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ABSTRACT

This chapter presents a critical review of the potential benefits of theophylline as
a means to reduce the burden of post-acute inflammation in older age groups. A
pro-inflammatory state often persists, or is extended, after sepsis, trauma and
other acute illnesses in old age, particularly above the age of 80 years. The
presence of inflammation at above-baseline amplitudes or excessive duration is
associated with a higher likelihood of delirium, anorexia, unplanned weight loss,
lethargy, depression, weakness and other markers of frailty. There is also an
association with less favourable clinical outcomes and a higher risk of losing
personal independence. Theophylline has been shown to have an anti-inflammatory
effect, probably mediated through the induction of histone
deacetylase-dependent gene switching in immune competent cells, that has
been observed at cellular and whole organism levels. The main effects are a
reduction in the production and release of TNF, IL-1 and IL-6, with a sequential
fall in CRP and increase in IL-10, and a change of immune cells to their anti-
inflammatory phenotypes. This happens when theophylline levels are between 5
and 10 mg/L, which is lower than the range for bronchodilators (10 to 15 mg/L)
and presents a relatively low risk of toxicity. We hypothesize that low-dose
theophylline treatment given to elderly subjects with acute inflammation, for
example due to respiratory infection, septicaemia or trauma, will change the
setting of their biochemical status from an inappropriately extended pro-inflammatory
pattern toward a more normalized baseline pattern and

consequently reduce the risk of adverse clinical outcomes.

Keywords: Systemic inflammation; old age; frailty; cytokines; theophylline; anti-
inflammatory.



1. INTRODUCTION

Inflammation is an evolutionarily conserved process characterized by the
activation of immune and non-immune cells that protect the host from bacteria,
viruses, toxins and infections by eliminating pathogens and promoting tissue
repair and recovery [1-3]. A large body of research suggests that systemic
inflammation has a role in the etiology of numerous elements of the frailty
syndrome in old age [4,5]. There is only a partial understanding of the regulatory
mechanisms at play, the variety of normative states, and the fluctuations over
time in this complex topic that spans clinical medicine, immunology, pathology,
and biological chemistry. However, for the purposes of this research, the
chemical and cellular systemic inflammatory condition of an individual can be
roughly classified into the following categories:

1. Normal. This is the usual condition of healthy individuals between episodes of
acute inflammation. Various cytokines and other bio-chemicals involved in the
regulation of inflammation are found in peripheral blood in an approximately steady
state at low concentration, or are undetectable, and immune competent cells express
a mainly surveillance phenotype.

2. Chronic low-amplitude inflammation. This state is frequently encountered in
older people, even those who appear to be healthy. It is also associated with a
wide range of chronic pro-inflammatory conditions that have a high prevalence in
elderly people, including chronic obstructive pulmonary disease (COPD),
osteoarthritis, type 2 diabetes, obesity and a sedentary lifestyle [6-11].

3. Acute inflammation with appropriate resolution. This is the normally observed
response to events such as infection or trauma in healthy individuals. Typically,
there is a rise in circulating pro-inflammatory bio-chemicals and cells, then an
anti-inflammatory surge, followed by a rapid return to pattern 1 after the initial
stimulus has been eliminated.

4. Acute inflammation with inappropriate resolution. This is a less well recognized
but not uncommon response to ostensibly ordinary infections, such as
pneumonia, urinary tract infections, Gram-negative septicaemia and cellulitis, or
other physiological insults such as accidental or surgical trauma. In older
patients, the pro-inflammatory phase in such circumstances is often prolonged
[5,12,13] and is associated with a number of clinically important consequences
such as delirium, lethargy, low mood, autonomic dysfunction, reduced appetite,
weakness and increased dependency. There is a slow, and sometimes
incomplete, return to baseline (either pattern 1 or 2). Geriatricians and other
clinicians involved with the care of elderly people are becoming increasingly
familiar with this phenomenon and the adverse effect it can have on a range of
outcomes for their patients.

5. Overwhelming and dysregulated inflammation. This is a comparatively rare but
torrential and frequently fatal acute disorder of innate immunity leading to severe
sustained systemic inflammation in some patients with sepsis, burns or trauma,
and is usually encountered in the critical care setting. It can occur at any age,
and was an important factor in the high mortality in the Covid-19 pandemic [14],
but tends to have a very poor prognosis in older patients.

In this paper, we will present a hypothesis that contends that the outcomes from
pattern 4, usually encountered in elderly patients, and sometimes superimposed
on pattern 2, could be improved by using the methyl-xanthine drug theophylline
to modify the balance of pro-inflammatory and anti-inflammatory entities (mostly



cytokines) closer to that observed in pattern 3 so that the deleterious effects of
extended acute systemic inflammation are measurably reduced.

2. BACKGROUND

2.1 Innate Immunity

The cells and cytokines of the innate immune system are the first responders to
infection and other forms of tissue damage. This ancient and evolutionarily robust
defence mechanism is represented in some form in almost all multi-cellular
animals. It operates in advance of, and modulates, adaptive immunity in
individual organisms and almost certainly evolved much earlier [15]. The
chemistry and cell biology of innate immunity is complex and incompletely
understood, and it is not the purpose of this paper to attempt an extensive review
of that topic. However, in support of our hypothesis it is necessary to describe
some relevant features of the system. Though some empirical findings have
been equivocal or even contradictory there is a sufficient amount of consistent
research to be able to form a useful understanding of a number of key processes
that are informative within the context of this paper. Taking pneumococcal
infection as an example, in individuals with or without adaptive antibody
immunity, pneumococcal antigens are initially presented to tissue macrophages
and circulating monocytes both directly and as complexes bound to C-reactive
protein (CRP), serum amyloid A (SAA) and toll-like proteins. In response,
monocytes of pro-inflammatory phenotype release pro-inflammatory cytokines of
the interleukin-1 (IL-1) family, interleukin-6 (IL-6) and tumour necrosis factor alpha
(TNF), probably within 1-3 hours as shown by in vitro studies [16,17] (in

this paper we have used the terms IL-1 and TNF without differentiating the alpha
and beta subtypes, though most of the research relevant to our hypothesis
concerns the beta and alpha subtypes respectively). There is some evidence that
this process is delayed in older patients, based on studies in a clinical setting
[18], but the pathophysiological and clinical significance of that finding is not
clear. By processes for which there is only a partial understanding those
cytokines, other less extensively studied cytokines, and other bio-chemicals
involved in innate immunity such as interferons and complement, stimulate a
number of responses by a wide range of cell types that contribute to an effective
elimination of the infection. The range of these pro-inflammatory effects also
includes increased production of CRP and SAA by hepatocytes, increased
endothelial permeability, reduced protein synthesis and increased interleukin-6
(IL-6) release by various cells including monocytes, myocytes and adipocytes,
reduced albumin synthesis, switching of neutrophils to a pro-inflammatory
phenotype that includes further release of pro-inflammatory cytokines including
TNF, down-regulation of autonomic cardiovascular reflexes, and context-variable
effects on synthetic functions by other tissues and metabolic pathways including
glucocorticoid and catecholamine production [4,19]. Lethargy and an urge to rest,
sometimes referred to as sickness behaviour, are probably at least partly due to
cytokine-mediated alterations in central nervous system function. There is also
circumstantial evidence that pro-inflammatory cytokines directly predispose to
delirium [20], though the mechanism is not clear and other mechanisms, such as
cerebral capillary micro-coagulation, might be at play. There is a complex effect
on macrophages leading initially to further production of IL-1, TNF and the anti-
inflammatory



cytokines interleukin-4 (IL-4) and IL-1 receptor antagonist (IL-1ra).
Antigen-stimulated monocytes are also self-stimulated to release TNF and other
cytokines by an autocrine mechanism and, through an influence on T-helper cell
function, lead to rapid production and release of interferon gamma (IFG), which
in turn contributes to the response to infection by a range of interactions with
cells of the innate and adaptive immune systems [19]. The essential concepts of
this process are summarized in simplified form in Fig. 1. In the early and mature
phases of this pro-inflammatory response the primary purposes of eliminating
infection, minimising damage and the survival of the individual are being served
(pattern 3). Once infection has been eliminated counter-regulatory mechanisms
switch the chemokine and cellular milieu of the innate immune system to an anti-
inflammatory phase characterized by a rapid fall in IL-1, TNF, other pro-inflammatory
cytokines and CRP, a transient rise in blood levels of anti-inflammatory
cytokines such as IL-4, interleukin-10 (IL-10) and IL-1ra, and a

return of immune cell phenotypes to mainly anti-inflammatory and surveillance
mode (pattern 1) [21].
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Fig. 1. A simplified schematic representation of TNF and IL-1 release from
monocytes in response to an antigen and the subsequent effects on

various cells, functional changes and longer term consequences in
individuals with prolonged post-acute inflammation (pattern 4).

Key: TNF — tumour necrosis factor, IL-1 — interleukin-1, CRP — C-reactive protein,
CNS - central nervous system, T — probable sites of action of theophylline in its anti-
inflammatory role

2.2 Innate Immune Responses in Old Age
The control of this process of switching from a defensive pro-inflammatory state

back to baseline is poorly understood and very complex but appears to take
longer and to be less clearly complete in many elderly individuals [12,13,22],



such that the persistence of an inflamed state beyond the time of active infection
starts to have deleterious effects. Consequently, in many elderly people the
biochemical and clinical pro-inflammatory response to acute infection does not
resolve as quickly as it does in younger adults (pattern 4). The rises in IL-1, TNF,
IL-6 and CRP persist longer, and the rise in anti-inflammatory IL-10 is delayed
and also prolonged [23]. This effect is reflected in the observed time course of
clinical recovery, and has been quantified in research on humans with
pneumococcal infection and volunteers exposed to endotoxin that showed an
approximate 2-fold longer time for biochemical markers of inflammation, such as
TNF and IL-1, to return to baseline in older individuals [12,13]. That research was
conducted in healthy elderly people but evidence indicates that frailer elderly
patients, with higher levels of background inflammation (pattern 2), have an even
more extended period of persisting inflammation after acute infections [15]. The
clinical correlates for that phenomenon include persisting anorexia, low mood
and lethargy, incomplete resolution of delirium and CRP levels that do not return
fully to the normal range. This suggests an impairment of regulatory anti-
inflammatory function in old age that is a likely substrate for slower clinical
recovery resulting from an extended exposure to the clinically negative effects of
certain pro-inflammatory cytokines, particularly TNF and IL-1. Further, in older
age, easier transmission of pro-inflammatory cytokines across the blood-brain
barrier could conceivably contribute to this pattern of dysregulation [11].

2.3 Chronic Inflammation in Old Age

To set the background further it is important to outline the observed inflammatory
state associated with old age. Baseline biochemical markers of inflammation,
such as IL-1, TNF and CRP are often chronically raised 2- to 4- fold in the
peripheral blood of elderly people (pattern 2), particularly those above the age of
80 years, compared with younger adults [11,24]. The reasons for this are not
entirely clear, but in some individuals, it can be explained by the presence of a
clinically obvious chronic inflammatory pathology such as COPD or rheumatoid
arthritis [9]. Similar levels of TNF and CRP are often found in elderly people with
other disorders that are known to have a pro-inflammatory effect, such as central
obesity, atherosclerosis or type 2 diabetes [7,25]. Several other conditions,
common in old age, have been shown to be associated with chronically raised
pro-inflammatory markers, though the cause-and-effect relationship is less clear.
These include Alzheimer’s disease, chronic kidney disease, osteoarthritis and
physical inactivity [25-28]. Some studies have described elevated baseline CRP
and pro-inflammatory cytokines in elderly people with no apparent underlying
chronic disease [11], thus supporting the contention that old age is in itself a pro-
inflammatory condition. Of course, an alternative interpretation of that
observation is that older individuals have an appropriate augmentation of innate
immunity to counteract the neoplastic and auto-immune tendencies of the
senescent phenotype.

In its chronic state, persisting low-amplitude inflammation is associated with a
number of important adverse outcomes, including increased all-cause mortality,
reduced muscle strength, impaired ability to carry out day-to-day essential tasks
and lower self-reported health status [29]. Further, it appears that chronic
disease progression is at least partly a consequence of chronic inflammation and



not simply a manifestation of it, so there is a complex interaction between cause
and effect that seems to be self-sustaining and deleterious [30]. The best
example of this is perhaps the endothelial inflammation that occurs in
atheromatous vascular disease, which can be envisaged as a destructive endo-
vasculitis both resulting from and stimulating an enhanced systemic pro-
inflammatory baseline state [31]. This chronic slightly inflamed state, with the
associated and probably consequent increase in vulnerability to an overtly frail
clinical condition, leads to a consideration in the following paragraph of the
resulting deterioration that occurs when an acute infection or trauma is
superimposed.

2.4 Probable Mechanisms for the Deleterious Effect of an Extended
Acute Pro-inflammatory State

It is necessary to consider the possible mechanisms whereby TNF, IL-1, IL-6 and
other inflammatory bio-chemicals contribute to adverse clinical phenomena. It
must be emphasized that our description of this is to some extent speculative but
it is nevertheless the starting point for the hypothesis described below. To give
an important example from the clinical perspective we will consider inflammation
associated neuronal dysfunction. There is evidence that pro-inflammatory over-
activity and inadequate or incomplete anti-inflammatory activity contribute to
delirium, low mood and sickness behaviour all of which are of considerable
importance in the clinical setting [32]. Autonomic dysfunction is another probable
consequence, though interpretation is to some extent confounded by the
immuno-regulatory role of autonomic neuroendocrine pathways. Receptors for
several cytokines are present on neurons and glial cells, including TNF, IL-1, IL-6
and IL-1ra, and transport systems have been demonstrated that enable a
number of cytokines to enter the cerebrospinal fluid and brain interstitial fluid,
including IL-1, TNF, IL-6 and IL-1ra [33-36]. In animal experiments it has been
shown that measurable changes of behaviour, such as anorexia, hiding and
sleepiness, are induced by exposure to IL-1 and TNF [37], which are thought to
act via hypothalamic neurons. The role of cytokines in neuronal function is
complex and appears to be both deleterious and protective depending on the
metabolic and pathophysiological context [37-39]. Recent in vitro evidence
suggests that the influence of cytokines on brain function is to a considerable
extent mediated by receptors on various cell types in the blood-brain barrier,
leading to changes in permeability and the secondary production of pro-inflammatory
cytokines beyond the barrier by glial cells [38]. In any case, the

close temporal association of IL-1, IL-6 and TNF elevation in peripheral blood
with neuronal dysfunction during and after infection in old age is strongly
suggestive that those cytokines are either directly or indirectly involved.

Though some of the adverse effects of IL-1 and TNF are due to direct receptor-
mediated changes in cell metabolism, there is evidence of widespread influences
of an enhanced pro-inflammatory state on other metabolic pathways and cell
functions that are less clearly direct. These include changes in insulin sensitivity,
increased catecholamine and glucocorticoid secretion, increased production of
reactive oxygen species in endothelium, augmented production of prostaglandins
and stimulation of interferon-gamma (IFG) release. Important indirect
mechanisms include complement-mediated micro-coagulation as a consequence
of a pro-inflammatory state [40]. The biological consequences of these changes



are incompletely understood but some of the better described phenomena are of
considerable importance in clinical geriatric practice, particularly the central and
peripheral neuronal effects described above, reduced muscle protein synthesis,
impaired myocyte function and increased capillary permeability.

2.5 The Anti-inflammatory Propertied of Theophylline

Theophylline, a methyl-xanthine drug, has been used as a phosphodiesterase
inhibitor bronchodilator for the treatment of asthma and COPD for many years.
Its efficacy in that clinical context is limited by the need to use plasma
concentrations in a therapeutic range (10-15 mg/L) that is close to the toxic range
(> 20 mg/L) and its clinical utility has been diminished by the superior
performance of beta-2 agonist and anti-muscarinic bronchodilators. However, it
was observed that certain favourable patient outcomes, such as walking
performance, were reported in patients with COPD given theophylline treatment
even when little or no measurable change occurred in spirometry indices of
airways obstruction or arterial blood gas tensions, and the effect was also
observed at low (< 10 mg/L) plasma levels [41]. Further research demonstrated
anti-inflammatory properties of theophylline locally on airways inflammation,
systemically and in vitro [41,42]. Other methyl-xanthine drugs such as
pentoxifylline have similar properties [43] but the body of evidence is greatest for
theophylline. Though the complete molecular mechanism of the anti-inflammatory
properties of theophylline remains unknown it has been shown that

theophylline reduces TNF and IL-1 secretion by monocytes and other immune
cells and increases IL-10 release [44]. This is probably mediated through
induction of histone deacetylase-dependent gene switching toward a more anti-
inflammatory phenotype in immune cells rather than by phosphodiesterase
inhibition [42,45]. Theophylline also reduces IL-6 levels in peripheral blood [46].
IL-6 however, has a complex role that is dependent on physiological context,
such that the sharp transient rise in IL-6 that occurs after exercise appears to
have an anti-inflammatory effect, possibly mediated by IL-10 release but also
directly through an up-rating of insulin receptor sensitivity and an anti-sarcopenic
influence on skeletal myocytes [47,48]. On the other hand, the higher resting
trough IL-6 levels that are associated with chronic and acute pro-inflammatory
states and trauma appear to increase the risk of delirium [20] and are probably
pro-sarcopenic [49-52]. There is no evidence regarding the effect of theophylline
or similar drugs on post-exercise IL-6. The mechanism of these effects appears
to be due to theophylline-induced re-direction toward the anti-inflammatory state
via gene switching in macrophages and other immune cells which have been
shown to have several dose-dependent gene switches that up- and downregulate
various cytokines [45,53,54]. The timescales for switching at nuclear

level are not known, though phenotypic expression in terms of protein synthesis
and cell behaviour occur within 24 hours [45]. An interesting observation is that
subjects with COPD treated with the addition of theophylline to a standard
regimen had lower, 5.5(SD 1.9) vs 6.3(SD 1.5) mmol/L, CRP levels at baseline
(between exacerbations) and better functional scores compared with COPD
subjects not receiving theophylline [55]. These effects have been described as
immune “modulation” by some authors as it appears that theophylline at currently
used therapeutic doses tends to reduce inflammation without compromising the
protective effect of an appropriate acute inflammatory response to infection, and



a recent study has shown a reduction in mortality in patients with severe sepsis
treated with theophylline in a critical care setting [56,57].

Theophylline has been shown to cause a small increase in cortisol secretion in
normal and asthmatic human subjects at doses used for broncho-dilatation. This
effect was transient and tended to revert to baseline after three days, and was
offset by increased urinary cortisol excretion, and no rise in serum cortisol levels
was found [58]. Therefore, it is unlikely that these minor changes in corticosteroid
dynamics would contribute to the anti-inflammatory properties of

theophylline.

A potentially beneficial anti-inflammatory effect also occurs at in vitro theophylline
concentrations well below the level needed for effective broncho-dilatation [59].
At these lower concentrations (5-10 mg/L) it is unusual to encounter side effects
or signs of theophylline toxicity, such as tachycardia, cardiac arrhythmias, tremor,
nausea, diuresis and sleep disturbance. Those side effects are largely mediated
by a combination of adenosine receptor blockade and increased release of
catecholamines in response to theophylline-stimulated enhancement of
intracellular cyclic-AMP concentration as a consequence of phosphodiesterase
inhibition. That mechanism is a key pathway for broncho-dilatation but is
probably not the mechanism for the observed immune modulation effects. At
broncho-dilator therapeutic concentration theophylline has been shown to
increase the basal metabolic rate (BMR) significantly in laboratory animals,
mainly by increasing heart rate, respiratory rate and tremor. At lower anti-
inflammatory concentrations such an effect on BMR s likely to be negligible and
of no clinical importance, and no measurable effect was found at therapeutic
concentrations in COPD patients at rest [60].

3. HYPOTHESIS

Based on the evidence presented in the paragraphs above we hypothesize that
theophylline at target plasma levels below 10 mg/L will down-regulate the pro-
inflammatory state and reduce the production of TNF and other pro-inflammatory
components, and concomitantly, or consequentially, up-regulate the production
of IL-10 and other anti-inflammatory bio-chemicals and immune cell phenotypes.
We also hypothesize that such an alteration in the overall balance of pro-
inflammatory and anti-inflammatory cytokines will lead to earlier and more
complete resolution of the post-infective or post-traumatic systemic inflamed
state frequently observed in elderly patients. In other words, a shift from pattern 4
to pattern 3 is predicted.
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Fig. 2. Diagram to illustrate the hypothesized influence of theophylline on
an aggregated pro-inflammatory state. It is predicted that treatment with
theophylline will shift the curve to the left (pattern 4 towards pattern 3) and
thereby reduce the patient’s exposure to an inappropriately prolonged
period of inflammation

The basis of our hypothesis depends on certain assumptions. Firstly, we contend
that the adverse clinical outcomes described above are at least partly caused by
persisting systemic inflammation and that by applying an intervention to reduce
the duration and amplitude of that inflammation the outcomes will be more
favourable. While the evidence for that is substantial it is not a proven cause and
effect relationship. Nevertheless, the rest of our hypothesis is dependent on an
assumption that the relationship is true. Our hypothesis is also predicated on
certain reasonable assumptions regarding the mechanism of action. It is
acknowledged that the effect of theophylline on inflammation chemistry is likely to
be complex and to involve a range of inter-dependent cytokines, interferons,
immune cells and other physiological systems that contribute to the control of
innate immune responses, such as autonomic neuro-endocrine activity. It is not
possible at present to posit a precise mechanism supported by linear biochemical
logic in a molecule-by-molecule sequence. Indeed, it is probable, given the highly
complex interactions of the innate immune system that the mechanistic order will
vary between individuals and on different occasions depending on the type of
stimulus, magnitude and rate of change of immune biochemical concentrations
and the real-time status of associated physiological systems. However, we argue
that it is not necessary to resolve all components of the mechanism in order to
predict an overall directional change or aggregate shift from pattern 4 towards
pattern 3 (Fig. 2). We contend that our hypothesis is sufficiently consistent with
the observed effects of theophylline on key inflammatory cytokines and appears
partially to explain the favourable clinical responses of patients with asthma,
COPD and sepsis. Further insights into the various stages of the mechanism
should emerge with further focussed empirical research in the future.

We also hypothesize that the predicted shortening of the post-infective, or post-
traumatic, inflammatory phase could lead to faster recovery from, or even



avoidance of, important neuronal dysfunctions such as delirium, impaired
balance, anorexia, low mood, lethargy and autonomic impairment, as well as
reducing generalized oedema, myocyte dysfunction, insulin resistance and other
adverse metabolic states. Thereby, the treated patient is expected to have a
lower risk of becoming overtly cachectic, frail and dependent. In the case of
infection, it is probable that the stabilizing effect on innate immune chemistry that
our hypothesis predicts will be most beneficial if theophylline treatment is started
towards the end of antibiotic treatment so as to cause no blunting of the initial
beneficial switch to a protective pro-inflammatory state as micro-organisms are
destroyed, but before the detrimental prolonged tail of non-resolving inflammation
is established. The timing for benefit after trauma will probably require an earlier
introduction of theophylline, and for elective surgery it is feasible that a preoperative
start might be optimal. The ideal duration of treatment will probably be

in the 3 to 6-week range. Adverse effects during that timescale would be
expected to be minimal because the target anti-inflammatory blood
concentrations would be well below the known toxic range (see above). Of
course, further light can only be shed on these practical issues by empirical
research

3.1 Alternative Immune-modulating Drugs

We acknowledge that drugs in other classes also influence the innate
inflammatory response. Monoclonal antibodies (MCASs) have been used with
great success in inflammatory diseases, with anti-TNF drugs for rheumatoid
arthritis being the best-known example. However, MCAs have the disadvantage
of being specific for their target cytokines or cytokine receptors and therefore
appear to have a narrower influence on immune settings. They also tend to over-
suppress some aspects of immune surveillance and predispose to opportunistic
infection and some malignancies, particularly lymphomas, though the latter
seems only to occur after prolonged treatment. They are also expensive, have to
be given by injection and require close monitoring.

Corticosteroids (CSs) have a long track record of use as broad-spectrum anti-
inflammatory drugs that act by down-regulation of pro-inflammatory immune cell
behaviour rather than by re-establishing the baseline equilibrium of the innate
immune system. When used systemically, they are limited by their
mineralocorticoid effects (sodium and water retention), glucocorticoid effects
(enhanced protein catabolism and glucose intolerance), tendency to cause
increased wakefulness and precipitate delirium, and suppression of cell-mediated
immunity. Interestingly, there is evidence that the anti-inflammatory effects of
CSs is augmented by theophylline, including a steroid-sparing effect allowing
lower doses and shorter CS courses for exacerbations of COPD [61].
Thalidomide and related drugs are established as anti-inflammatory agents with
clinical uses in the treatment of leprosy, other mycobacterial diseases, and as an
adjunctive drug in certain oncology chemotherapy regimens. Like methylxanthine
drugs, thalidomide appears to have subtle immune modulating properties that
include suppression of pro-inflammatory cell behaviour, and a

reduction of IL-1, IL-6 and TNF release [62,63]. It is limited by a wide range of
side-effects at therapeutic doses.

4-aminoquinoline drugs (chloroquine, hydroxychloroquine and amodiaquine)



have a suppressive action on the release if IL-1, IL-6, TNF and interferon gamma
and tend to promote an increase in the population of immune cells producing IL-
10 and IL-4 [64]. They have been used as anti-inflammatory drugs in certain
auto-immune disorders such rheumatoid arthritis and systemic lupus
erythematosus. The effects of low doses on cytokine dynamics are not known
and at usual therapeutic doses a high proportion of patients report unpleasant
side effects, though anti-inflammatory doses are usually lower than those used
for the treatment of malaria. Nevertheless, there is a body of evidence that might
justify a clinical trial of the use of 4-aminoquinolines to suppress post-acute
inflammation in old age [65].

Beta-adrenergic receptor blockers, such as propranolol and metoprolol, have
been found to alter innate immune responses, with a tendency toward an anti-
inflammatory shift. This has largely been observed in relation to the inflammatory
profile seen in chronic heart failure and atheromatous vascular disease [66,67].
The mechanism is probably by adrenergic receptor blockade and a consequent
reduction in catecholamine-mediated release of pro-inflammatory cytokines by
monocytes.

Statins have an anti-inflammatory effect that appears to be independent of, or not
directly related to, the induced changes in plasma lipids. The reduction in
endothelial inflammation, probably mediated by a protective effect of statins on
TNF-induced increases in reactive oxygen species in endothelial cells, has
received most attention, but there is evidence of a more systemic effect [68].
However, there have been no studies of the effect of statins on acute-phase
inflammation in the context of sepsis and trauma.

4. DISCUSSION AND SUGGESTED RESEARCH PATHWAYS TO
TEST THE HYPOTHESIS

If our hypothesis proves to be correct, it will offer opportunities to intervene
beneficially to reduce the likelihood of progression to overt frailty in elderly
patients with acute inflammatory illnesses, including infection, trauma and
elective surgery. If low concentrations of theophylline are confirmed as being
effective it is likely that side effect symptoms will be minimal, and the treatment
therefore acceptable to patients and safe. Of course, adjunctive treatment with
theophylline would not replace other aspects of high-quality care, such as
antibiotics, optimal management of co-morbidities, careful fluid and electrolyte
management and prophylactic anti-coagulation, all of which can contribute to
improving clinical and functional outcomes.

It will be necessary to take a somewhat more reductive and focussed approach
to test the hypothesis. Exploration of the mechanisms, beginning with identifying
the key steps in the chain of cause and effect will need to be based initially on
animal studies, and in the case of delirium will probably need to define more
precisely the effect of theophylline on IL-1, IL-6 and TNF-induced changes in the
function of neurons, glial cells and blood-brain barrier permeability. There are a
number of animal models of acute inflammation that can be used to quantify the
effect of theophylline on cytokine responses, behaviour patterns, muscle
morphology and function.

We argue that it is not essential to try to establish a complete understanding of
such mechanisms before embarking on a clinical intervention trial in humans; the
full range of mechanisms of action of very few drugs have been completely



defined, and it might not be possible to achieve such a full definition in the innate
immunity field due to immune-regulatory complexity and individual variation.
However, the body of evidence that underpins our hypothesis is sufficiently
robust to justify a trial of theophylline in humans. The most controllable setting is
probably elective surgery, which obviously allows the pre-traumatic inflammatory
state to be measured, and therefore sets a target baseline identical to either
pattern 1 or pattern 2 for elderly subjects. A controlled model for the effects of
sepsis could be conducted in volunteers given a standardized dose of a
bacterial-derived antigen such as enterotoxin, which would also facilitate pre- and
post-exposure measurements to be made. It will be important at a later stage to
study patients with acute infections, perhaps using pneumonia or uro-sepsis as
the initiating stimuli, because these represent a large proportion of cases seen in
clinical practice. Of course, in such subjects the pre-infection baseline state will
not be known.

5. CONCLUSION

In all these empirical frameworks, we envisage a randomized placebo-controlled
trial of theophylline at a target plasma concentration of 5-10 mg/L with
measurements of key plasma cytokines (for example IL-1, TNF, IL-6, IL-10, IL-
1ra), other chemokines involved in inflammation, serum CRP and albumin, body
weight, hand-grip, standardized walking performance, functional scores (for
example Barthel Index), psychometric tests (for delirium, depression, cognitive
impairment), length of stay in hospital, discharge care needs, 30-day all-cause
mortality, drug side-effects, proportion of trial completers and rate of readmission
to hospital. Further exploration of the concept would depend on the

outcomes of such initial trials.
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