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Praise for Live Forever?


 


‘A beautifully written book about life and death: busts myths, explores the stories of science and history, and ultimately is rich and uplifting.’ 


Adam Rutherford, author of


A Brief History of Everyone Who Ever Lived


 


‘I heartily recommend this deep dive into wellness and the human body by Professor John Tregoning. It turns out that none of us are getting out of here alive, but John has bravely put his mind and body on the line to discover the secrets of staying healthy and happy as we get older. A funny, fascinating and educative book that has convinced me to get rid of my pigeon coop and renew my gym membership.’ 


Ben Willbond, co-creator of Ghosts


 


‘Dr Tregoning returns with another wonderful book about life, death, the body and pretty much everything else. Live Forever? is witty, insightful, detailed without being overwhelming for the non-scientist, and deeply thought-provoking. I read it with bated breath . . . light-hearted, optimistic and often laugh-out-loud funny. Essential reading for anyone who’s not immortal.’ 


Frank Turner


 


‘Warm, uplifting and laugh-out loud funny. But make no mistake, this is also a profound journey through countless frontiers of modern science, jam-packed with big ideas about what it takes to live well and be happy. Ostensibly about death, what comes across is a passion for life.’ 


Daniel M. Davis, author of The Beautiful Cure


 


‘The idea that a book about death and dying could be a delightful read seems ridiculous, and yet John Tregoning has pulled off this trick with humour, flair and elegance.’ 


Nessa Carey, author of The Epigenetics Revolution


 


‘Taking a look under the bonnet of the human body, John Tregoning outlines how far we’ve come with medicine, and how far there may yet be to go if we are going to Live Forever.’ 


Al Murray


 


‘Utterly brilliant. Tregoning manages to make scientific scepticism both hilarious and life-affirming. Madcap self-experiments and a healthy sprinkling of toilet humour compound to make a wonderful introduction to human biology and the scientific method.’ 


Dr Monty Lyman, author of The Immune Mind


 


‘A thoughtful and highly accessible book from one of the UK’s leading bioscientists that presents a look at healthy living from an honest and balanced perspective.’ 


Sir Jonathan Van-Tam, former Deputy Chief Medical Officer for England


 


‘The starting point for John Tregoning’s Live Forever? is John wondering about how he might die and whether he can do anything about it. Despite the seriousness of the topic this is an at times hilarious account of all the things we might die from . . . With the media full of advice on how to live a healthy life, and billions being spent on research into how to slow ageing, Live Forever? is exactly the book we need to understand our own mortality and what we can do to live a long and healthy life.’ 


Luke O’Neill, author of Never Mind the B#ll*cks,


Here’s the Science
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For my parents who have already travelled this road, 


And my children who are just starting it.










A Cautionary Note


Self-experimentation is not without risk. I have twenty-five years’ experience in the lab and work very closely with medical doctors. There is risk in everything – and anything you do is at your own risk.










And if all you ever do with your life


Is photosynthesise


Then you deserve every hour of these sleepless nights


That you waste wondering when you’re gonna die


Frank Turner, ‘Photosynthesis’


 


And since to look at things in bloom


Fifty springs are little room,


About the woodlands I will go


To see the cherry hung with snow.


A. E. Housman, ‘Loveliest of Trees’, A Shropshire Lad










Prologue


Time and Tide


Do not go gentle into that good night,


Old age should burn and rave at close of day;


Rage, rage against the dying of the light.


Dylan Thomas, ‘Do Not Go Gentle into That Good Night’


 


Time wants you dead. Not just you, but everyone you have ever met. It wants your heart to stop and your lungs to fail. It wants your muscles to spasm and your bones to ache. It wants your mind to dwindle, your brain to wane and you to fade from the world, your only traces residing in the memories of others.


But not me, or at least that’s what I thought when I was young, because like all of us when in our youth, I was (in my mind) immortal.


But then comes a moment when we seriously contemplate our mortality. For me, this fell on 1 December 2022, just after I pulled out my first grey chest hair. I then noticed that the lighter hairs on my head were not, in fact, blond as I had been reassuring myself, but also grey. To compound matters, I’d started moving my mobile further away to read text messages – the inevitable drift into long-sightedness. It felt like a crossroads: entering my ‘late forties’ and so the second act of my life. I turned to pondering how I might die . . . and if anything could be done about it. Live forever? Of course not. Sadly, Time does eventually win. The brutal truth is that we are all going to die, even me. Anyone who tells you otherwise is selling something.


I turned to pondering how I might die . . . and if anything could be done about it. As a scientist, I had the curiosity, expertise and crucially the contacts for a journey of self-discovery. I was not the first person to investigate the causes of death; conveniently, the World Health Organization (WHO) lists seventeen thousand possible disease types (infectious and non-infectious) in the latest International Classification of Diseases (ICD11) guidelines. Many of these diseases are quite rare. And most of them won’t kill you: for example, sleep-related bruxism – teeth-grinding in your sleep – is unlikely to prove fatal, unless it prompts your partner to smother you with a pillow.


Making a few assumptions, I can narrow down my march to mortality. Firstly, I will probably live out my three score years and ten. In fact, my current life expectancy as a man living in England is 79.3 years, a whole 2.5 years longer than my Welsh compatriots, though 3.8 years less than my wife. Secondly, living in a high-income country in the twenty-first century makes death from some terrible infectious disease improbable (see Infectious1). Thirdly, I am unlikely to die of trauma – and even if I were, there isn’t much I can do about it.* Therefore, death would come calling because one (or several) of my organs has failed me. We call these types of diseases ‘non-communicable’ because you can’t catch them (except as we will see later, this isn’t exactly true – you can be infected by something that ultimately leads to organ damage).


The vast steps forward made by science in the prevention and treatment of infectious disease have basically doubled average life expectancy in the last century. We are all now much more likely to die of non-infectious diseases than infectious ones. Improvements in infection prevention and their effect on causes of death are borne out in recent stats from the WHO; non-communicable diseases accounted for three-quarters of all lives lost in 2022.2 Reflecting this global change, the causes of mortality in the UK have changed dramatically over the last century (Figure 1).


Whilst the reduction in death from infection should rightly be celebrated, the huge progress in infectious disease prevention and treatment sends organ failure to the top of my kick-the-bucket list. I therefore wanted to investigate which of the seventy-nine organs in my body might fail. My remaining time feeling short, I didn’t want to squander it worrying about all seventeen thousand different diseases catalogued in the ICD11 codes; to prioritise, I consulted the oracle of British life – the Office of National Statistics (ONS). The ONS captures a cornucopia of detail from Aaron’s Hill to Zouch, including: a list of deprivation in coastal towns; a breakdown of internet users (surprisingly not just one category of ‘everyone’); and of course the tables I wanted, those relating to death.3 The big five causes of death (excluding pneumonia, a type of infection) in 2022 are shown in Table 1. It admittedly represents a high-income country; infection still kills many people (especially children) in low-income countries. The top causes for men and women fall in a subtly different order and we will explore these gendered differences. But this should be seen as rearranging deckchairs on the Titanic; we all sink eventually.
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Figure 1. Changes in causes over time and age. Indicates the most common cause of death in that age group for that decade. Data from the Office for national statistics. www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/articles/causesofdeathover100years/2017-09-18.
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Cause of Death
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Ischaemic heart diseases (heart attack)




	
38,730




	
13.3




	
Dementia and Alzheimer’s disease




	
42,635




	
15.0









	
Dementia and Alzheimer’s disease




	
23,332




	
8.0




	
Ischaemic heart diseases (heart attack)




	
20,626




	
7.2









	
Malignant neoplasm of trachea, bronchus and lung (lung cancer)




	
14,856




	
5.1




	
Cerebrovascular diseases (Stroke)




	
16,228




	
5.7









	
Chronic lower respiratory diseases (particularly COPD)




	
14,690




	
5.0




	
Chronic lower respiratory diseases (particularly COPD)




	
15,125




	
5.3









	
Cerebrovascular diseases (Stroke)




	
13,046




	
4.5




	
Malignant neoplasm of trachea, bronchus and lung (lung cancer)




	
13,715




	
4.8













Table 1: Causes of death in the UK. ONS data from 2022.


And whilst the ICD list contained 16,995 too many ways to die, I felt that a list that covers only three organs – the heart, the brain (twice) and the lungs (twice) – didn’t fully reflect the capacity of my body to betray me. For completeness, I decided to also worry about cancer in general, diabetes, kidney and liver failure, which account for places 6, 7, 8 and 9 in most lists of non-communicable causes of death. Of course, this list isn’t exhaustive, but it does cover the main players.


They say knowledge is power. But just knowing the ways I could meet my maker didn’t feel that empowering. Drawing upon my twenty-five years’ experience as a research scientist, I decided to look further into these causes of death. I approached my mortality as I would a problem in the lab, and took a reductionist approach to explore how disease affects the normal working of each organ, one by one from a cellular level upwards. In my initial hubris, I assumed that health could be viewed entirely as a physiological thing – if you understand the organs, you understand disease.


My first (not so shocking) observation is that everyone dies. Admittedly it didn’t take a quarter century of scientific training to discover this. Famously, we cannot avoid death. The inescapability of death came up again and again as I researched the book. Death is the original zero-sum game;† as seen in Figure 1, reducing death from one cause pushes up death in another. Despite the catchy title of the book (and whatever tech billionaires may hope), one cannot, and should not, live forever. And whilst our perceptions of ageing change as we age (Figure 2A), our chances of dying exponentially increase with our years (Figure 2B).
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Figure 2: Ageing and our relationship to it. A) Ageing is subjective (adapted from an online meme – attribution unknown). B) We all die! Image adapted from OurWorldinData. Data from WHO, Global Health Observatory (2022).


Since we cannot avoid death, can we do anything to delay it or at the very least make the home stretch less unpleasant? There are four basic tenets that hopefully everyone knows already. Eat less, do more, don’t drink, don’t smoke. But why do the big four contribute to healthier life? Critically, are there other things? A wealth of ideas exists about how to reduce the impact of ageing and the likelihood of premature death, often lumped together as ‘wellness’.‡ Some of these ideas are scientific, some semi-scientific and some frankly unrooted in any form of science whatsoever, or even common sense for that matter. I drew upon my experimental experience to investigate whether any of the more commonly suggested approaches can reduce the impact of ageing on my organs as I enter the second half of my life, and whether science has made any progress in delaying death (spoiler/not spoiler – of course it has). I am going to share the tools I used to look deeper into the claims, to better arm you against the next sweeping online claim that eating nothing but blueberries will stop you getting dementia.


As an immunologist, I spend most of my days thinking about how our bodies fight off infections. As we will see, immunity is finely balanced; while it keeps us fit and healthy in our prime, an immune system in overdrive or gone haywire can contribute greatly to our decline. Because of my life in science I feel qualified to look at ageing, disease and death, but as a scientist I have questions and uncertainty. Science is not (yet) the whole picture – the underpinning rules by which our bodies work are immutable, but we scientists only glimpse them through a glass, darkly. While science (which is humanity’s knowledge of nature) constantly evolves, ‘the rules’ themselves do not change. There remains so much knowledge yet to be gleaned. One of the challenges is to supress my cynicism (honed by two and a half decades of research) that most anti-ageing tips are bunkum, thereby dismissing an entire field of work. I have, as far as possible, taken an open-minded approach to explore the scientific basis behind ‘wellness hacks’. I’ve tried to find published evidence from studies enrolling large numbers of people (called epidemiological or population level studies). If the epidemiology supported an idea, I drilled deeper to evaluate its biological plausibility.


If, and it’s a big if, the intervention proposed passed my plausibility threshold, I tried it on myself. As I explored each organ, I performed experiments upon myself; these got increasingly desperate as I moved through the body, discovering that time was not a tide I could turn. This may sound a bit extreme, but self-experimentation has a long (and sometimes noble) history. Keyhole surgery, used to operate less invasively on hearts, descends directly from Werner Forssmann passing a urinary catheter up one of his own veins and then using an X-ray to show the catheter had reached his heart. Barry Marshall famously (or infamously) proved that an infectious bacteria (H. pylori) caused gastric ulcers by drinking said bacteria.


At the other end of the scale of usefulness exists a whole range of daft experiments people performed on themselves. Dr Akira Horiuchi won an Ig Nobel Prize for his work on self-colonoscopy.4 John Stapp tested how fast a human could accelerate from a stationary position by attaching himself to a rocket sled, reaching 632 mph – and bursting blood vessels in both his eyeballs. And I’d be remiss not to mention Michael Smith, who allowed a bee to sting him daily on different body parts in order to produce a pain index – unsurprisingly, being stung on the shaft of the penis was the most painful.5 But for sheer idiocy, one would be pushed to beat the American surgeon Nicholas Senn, who pumped six litres of hydrogen up his anus (presumably to make his farts squeakier). My ambitions are much more modest: I want to identify changes I can make as I enter middle age that have a long lasting and beneficial impact on my health.¶ I’m hoping the experiments help answer some of my questions.


Before I start pumping gas up my bottom in the name of science in my quest to live (better) forever, I need to understand what death and ageing actually are.


Notes


* I am choosing to ignore Armageddon because getting old is enough to worry about without having to fret about nuclear holocaust (which was drifting in and out of popularity at the time of writing).


 


† Zero-sum games are ones where one person wins at the expense of another – Monopoly being the classic example: the gains I accrue when my children land on my Mayfair Hotel are their losses. They often make everyone except the winner quite sad, which is why after calling out ‘Rent’, I often find myself collecting my money and the board pieces from around the room.


 


‡ Whatever that means.


 


¶ A note on self-experimentation. For every groundbreaking discovery there are hundreds of examples of people poisoning or severely injuring themselves. Take for example Paul Karason, who started regularly ingesting a compound called colloidal silver in the hope of relieving certain ailments, and turned his entire body permanently blue, earning himself the nickname ‘Papa Smurf’. Be extremely careful about what you put on or into your body, read warnings on packaging, follow medical advice and, if at all in doubt, don’t do it.










Chapter 1


Let Us End at the Beginning: Ageing and Death


‘We all know that our time in this world is limited, and that eventually all of us will end up underneath some sheet, never to wake up.’


Lemony Snicket, A Series of Unfortunate Events: The Reptile Room


 


Ageing inevitably ends in death. But what is death? Defining death is surprisingly tricky. One definition states, ‘Death occurs when there is permanent loss of capacity for consciousness and loss of all brainstem functions.’1 All roads eventually lead to brain death, sometimes via stopping the heart. Basically, if your brain stops working you die. This can happen either because the brain itself stops working (Figure 3) or because the blood flow to the brain stops. But just putting ‘brain stopped’ as a cause of death doesn’t help statisticians use relative causes of death as a way to plan and prioritise prevention. This explains the need for seventeen thousand ICD codes: looking at the proximal cause of death can be informative.
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Figure 3: All roads lead to brain death. The actual and proximal causes of death. How failure of different organs leads to brain death.


One way to visualise causes of death is to see the organs that failed on display. In general we keep our organs on the inside – an eminently sensible approach – but we can occasionally glimpse their inner workings. Like most medical schools, Imperial (where I work) hosts a Pathology Museum cataloguing the multitude of ways in which our organs can fail us (or that we fail them). It really rammed home the terrible things that can happen to your body. On entering the museum, a whole baby’s arm pickled in formalin beckons you in, followed by shattered bones, soot-black lungs, enormous tapeworms and so, so many brains in jars. The collection contains an extraordinary, nightmarish, (no longer) living history; its notable objets de mort include a bone shattered by a musket ball at the Battle of Waterloo, seven bedsprings from the stomach of a Rhodesian jail inmate, the obligatory rubber truncheon recovered from someone’s bottom, a uterus from the first hysterotomy performed in the UK and a stomach-shaped hairball from a girl who died because she ate too much of her own hair.


The collection was curated not by a retirement-aged Igor, replete with lightning and cobwebs, but by a tall, fresh-faced archaeology graduate, Margaret Lever. She pointed out that jobs in archaeology are hard to find, with opportunities for freelance tomb raiding restricted to the movies. Whilst bones remained her main passion, Lever was learning the trade of preserving organs thanks to Medical Museum Technology by J. J. Edwards and M. J. Edwards, published in 1910. An invaluable guide for curators and serial killers alike, it contains handy notes on liquid mounting, colour injection, the use of plastics, maceration and articulation of bones. When I asked if it felt a bit odd having your lunch next to a room full of body parts, Lever retorted, ‘If you think this is odd, you should see the dissection floor upstairs!’ I passed. The museum was collated by organs, like so much fleshy Lego, building blocks of people long gone, scarred and blackened by their lives. And Imperial holds just a small collection – the largest collection belongs to our neighbours (and they think rivals) King’s College London. However, due to complexities of the Human Tissue Act, neither collection is open to the public. If you live in the UK and really need to see a brain in a jar, head to the Hunterian Museum, London, whose collection is sufficiently old that they can legally share it with the public.


Alongside death,* laws are the other things that we cannot avoid. And you might imagine that a legal definition of death exists. But the UK lacks a statutory definition of death; instead, the courts widely accept the neurological criterion – death of the brainstem. As a side note, in the UK, when you die, no one owns your body either. Death is quite murky in UK law and when we pass is predominantly a medical rather than a legal decision. This affects end of life and cessation of support. British law distinguishes between actions that deliberately end a life (e.g. overdose of morphine) and the removal of life support – even if that inevitably leads to death. Ending a life deliberately constitutes murder; removing life support does not. Medical decisions to withdraw life support are based on whether the life support benefits the patient more than it harms them. Originally, only judges could decide whether support could be removed, but since 2018 the decision can be made outside the courts if the family and the doctors are in agreement. Judges still intervene in split decisions.


But I plan to avoid the tender scene of my nearest and dearest arguing over who gets to pull the plug on me for as long as possible. Barring some acute trauma, my most likely route to the end of life is that one or other organ gives up on me (ultimately leading to brain death – see Fig. 3). Whilst death marks the end of the road, the final furlong carries equal weight. And it’s here that ageing plays a significant part; I have been desperately hoping to ward off ageing’s spectral presence ever since I found that first true grey hair.


Cellular Ageing


If defining death is tricky, defining ageing is far harder. Ageing of the cell plays a central role in our becoming older. As you hopefully recall from school science, our bodies are made of cells. Cells are the basic unit of life. Ignoring viruses, anything biological that is smaller than a cell is not alive. The cellular conception of life dates back to the 1660s, when the cell was first identified by Robert Hooke, one of those irritating/extraordinary seventeenth-century polymaths who discovered a huge range of fundamental things. You might remember him from Hooke’s Law, loading an elastic band in physics until it goes twang. When not busy inventing physics, Hooke also developed one of the first microscopes, publishing his observations of plant cells in 1665. Hooke’s studies eventually led to cell theory, developed by Robert Remak, the tenets of which are: cells make up all organisms and all cells come from other pre-existing cells. The final point was neatly coined in Latin as Omnis cellula e cellula by Rudolf Virchow (who will feature again in our narrative; for now just remember sausages, it’ll make sense later).


Some organisms, like bacteria, comprise only one single cell. These single-celled organisms make up the vast majority of biological diversity on Planet Earth, living as they do in environments such as hot springs, frozen lakes and everything in between – some even thrive on the walls of nuclear reactors. The more complex multicellular organisms, like us, encompass a very small sliver of the breadth of possible life. However, multicellular organisms account for most of the living material on the planet (called biomass), or at least plants do. Plants account for eighty-two percent of all biomass on earth; humans contribute a tiny 0.01%.2 Still, we far outweigh the nematodes’ 0.004%; take that, nematodes. But whilst nematodes contribute a puny 0.02 gigatonnes of carbon to the whole earth ecosystem, they have contributed a significant amount to our knowledge of ageing, because they live a conveniently short time.


Complex organisms, like us, are comprised of many different cell types, all performing different functions; several cells doing the same thing come together as a tissue, and several tissues working together for a grander purpose form an organ. In spite of their functional differences, all cells share a core cellular machinery that they require to operate. They need to be able to take their genetic information (stored on DNA), turn it into the messenger molecule (RNA) and produce proteins. For this they need the ability to convert glucose into energy via the mitochondria, the powerhouse of the cell, which can perform the requisite chemical reactions. Cells also sense their surroundings, talking to other cells both near and far. But from the day we are born, our cells slowly lose functionality. As cells age, they gather hallmarks of senescence, losing the ability to perform underpinning core tasks. You can afford to lose a cell here or there, but eventually the cumulative damage tells, and ageing cells lead to ageing organs.


As I saw in the Pathology Museum, humans have found an impressive array of ways to damage their organs. When younger, we can recover some damaged organ function through replacement with other cells. Replication and repair are restricted to a specialised subset of cells, called stem cells. Whilst nearly all cells contain a complete copy of our DNA, not all cells can read its entirety. It is like getting into a library but discovering restricted sections hide behind Doors of Stone.† The function of the cell is determined by which parts of the DNA library it can enter. This lets them specialise: a cell in your retina that receives the light to read these words is substantially different from one in your brain that turns them into my voice inside your head. Stem cells possess an access-all-areas pass, letting them become anything they want; this enables them to replace damaged cells. As they age our stem cells lose the ability to replicate, and damaged regions can’t be replaced. Stem cell exhaustion is one of the nine hallmarks‡ of ageing.3 Failure to replace damaged tissue contributes to most common causes of death.


Why do our cells age? To find out, I talked to Dr Cathy Slack, associate professor at the University of Warwick whose expertise pertains to all matters ageing. Cathy and I did our PhDs together at Imperial, me on tobacco plants, she on fruit flies. As students in the early 2000s, we spent a lot of time in her lab watching Robbie Williams videos on the internet. Some things stick – I never left Imperial, Cathy still works on fruit flies; some things don’t – neither of us likes Robbie Williams anymore. I caught up with her as she recovered from ‘the lurgy’ as she put it (she’s not an infectious disease expert like me, otherwise she might have said something more technical, like a stinking cold).


Cathy told me about two main theories of cellular ageing – programmed and damage-related. They are often seen as competing (mainly because that is a good way to increase your own research income at the cost of the other camp), but almost certainly both contribute. The programmed cell ageing camp has its roots in the work of Leonard Hayflick, who demonstrated in 1968 that, outside the body, human cells have a finite lifespan. Until his work, the prevailing theory posited that you could continue growing cells in a glass jar indefinitely – this is called in vitro after the Latin for ‘in glass’. Hayflick showed that, after about thirty rounds of division, cells give up the ghost. This limit of replication is not universal. Somewhere in Eastern California towers Methuselah: a 4,855-year-old bristlecone pine tree, the oldest living thing. Ming the Clam holds the record for the oldest living animal; found off the shores of Iceland, it reached 507 years. But I question its quality of life – yes, five hundred is a lot of years, but if your day only involves slurping plankton from the North Atlantic, it hasn’t got that much going for it. Though no doubt the biohacker crowd would be jealous.


The widely received cap on human lifespan is 125 years; if I make this milestone, I would have seen three centuries. The oldest recorded human (with a verified date of birth), Jeanne Calment, lived to 122, famously smoking till she turned 100, drinking port and eating a substantial amount of chocolate. The more optimistic gerontologists think that human lifespan lacks limits, and that among us there might already be people who will live even longer than Calment. Slack firmly believes human lifespan has a cap, telling me cells contain innumerable biological constraints: ‘It’s like the hydra – you fix one ageing process only for three others to crop up.’ Most scientists I spoke to thought the same, arguing that increasing healthspan – the amount of time we are healthy – rather than just increasing lifespan should be the goal.


One marker of programmed cell ageing is the telomere, a component of our DNA. Telomeres bracket our chromosomes, capping the long strands of DNA like the protective plastic at either end of a shoelace. Bookending the chromosome makes the DNA more stable, facilitating accurate replication for when cells divide. With each round of replication, telomeres shorten and deplete, until below a key threshold, the chromosome’s readability and replicability is compromised, and cell replication stops. The rate of telomere loss varies across different species and may correlate with lifespan. Dogs lose DNA faster than humans, and breeds of dog with shorter telomeres live shorter lives; the long-telomere Beagle outlives the short-telomere Bulldog.4 The ratio of DNA loss may even explain ‘dog years’ – canines lose DNA nine times faster than humans and live nine times shorter lives. Telomere lengths reset into the next generation; fortunately for them, we don’t pass on our cellular age to our children. But just because our telomeres shorten over time doesn’t mean they are the sole drivers of senescence. ‘There has been a bit of a failure of communication around ageing,’ Slack says. ‘Telomeres are just one part of the process’. This reflects the morass of information I was to discover around living longer; the complex process of ageing gets simplified down to a single factor or intervention – extend your telomeres, extend your life. Back to Slack: ‘telomeres are writ large in the public imagination as being central to ageing, way more than their actual impact’. Extending your DNA and therefore lifespan with telomerase makes for a nice journalistic narrative, but the experimental data does not support it.


Born to Die


Why have we evolved to age? What possible advantage could there be? As Slack says: ‘From an evolutionary perspective, ageing doesn’t make sense. You shouldn’t evolve a process that’s bad for you and ultimately leads to your death.’ Evolutionary biologists have struggled for the last seventy years to square this particular circle; one theory, which even Slack admits is ‘a bit of a mouthful’, is antagonistic pleiotropy. It means that genes selected for fertility and growth may also contribute to ageing and death. Evolution selects at the point of reproduction, not for longevity – if you beget more children but die young you will pass more genetic information to the next generation than if you procreate less but live longer. This particularly had an impact in the mists of ecological time when other factors stopped you living longer – such as sabre tooth tigers, smallpox and starvation. If you’re too old to reproduce, evolution (mostly) doesn’t care about you. Slack compares antagonistic pleiotropy to filling a bath: ‘You need to turn the tap on to get the bath full, but if you leave it on too long, the bathroom floods.’ Ageing isn’t the only thing where the net result of evolution doesn’t make sense; much of the male human body is poorly ergonomic: non-functional nipples, testicles on the outside,¶ the passage of the urethra through the prostate, the appendix.5 Evolution is after all a random process of trial and error, not design.


Damage to the cell is then layered on top of the programmed cellular ageing. Slack compares the damage model to an ‘old banger of a car’ – eventually the rust takes over and the car (our body) falls apart. As a long and extremely complex molecule, DNA is particularly susceptible to damage, and because it gets passed down from cell to cell, genetic damage accumulates over time. This can occur in the form of point mutations, little changes in the sequence – imagine a photocopy of a photocopy a thousand times over. One type of alteration affecting gene function relates to the way in which cells store DNA. Thanks to Franklin, Crick and Watson, we carry an image in our heads of DNA as beautiful, intertwined spirals, but it forms far more complex structures. DNA winds itself around proteins called chromatin, like string spooled around beads. This avoids it getting jumbled up like Christmas tree lights thrown carelessly into a box till next year. However, random winding of DNA around the chromatin bobbins would make it difficult to find the right gene in a timely manner. To resolve this problem, modifications in the DNA backbone called epigenetic markers switch genes on and off. These markers respond to environmental cues; in essence our cells become trained to react faster. However, epigenetic modifications on our DNA increase with age, impacting the way the cells behave. Fortunately, as with telomeres, epigenetic markers reset at birth. But it’s not just DNA that is prone to damage: cells accumulate other toxic biochemicals, particularly misfolded proteins; all of this toxic guff leads to cell death, which can then in turn trigger a cascade of local damage via the immune system.


Immunosenescence: Misfiring of the Body’s Defence Systems


Like the rest of your body, your immune system ages; evolutionarily it is more important to protect younger members of the species from infection, enabling them to have more babies, than to protect those past reproductive age who will not spread their genes any further. As we age, two things happen to our immune system, both bad. We lose the ability to fight off infections, and low-level inflammation increases. A similar issue causes both problems – the loss of immunological specificity. The immune system needs extremely tight regulation; an out-of-control immune system is as dangerous as no immune system at all. This is why it pays to be extremely cautious about ‘immune-boosting’ supplements. You do not want your immune system boosted non-specifically. An infamous clinical trial used a drug (TGN1412) that switched on the whole immune system, with disastrous results for the volunteers.6 What we need as we age is better immune regulation; easy to say, but harder to envision what it actually would involve and how you can affect it through drugs, foods or lifestyle changes.


To understand more about immunity and ageing I spoke to Professor Luke O’Neill of Trinity College Dublin. O’Neill is the definition of a polymath, being not only an author, radio personality and scientist but also lead guitarist of a covers band – The Metabollix. I caught up with him at an immunology conference overlooking the Acropolis in between his science talk and him laying down his best Guns N’ Roses riff.


O’Neill told me that, in terms of ageing, the immune system’s appetite for destruction is driven by inflammation. Early in your life, inflammation is a good thing. It signals to the immune system that there is a threat requiring a response. If a splinter pierces your skin, the surrounding tissue goes red (rubor), heats up (calor) and begins to swell (tumor); these being three of the four classical symptoms of inflammation, the fourth being pain. The redness and swelling reflect the opening of blood vessels to allow in immune cells; the heat is thought to kill bacteria. Whilst, as the name suggests, pain is painful, we need it to initiate repair; nerve cells that detect pain also recruit immune cells that fix damage. As an acute response, inflammation is beneficial. Problems arise when the inflammation doesn’t resolve. All of the big hitters – heart disease, stroke, dementia, cancer, lung disease have inflammation as a causative element. Inflammation accelerates negative processes, increasing damage to DNA and cells and reducing our ability to replace them. Unresolved inflammation can lead to the accumulation of cells in the wrong places – in lung disease that can reduce our ability to breathe, in heart disease they can block the crucial blood flow to the heart. O’Neill explained how inflammation drives a range of brain diseases including Alzheimer’s and Parkinson’s. In these diseases, proteins build-up in the brain, ‘irritating and frustrating’ immune cells, causing them to explode in a process called pyroptosis, leading to further damage.


Signalling molecules in the blood give us a window into our body’s inflammation. The immune system talks to itself and other cells through proteins called cytokines. They are, or should be, strictly controlled to prevent off-target damage. Daniela Novick discovered some of the first cytokines in an unusual source material – the urine of post-menopausal nuns. In a talk I attended, she described this as a goldmine – one nun’s trash is another scientist’s treasure. Remarkably the company Serono was already collecting holy pee in the Holy See on a mass scale in order to make the fertility hormone Pergonal. It took ten nuns ten days to make enough urine for one treatment; nuns’ urine being particularly valuable because pregnancy can inhibit fertility. The first baby fuelled by mother superior’s micturition was born in 1962; by the 1980s, the company needed thirty thousand litres a day to keep up with production,§ eventually switching to other methods as the supply dried up.


The cytokines Novick discovered in nun number one play a central role in ageing-associated damage. They can stimulate cells into a destructive pathway; for example, in osteoarthritis, they encourage cells to break down the collagen that connects tissue together. Immunologists have tried to develop a grand unified theory that links ageing, damaging and the immune system, coining the inspired portmanteau ‘inflammageing’. This theory owes as much of its popularity to its snappy name as to what it shows, which is a bit hand-wavy.


Negative Inputs


Gout, with its characteristic joint tenderness, particularly in the toes, exemplifies how misfiring inflammation causes disease. In gout, a substance called uric acid (a breakdown product of DNA) accumulates in the joints. Normal, healthy tissue does not contain uric acid, and the body treats its presence as a danger signal. The accumulation of uric acid in the toes confuses the immune system into thinking itself under attack, initiating a cascade of inflammation in the pinkies, causing pain. Gout, described as the ‘disease of kings and the king of diseases’, has been around since antiquity. Whilst diet isn’t the only cause, foods high in purines, such as anchovies or Marmite (ensuring vegans don’t miss out) can trigger gout, with alcohol consumption also a contributing factor. Incidentally, whilst Marmite might seem the most British of spreads,* it was invented by a nineteenth-century German polymath, Justus von Liebig, who also invented the Oxo cube, fertilisers and the condenser (which you might have used during GCSE chemistry to separate liquids by distillation); he also sowed the field of organic chemistry.


Inflammation accelerates organ ageing; through it, the most well-known risk factors (smoking, overeating, boozing) make us ill. Obesity causes general systemic inflammation, ‘putting the cells into overdrive’, as O’Neill put it. Exposure to air pollution and cigarette smoke drives lung cell death, leading to inflammation. The elevated sugar of diabetes has the same impact on immune cells as a bag of Haribo has on a small child; it supercharges them, ending in tears. Alcohol kills the liver, releasing toxins leading to (guess what) inflammation. Stress (via cortisol) stimulates systemic inflammation. Our lifetime burden of infections also plays a role. Chronic viral infections keep the immune system on edge, never allowing it to relax, adding to the inflammatory soup of stimulation. And it isn’t just viral pathogens: the ‘good’ bacteria that we carry on and in us, the microbiome, can contribute to inflammation. An excess of bacteria in the mouth and the gum disease they cause is linked to heart attacks. Buccal bacteria can enter the blood stream via rotting teeth, turning up the thermostat of inflammation. As we will keep seeing, sustained inflammation during ageing is problematic especially when linked to stress.


Science the Heck Out of This


How have medical researchers linked the diseases of ageing to inflammation? The scientific process linking cause and effect has three building blocks: scientific mechanisms, disease models and epidemiological studies. Scientific mechanisms are proposed systems of how things work; in the medical world, they are theories of how disease impacts the body, which can be tested in clinical settings. Disease models serve as the sandbox in which the mechanisms can be tested. They often use small (and not so small) animals, enabling scientists to evaluate aspects of the mechanism in isolation, building up a complete picture. Disease models are by necessity limited – the life experience of a lab mouse is not the same as an ageing human. The statistician George Box coined the great adage ‘all models lie, some are useful’. Epidemiological studies are the final step; they allow researchers to analyse disease throughout large human populations. Indeed, the word ‘epidemiology’ derives from three Greek words – epi (on), demos (people), logos (study). An ideal study compares people matched as closely as possible except for the variable we want to test.


To put this into context, our scientific mechanism might propose that inflammation causes heart attacks by damaging the blood vessels feeding the heart. Then, in our disease model, we would induce inflammation in the blood vessels of mice and determine whether this causes heart damage. Finally, we would conduct an epidemiological study, looking for people with and without blood vessel inflammation and measuring the frequency of heart attacks among each group.


Therapy?


Identifying the cause of a disease opens up the path to developing treatments. But not all proposed treatments elicit the effects their proponents claim. The development of new (evidence-based) interventions requires a similar thought process to identifying the cause of a disease. Taking a critical thinking approach is really important in how you approach any suggested wonder drug/intervention/crazy idea that you see on the internet suggesting it will make you live forever. One approach is to consider the three aspects that an intervention needs to be robust: a rational hypothesis, a plausible mechanism of action and then proof of effect in clinical trials. I recommend that you apply this framework to everything before you try it, as I won’t always be on hand to tell you, ‘No, eating nothing but hand-fermented yak yoghurt will not do wonders for your diabetes, but yes, going for a walk will.’


Step 1. Rational Hypothesis


The word ‘hypothesis’, from ancient Greek, means ‘to put under scrutiny’. There are many working definitions of ‘hypothesis’, over which philosophers spend much time and effort arguing, sometimes with pokers. You can spend a career in actual (rather than theoretical) science without ever stating an opinion about the nature of hypotheses. If forced, I would say that I draw on the ideas of empiricism from Francis Bacon and use an adaptation of Karl Popper’s: a hypothesis must be falsifiable.† Falsifiability plays a critical role; to be science, it should be possible to disprove using a counterhypothesis with better evidence.


In the case of an intervention that reduces ageing by reducing inflammation, we need a testable hypothesis with a measurable outcome. Let’s take a real-world example using the first thing that came up when I googled anti-ageing foods: tomatoes. The question is therefore: ‘Do tomatoes make you live longer?’ This can be rephrased as a hypothesis: ‘Tomatoes reduce ageing diseases because they reduce inflammation.’


Step 2. Plausible Mechanism of Action


Based on current knowledge, can the intervention do the thing proposed? Tomatoes can be linked to reduced inflammation through the compounds that make them red. Specifically, lycopene is an antioxidant and can inhibit a key immune-signalling pathway that leads to inflammation (NF-κB). Therefore, there is a somewhat plausible mechanism – though admittedly a long way from proving that ketchup keeps you young.


Step 3. Clinical Trial


To demonstrate effect, there needs to be one or preferably several clinical trials to prove the hypothesis. Humans have been performing trials on food for as long as there have been humans – at some point in the distance past the first brave (foolish) soul would have prised a shrivelled black mushroom from the jaws of a pig and decided it would taste great on pasta. The first true clinical trial is widely attributed to James Lind, surgeon aboard the HMS Salisbury in 1747. During the War of the Austrian Succession, the Royal Navy were up to their usual business of blockading the English Channel from those pesky continental Johnnies. After eight weeks at sea, twelve of HMS Salisbury’s sailors developed scurvy (due, as we now know, to a lack of vitamin C). Lind split the sick sailors into six groups of two and gave them (somewhat vile-sounding) different treatments – as follows:


 


1. 1 l cider;


2. 25 ml of elixir vitriol (dilute sulphuric acid);


3. 18 ml of vinegar three times daily;


4. 280 ml sea water;


5. Two oranges and one lemon;


6. A medicinal paste made of garlic, mustard seed, dried radish root and gum myrrh.


 


By day six, the fruit group (group 5) had returned to work, singing shanties and engaging in the sailors’ standard routine of rum, sodomy and the lash; whilst the rest continued moaning, vomiting and losing teeth. Critically, Lind took people with the same condition and gave them different interventions, allowing him to compare the impact.


Clinical trials have increased in sophistication since Lind’s lemons. One important innovation was randomisation, assigning participants to groups by a computer, not the study physician who could inadvertently bias outcomes by choosing healthier people for the active arm (the participants receiving the drug or treatment). Another innovation is blinding, where participants don’t know what they are receiving, since knowledge of treatment can greatly affect results. In Lind’s study, the group eating the citrus fruits would have known they were not drinking half a pint of sea water, but this didn’t matter because the outcome (curing scurvy) occurred independently of the sailor’s behaviour. The challenges of blinding are particularly great in behavioural studies – it being extremely difficult to hide from someone whether or not they belong to the singing group in a trial investigating the benefits of choir membership on lung function.


For some outcomes (particularly subjective ones, like pain), knowing you are in the study’s intervention group can alter responses. For example, if you tell study participants that the red pill will make them happier, a proportion of them become happier regardless of what it contained. This is the famous placebo effect. The placebo takes the form of a control treatment that looks like the actual drug but lacks active ingredients. The act of taking a pill alone can be enough to improve health, even if the pill contains nothing more than sugar. Remarkably, in one study, even when volunteers knew that they were taking inert pills, they reported improvements in irritable bowel syndrome, the placebo effect being so strong.7


The placebo effect is an example of the complex interplay between mind and body in clinical trials. People volunteer for clinical studies for complex reasons; strong belief about an intervention can act as a motivating factor. For example, if you really believe in the power of blueberries to avert ageing, you might be more likely to join (and stay in) a study exploring their effects. The power of your belief might then affect the outcome of the study. The converse can also happen: if a study tests something everyone ‘knows to be true’, recruiting volunteers becomes difficult. One study explored this by offering volunteers the chance to jump out of a plane with a parachute or a placebo control backpack; surprisingly, twenty-three out of the ninety-two people screened volunteered.8 Whilst the actual study was a bit silly (the plane was on the ground),‡ the thinking behind it was important – why would you volunteer for a trial where the intervention so palpably works? The placebo effect shares a darker sibling, the nocebo effect, where expectations of side effects make them worse.


In the case of our tomato experiment, we could take two groups of people and measure the effects of tomatoes on age-related diseases. Easily said, but hard to do well, given all the other little differences between people that mask the effect of the tomatoes. The ideal study would take as many identical twins as possible (which removes the complication of genetics) and feed one from each pair an extra tomato a day. For the perfect experiment, each pair of twins would also need to live together, work the same jobs and, apart from the bonus tomato, eat the same food at the same time on the same days. Having set up the study, we would simply follow them until they died. If the tomato group lived longer (on average) we could conclude that tomatoes were indeed the causative factor. This is obviously impossible. These challenges explain why scientists perform animal studies – you can control for the other variables. But, to quote my other favourite science adage, ‘The best model of a cat is a cat, preferably the same cat.’9 Animal models have limits when translating to humans.¶


When investigating ageing, time and money constraints mean most studies will not follow an intervention all the way to death. Compromises are needed. The more compromises made, the less robust the conclusion. Sometimes, instead of measuring the final outcome, we measure a correlate – something found alongside your condition but that doesn’t necessarily cause it. To demonstrate a protective effect of tomatoes, we could measure proteins linked to inflammation in the blood. One study did just that – it compared levels of a marker of inflammation called TNF in two groups of patients with metabolic syndrome: one group drank tomato juice, one didn’t.10 The authors observed significantly less TNF in the tomato juice-swilling group. However, before you race to fill your basket with Bloody Marys, take careful note that the study only enrolled twenty-seven volunteers.


The number of participants is a key determinant for interpreting the value of any research study. The more people included in a study the better, because people are so wonderfully varied. Averaging across lots of people improves predictive value. The predictive ability of a study based on its size is called the power. A study with too few people is described as underpowered. To increase the statistical power, studies can be combined with other similar ones: a meta-analysis. For tomatoes, a group at Northumbria University scanned 3,970 scientific papers that mentioned the word tomato and heart disease, but rejected 3,945 (presumably because they were so unspeakably bad no one should ever read them). When combined, the data from the twenty-five remaining studies encompassed 211,704 participants11 and showed that participants with higher lycopene intake had significant reductions in stroke risk and mortality. Eat more tomatoes, problem solved.


If only. To paraphrase the American journalist H. L. Mencken: ‘For every complex problem, there is a simple solution, and it is wrong.’12 Every cell in our body is extraordinarily complex, so complex that my mind boggles about anything happening in it at all. These immeasurably complex cells then make tissues, that make organs, that make bodies which possess a mind of their own, interacting with the world in a vast and unique way. Simply put, ageing is complex. Which is almost as equally as unhelpful as saying the secret to healthy ageing is to eat more tomatoes.


There needs to be a middle way, a path that reflects the complexity of the system but can be translated into things to improve our lives. One approach to avoid diseases of ageing is to avoid the factors that cause them in the first place. Fortunately, health, ageing and disease are all interconnected; altering behaviour to reduce one disease, e.g. heart attacks, will also reduce risk of strokes and dementia. But the flip side also applies, conditions stack; if you have a heart attack, a slew of other conditions most likely follow close behind.


And yet, we can all recall examples of people who smoke and drink their way into their hundredth year of life. Environmental exposure is extremely important, but it doesn’t account for everything. Longevity tends to run in families, suggesting an inherited element, potentially explained by genetics. This gives me the first opportunity to self-experiment and hopefully unlock the secret to better ageing – read my genes.


Notes


* And taxes, obvs.


 


† That we may never get to read.


 


‡ The others are genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient-sensing, mitochondrial (powerhouse) dysfunction, cellular senescence, and altered intercellular communication.


 


¶ A surprising number of competing theories (unsurprisingly postulated by men) try to explain the source of the scrota; suggested reasons include: cool-storage, sperm training, a display of sexual health and, hilariously, to enable galloping (try running in the nude to disprove this one). It should be noted that not all mammals wear their testicles on the outside – you’ll never see an elephant’s testicles, you just have to imagine the size of his balls!


 


§ The average output is three hundred millilitres, so this amount needed 100,000 trips to the bathroom. That’s a lot of nuns.


 


* Vegemite (the Australian Marmite) was developed in the 1920s in response to a shipping crisis caused by the First World War which prevented Australians from getting their delicious, yeasty, toast-delivered goodness.


 


† I also like to throw in a bit of ‘Occam’s razor’ – that the simplest answer is always the best. For example, Lee Harvey Oswald killed JFK, because when you put all the evidence together, it is the simplest and therefore the best answer.


 


‡ The authors drew the excellent conclusion that ‘the trial was only able to enroll participants on small stationary aircraft on the ground, suggesting cautious extrapolation to high altitude jumps.’


 


¶ A note on the value of animal models. Humans are unique and individual as snowflakes. The degree of complexity between people is so great as to make many comparisons meaningless. With animals, we can control many more of the variables. For example, the commonly used white lab mice are genetically identical and housed in the same environment, eating the same food. This gives us confidence that the intervention we perform is having the effect we attribute to it (unless, of course, they are actually hyperintelligent pan-dimensional beings experimenting on us). Animal models form a critical part of the science ecosystem for the development of ideas and for demonstrating that new drugs will not instantly kill people. A lot of work goes into reducing, refining and replacing animal models to ensure the harm is minimal and justified. All animal work in the UK is performed in a tight legal framework, curiously falling under the remit of the Home Office. Interpreting the results carefully and not over-extrapolating is vital: as my old boss Professor Peter Openshaw once said, ‘Mice don’t lie but sometimes we misinterpret their squeaks!’










Chapter 2


The Fault in our Genes


‘DNA neither cares nor knows. DNA just is. And we dance to its music.’


Richard Dawkins, River Out of Eden: A Darwinian View of Life


 


Dissecting the mechanisms of ageing and death did not make me any more positive about the inevitability of my decline and eventual demise, so instead I turned to science to see what the future might hold. Firstly, I needed to identify which of my organs was most likely to mess me up in the future. Since, to paraphrase Larkin, my parents filled me with their faults, where better to start than with inheritance.


Once upon a time, the only way to anticipate your fate was to look back to your predecessors. This is imprecise, at best. Mainly because of the huge changes in risk and exposure in our respective lifetimes. The landscape of pathogens that assails us now is so completely different from that of one hundred years ago as to make comparisons almost meaningless. Even if your grandparents avoided killer pathogens, their lifetime toxin ingestion would have been extremely different from yours. You are far less likely to smoke, work in a mine, use toxic chemicals at work, breathe in smog or drink polluted water than people born one hundred years before you. Likewise, you are much more likely to eat fresh vegetables, retain most of your own teeth and have access to antibiotics. In my immediate family of four, three of us would be dead without modern medicine: me (cancer), my son (infection) and my daughter (meconium inhalation at birth).


All this means that knowing that my grandparents died of a stroke (a legacy of the Second World War), pneumonia (because of smoking) and vascular dementia (linked to smoking) doesn’t really tell me much because I avoided fighting a brutal winter campaign in the Italian mountains and don’t smoke. The astute amongst you will notice that only accounts for three out of four grandparents; the other one, my paternal grandmother, died of ‘old age’. Which is equally uninformative. The good news is that, anecdotally, longevity runs in my family. My great aunt lived to the ripe age of ninety, but I suspect a degree of familial cherry picking – most families can point to a distant relative somewhere who broke the one hundred mark and another who died young.


We can now use an alternative approach – gene sequencing, which has progressed extraordinarily in the last twenty-five years from the first ‘completed’ human genome.* Since that landmark event, sequencing has changed from a multimillion-dollar, multi-partner global consortium to a relatively low-priced commercial kit for use at home. The cost of genome sequencing dramatically dropped from $100 million in 2001 to $1,000 in 2023; i.e. from that of a spy satellite to an iPhone. The logarithmic price drop makes gene sequencing far more routine, both in labs and hospitals.


What does all of this genetic information mean and how does it affect our health?


Monks and Peas


Genes are the fundamental unit of inheritance. They serve as the instructions by which cells are made. One gene encodes one protein. Proteins in their turn make up our cells. And whilst our cells comprise more than just protein, the proteins do the heavy lifting – they perform structural, signalling and synthetic functions. Proteins build the cells, the cells the tissues, the tissues the organs and the organs the person. Therefore, the instructions for proteins serve as the instructions for us. What boggles the mind is that everything and everyone that lives and has ever lived uses the same genetic code to make their bodies. Look around you: all the living things you can see use the same underpinning software. And yet in spite of using the same code and the same building blocks, there is enough variety to encode both sunflowers and sun bears. Even within species, sufficient combinations exist to ensure that (identical twins asides) no two people are exactly alike. It’s one of those things that is so astonishing that it is best not to think about too deeply.†


Gregor Mendel first developed ideas of discrete units of inheritance with his famous pea plants. Born Johann to a poor Czech farming family in 1822, he became a monk to continue his education, upgrading to the name Gregor in the process. Being a monk probably helped his scientific progress, as the experiments are by necessity slow – following multiple generations of the humble pea. I certainly lack that level of patience – pestering my lab team to share their results with me as soon as their experiments are finished, if not sooner. He studied seven different traits in the pea: seed shape, flower colour, seed colour, pod shape, pod colour, flower position and plant height. The traits behave similarly enough between generations that we can use flower colour as an example to explain the rules of Mendelian inheritance. Mendel compared two colours of pea flower, red and white. Before Mendel, scientists believed that offspring represented an even mix of their two parents, and therefore that mixing red and white pea plants would give you pink – called blended inheritance. Mendel disproved this. He cross-pollinated a red pea with a white one, and the first-generation (sometimes called F1) offspring all flowered red. However, when he then interbred his F1 pea plants (pea incest not being a thing) the offspring did not all flower red: for every three red plants there was one white plant. This indicated the existence of two copies of the gene determining flower colour and that they segregate independently. The genetic make-up of the plant (or us) is called the genotype, the invisible engine that determines its characteristics. The external visible characteristics are called the phenotype. The interactions of the genes determine the phenotype. Mendel described the gene that won out in the phenotype – in this case red – as dominant and the masked gene recessive. This terminology is still used for binary traits. A question lingers about whether Mendel fudged his results; this isn’t helped by Mendel insisting on his data being burnt on his death.‡ According to the geneticist and mathematician Ronald Fisher, the experimental data is a bit too perfect, the results should be a bit noisier; but statisticians in skewed distributions shouldn’t cast outliers. Fisher’s own legacy is more than a bit eugenics-y.


D, R and other NAs


Whilst Mendel discovered the underpinning theory of genes moving from one generation to the next, the molecular mechanism remained unclear. It was appreciated that the cell nucleus housed genetic information, but it took a long time to demonstrate that DNA was the molecule of inheritance. DNA’s role as the key molecule came through the work of many people, none of whom was named James or Francis or even Rosalind. Oswald Avery anticipated their work by showing that nucleic acid was the stuff of which genes are made by adding single components of bacteria back into a culture one at a time, demonstrating that traits only transmitted after the addition of DNA. Alas, the pathway to DNA fame is littered with people who didn’t get the recognition they maybe deserved. Avery received Nobel nominations almost yearly from the 1930s but won nothing, while Rosalind Franklin missed out through a combination of sexism and death.¶


DNA comprises four different base pairs – usually represented as the letters A, T, C and G: standing for adenine, thymine, cytosine and guanine. In the double helix, DNA strands complement each other; A always pairs with T and G with C. When a cell divides and the two strands separate, they can be rebuilt with their exact matches. For the DNA’s instructions to be used to make proteins, a smaller molecule called RNA makes a copy of part of the genetic code and brings it to the ribosomes, the cell’s factories. Each triplet of DNA letters (called a codon) specifies one amino acid, and the order of codons informs the order of the amino acids. Put amino acids together in particular combinations and you get whole proteins. There are twenty different common amino acids, and loosely they can be grouped by whether they have a positive or negative charge and whether or not they repel water. These characteristics stack and the amino acids that make up a protein determine its form and therefore its function (Figure 4).


There is a lot of molecular science buried in the statement ‘when the two DNA strands separate, they can be rebuilt’, involving many proteins ending in the suffix -ase. The complexity of the process that enables DNA replication contributes to another feature of genetics – mutation, the driver of evolution. Any change in DNA sequence can be considered a mutation. Small changes in the order of the amino acids can make huge changes in the function of the protein they make. For example, as well as encoding amino acids, three sets of DNA triplets encode STOP codons; these do exactly what they say in the code – tell the ribosome to stop making the protein. Mutations that change an amino acid codon to a STOP codon will have pronounced effects, causing the untimely termination of the protein and loss of function. Some of the most dramatic genetic diseases are caused by loss of function mutations, including Duchenne muscular dystrophy.§ Small changes in gene sequence can lead to significant effects; the deletion of a single amino acid in the cystic fibrosis transmembrane conductance regulator (CFTR) gene is enough to break it and cause cystic fibrosis (CF). The most common CF mutation, called F508del, lacks a phenylalanine amino acid at position 508 (hence ‘del’ for ‘deleted’); in a piece of good news a new drug, Trikafta, can reverse the effects of this mutation and treat this previously devastating condition.


 


[image: clip0006]


Figure 4. How a cell works. A simplified view of a 'standard' human cell. It shows how information gets from the DNA lending library to the protein factories (the ribosomes) via the messenger molecule RNA. This is important in the context of how our genes shape our cells and ultimately our bodies.


Some mutations are neutral – encoding a like-for-like swap; some mutations (like deletions) are bad. But a smaller subset can improve the protein. Or at least provide a basis for future gains. Evolution acts upon these beneficial changes. A textbook example is the peppered moth, which has two variants, dark and light. During the industrial revolution, the dark moth began to predominate, because trees became caked in black soot, providing it with better camouflage; lighter moths did better in the cleaner countryside and thrived once air quality improved.
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