerotic lesions, reduce NK functions, inhibit monocyte antigen processing
and production of inflammatory mediators and inhibit release of matrix proteases
implicated in plaque rupture. Multiple mechanisms are likely to underlie these
diverse effects including inhibition of cholesterol and isoprenoid synthesis, and
disruption of cholesterol rich signalling domains. Statins may confer
cardiovascular benefit without inhibiting essential cellular or immunological
functions. NK cells have been implicated in atherosclerosis and are known to
target cells that do not express HLA class I on the cell surface, including cells that
have been infected by viruses28s 295, Whether this effect on NK cells contributes to
the overall beneficial effects of statin therapy in cardiovascular disease is not clear
and will require further investigation. However, the mechanism by which statins
inhibit NK cell killing is likely to provide an insight into the signalling mechanisms

disrupted by statin therapy and that contribute to their pleiotropic effects in other
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cell types86.239, The data also support a potential role for Fc receptors and IC in
the pathophysiology of atherosclerosis, and identify a novel effect of fluvastatin on
membrane raft function that may also be relevant for other transmembrane

receptors in cardiovascular and other diseases.

This thesis had some limitations. Some western blots and cytokine assays were
performed twice resulting in small n values. It would have been preferable to
perform multiple repeats to measure intra and inter assay co-efficients of
variations for each assay to increase their reproducibility. However, intra assay
variabilities were small and large variabilities of some inter assay values prevented
meaningful statistics being performed, although the patterns emerged were

comparable.

Work I would like to perform in the future includes development of the
measurement of membrane lipid rafts in vivo. Although the initial studies
(Figures 3.7 and 3.8) were statistically insignificant, improvement of the raft
extraction technique and larger numbers would improve the statistical outcome.
Large scale clinical studies on groups of patients with differing lipid lowering
treatments could be used to determine whether reduction of serum cholesterol is
responsible for disruption of lipids in membrane rafts rather than intracellular
biosynthesis. NK cells could be used as a model to relate the quantity and quality
of lipid rafts, reduced by various lipid lowering treatments, to clinical outcomes or
risk of disease. This work could therefore identify a mechanism for the

conclusions of Baigent et al277.

8.1 Conclusions

In conclusion, this thesis has demonstrated that statins have a multitude of
applications and effects. The pleiotropism of statins due to reduced prenylation
was observed in vitro by western blot in multiple signalling pathways and
confirmed with the use of FT and GGT inhibitors in these pathways. However, the
lack of functional effect of FT and GGTIs indicated that prenylation has a lesser
impact on the functions of immune effector cells than cholesterol depletion of

rafts. The link between plasma cholesterol and raft functions may have wide
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varying implications. The comparable results obtained with MBCD indicated that
the reduction of cholesterol in the membrane by statins was disrupting rafts and
therefore disrupting signalling pathways to a greater extent than prenylation
inhibition. It is however likely to be a combination of both processes that

contributes to the pleiotropic effect of statins.
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