R[+]-Lipoic Acid:

Obviously, it's vital to protect energy production in crisis situations like the simulated heart attack in these experiments. But when you take the long view, what's of even greater significance is maintaining - or, if possible, restoring - the energy supply you have every day. Damage to mitochondria, and loss of mitochondrial function with age, is now believed by almost all investigators into the biology of aging to be central to the loss of function and resilience that we experience as "aging." 57, 70 , 71 , 72 
When older people feel their get-up-and-go has got up and went, it's no illusion: it's a real loss of cellular bioenergetics, spread across the entire organism. And because ATP is required for essentially all cellular functions, this loss of energy impacts all aspects of life, from the shaping of vital enzymes to the repair of the thousands of injuries, great and small, that we suffer every day. We've already seen the effects of R(+)-Lipoic Acid in a crisis. How does it impact the quiet desperation and gradual loss of function - the quiet desperation - of aging?
Dr. Tory Hagen and his fellow researchers at the Molecular and Cell Biology department of UC Berkeley asked themselves just these questions - and decided to find out. 
The Hagen team 73 first determined just how big a gap there was between young and old lab animals, so that they could later determine how much of a difference R(+)-Lipoic Acid would make in the old animals. As you'd expect, the old animals looked like they were running on empty, at all levels. 
Down at the cellular level, the "depth" of older animals' mitochondrial "reservoirs" was less than half (40%) of what it was in young animals. As a result, their mitochondrial production of ATP (which can be measured using cellular oxygen consumption) was also about half (58.5%) of what it was in youths. And, as you'd expect by now, the old animals' mitochondria had become very polluting sources of energy for the cell: for every unit of ATP produced, old animals were producing nearly twice as many free radicals as young animals did. 
The increase in free radical production exacted a serious toll on the overall antioxidant defense system of old animals, lowering their levels of reduced glutathione by nearly a quarter (23%) and slashing their vitamin C levels in half. You can't solve the problem just by supplementing with more vitamin C and glutathione precursors like n-acetylcysteine (NAC), by the way: Dr. Hagen and his research team have indicated that the evidence suggests that the ability of the cell to both take in 74, 77 and effectively recycle 75 vitamin C (which happens using enzymes in the mitochondria 76 ) and glutathione precursors, 77 is weakened with age.
As a result of the increased production of - and relative defenselessness against - free radicals, the membranes of old animals' cells were literally turning rancid, as measured by levels of malondialdehyde (MDA), a chemical marker of lipid peroxidation. MDA levels were five times higher in old animals' cells, as compared to young ones. In later work, 74 Hagen's team showed that free radical damage in the DNA of old animals' hearts was also considerably higher, being almost exactly double what's seen in young animals. 
Meanwhile, up at the level of the whole organism, scientists were able to monitor how active the animals were, using video cameras linked to computers running special digitizing software. This monitoring system revealed the real impact of reduced mitochondrial function in the old animals: they were hardly moving. While young animals actively sniffed about in their cages, traveling an average of more than 500 centimeters each hour, old animals were only managing to get up the energy to haul their aging bodies a third as far. They also appeared to be less active in other ways, such as in spending less energy in grooming themselves.

R(+)-lipoic acid acid changed all that.
Hagen's group specifically used R(+)-lipoic acid, because (in their words) of the "evidence that R(+)-lipoic acid supplementation may be more potent than either the racemic mixture (the form sold commercially as alpha-lipoic acid) or (S)-enantiomer". 73 After just two weeks on an R(+)-Lipoic Acid supplemented diet, the old animals' mitochondrial function and antioxidant defenses were dramatically improved. Their levels of reduced glutathione and vitamin C were no longer significantly different from the young animals'. 
Dr. Hagen link this restoration back to lipoic acid's known ability to increase recycling of these antioxidants, but has also now stated 77 that his group - and Dr. Lester Packer - have found evidence that R(+)-Lipoic Acid also increases the ability of cells to abosorb vitamin C from the plasma. And even more excitingly, consuming supplemental R(+)-Lipoic Acid brought the level of free radical production in old animals down to levels not significantly different from the young ones. 
This change was reflected in levels of fatty peroxidation, as MDA levels dropped by over 40%. In a new study published just this spring, 74Hagen's team not only confirmed these results, but also showed that supplementing old animals with R(+)-Lipoic Acid also wiped out the age-associated increase in DNA damage in the heart, bringing levels back to those seen in young animals!
ATP production had been boosted, too, so that the mitochondrial ion "reservoir" of animals getting the R(+)-Lipoic Acid supplements was fully half again as high as it was in unsupplemented animals. In parallel, the cellular oxygen consumption data indicated that the mitochondria of R(+)-Lipoic Acid supplemented old animals produced as much ATP as did young animals.
The change could be seen in the old animals' appearance and in their activity. "Anecdotally," Dr. Hagen has stated, "these animals are looking a whole lot better. 77 And they were acting a lot healthier, too: old animals supplemented with R(+)-Lipoic Acid doubled the amount of exploring they did in their cages, and also appeared to be otherwise more active than the animals eating an unsupplemented diet. 
Bottom line: giving old animals R(+)-Lipoic Acid is like installing a mitochondrial turbocharger, which soups up the engine's power while making it run more cleanly and efficiently. All the evidence says that S(-)-lipoic acid does not have this power, and may even be counterproductive. 
With R(+)-lipoic acid, in short, the old animals got back their get-up-and-go. But there's another possible solution to the problem of fading energy production with age, in the form of the compound acetyl-L-carnitine (ALCAR). 
ALCAR is a better-absorbed form of carnitine, an amino-acid-like substance involved in shuttling energy from fat into the mitochondria. More: ALCAR supplements also boost levels of cardiolipin in mitochondria. Cardiolipin is a fatty substance found only in mitochondria. It's needed for the functioning of several of the energy transporters and "pumps" that help create the ion "reservoir" whose force drives ions through Complex V turbines to create energy. 
As a result, adding ALCAR to the diets of old animals increases the activity of several mitochondrial energy transporters and ion pumps  78, 79 , 80, 81 and the mitochondria of old animals fed ALCAR supplements produce as much energy as those of young. 80, 82 And, again as is seen with R(+)-lipoic acid, 73 old animals fed ALCAR double the amount of distance they cover when running around in their cages. 82. 
Results in humans show that this isn't just a lab-rat result. Many short-term studies using even "standard" L-carnitine supplements have shown improvements in exercise performance in people with cardiomyopathy (weakened and structurally abnormal hearts), vascular disease, 83  heart failure, 84 or whose hearts have been damaged by a heart attack 85.
But if this makes it sound as if you should rush out to buy ALCAR supplements for mitochondrial function, there's just two little details you'll want to know. The first has nothing to do with science, and everything to do with the right of the individual to make decisions about his or her own health: "Health" Canada has decided that you can't have ALCAR or standard L-carnitine supplements. 
But the second, and more important, problem is that, while ALCAR increases the transport of fuel into the mitochondria - thereby increasing mitochondrial energy production - it doesn't improve the efficiency with which that energy is produced. In fact, old animals receiving ALCAR actually produce 30% more free radicals for every unit of energy that they produce. 82 
We've already seen how much aging itself makes the mitochondria of young animals burn "dirtier" than those of young ones. 73, 74 Making the mitochondria even more polluting using ALCAR can be expected to have a serious impact on the cell, and the long-term health of the organism. Indeed, we've seen how the age-related increase of free radical production impacts the levels of vitamin C and reduced glutathione in these animals. 73, 74, 75 Well, giving old animals ALCAR supplements actually lowers antioxidant defenses even further, slashing vitamin C by an additional 50% and cutting an extra 30% off of their reduced glutathione supplies!
In other words, giving old animals ALCAR is like flooring the gas pedal on a worn-out old Cadillac: sure, the car goes faster … but it also belches out more pollution. And the harder you push the engine, the dirtier its exhaust.
By contrast, you'll recall, R(+)-Lipoic Acid not only increases old animals' energy production, but also reduces the amount of free radical waste created in the process, and restores more youthful antioxidant defenses. 73, 74 So what would happen if you combined the two supplements, creating (one might expect) a vehicle which both runs more cleanly and powerfully per unit of fuel consumed (as with R(+)-lipoic acid), and is running more fuel through the engine (as in ALCAR)?
The study has been done 73, 82, 86 although the actual numbers have yet to be properly published. The results: supplementing old animals' diets with a combination of ALCAR and R(+)-Lipoic Acid simultaneously gives a boost to mitochondrial metabolism, while resulting in no increase in free radical stress. (To find out just how much more energy the mitochondria of old animals receiving both supplements produce, as compared to the extra juice they get from either supplement alone, we'll have to wait for the full publication of their results). 
And crucially, free radical researcher Dr. Bruce Ames of UC Berkeley, who has been a leading force in the ALCAR research from the beginning, has recently revealed that only R(+)-Lipoic Acid has these effects. In his words, "Lipoic acid sold in a health food store is a synthetic mixture, a racemic mixture. And R[+]- is the natural form and S[-]- is an unnatural one ... And in our hands R[+]- works and S[-]- doesn't." 86
Astonishing results. Results that force us to ask daring, even radical questions about the role of this orthomolecule in the fundamental processes of life and death. 
The scientific world knew little about mitochondria in 1972, but Dr. Harman's intuition caused him to zero in on them astonishing foresight. Granted the mitochondria's essential role in energy production, and their precarious role as both the origin of most of the body's free radical load, and the prime target of those free radicals, it seemed obvious that free radical damage to mitochondria might play an especially crucial role in the slow, whimpering slump into loss of function, disease, and death that we casually refer to as "aging." 97So what if the antioxidant "troops" he was sending in to protect his animals were not reaching this critical free radical battlefield? 
As later studies would show, his intuition was correct. Standard antioxidants - including even the "mitochondrial antioxidant," CoQ10 93, 98 99 fail to protect the mitochondria when taken as supplements, except perhaps in persons who already have advanced diseases. And when the mitochondria fall, so must the cell. Without energy - or with an impossibly high free radical burden - life cannot continue. The cell can't perform its essential functions in the body. Proteins aren't made; chemicals aren't detoxified; hearts don't pump; wounds don't heal. Youth fades. Organisms age … and die. Dr Harman concluded that mitochondria are the nexus of the fundamental processes of aging. 97 
Since Dr. Harman made his radical leap in 1972, evidence has piled up in favor of this view, and some form of "mitochondrial free radical theory of aging" is now widely accepted as being critical to any understanding of aging … and any approach to its cure. 57, 70, 71, 72, 100 101 
One powerful piece of support for the key role of mitochondria in the aging process is the fact that the levels of free radical damage created and suffered by mitochondria vary from one species to the next - and there's a consistent relationship with the maximum lifespan. The fewer free radicals a species' mitochondria produce; 102 the more resillent the species' mitochondrial membranes against free radical onslaught; 103 the less free radical damage suffered by the species' mitochondrial DNA over a lifetime; 59 the shorter is that species' maximum lifespan. 
If free radical production in the mitochondria causes aging, then any intervention which can preserve youthful mitochondrial function should slow aging itself, rather than just alleviating its symptoms. So far, no antioxidant, wonder hormone, or drug has been proven to do this in mammals. But fortunately, there is one proven "anti-aging" therapy - and, indeed, it keeps mitochondria burning clean and bright.
That intervention is Caloric Restriction with Optimal Nutrition (CRON). CRON is such a simple therapy that it's hard to believe that it can so radically intervene in the aging process. But for the last 65 years, scientists have proven, again and again, that if you provide a healthy, non-obese organism with a diet which contains fewer Calories than its body thinks it needs, while ensuring that you provide it with adequate amounts of protein, essential fats, vitamins, and minerals, then you will dramatically slow down the intrinsic aging process of the organism. 
And as a result, mammals on calorically-restricted nutritional plans routinely live lives dramatically longer than their normally-fed cousins … and, more excitingly, many exceed the species maximum lifespan as well. 104 , 105 , 106 In other words, an animal eating the CRON way can live longer than that animal is "supposed" to be able to live. Crucially, animals on a caloric restriction nutrition program don't just tack even more of the burdensome "old" years onto the ends of their lives: instead, the added years are healthy ones. In experiment after experiment, by criterion after criterion, CRON-fed animals live longer, live healthier, and live younger than any other animals in the world. CRON animals are smarter, faster, more energetic, and better-looking at ages where animals fed conventional diets are entering the gloomy twilight of their lives. 105, 106 
And while there has not yet been a documented case of a person living beyond 120 years on a CRON program, experiments in monkeys 107 and the results of preliminary studies in human beings 108 , 109 , 110 strongly suggest that CRON will have the same effects in humans that it has in laboratory animals. (For more on the effects of CRON, and on human CRON practice, see Beyond the 120 Year Diet by UCLA CRON researcher Dr. Roy Walford)." 111 .
As you might expect from a true anti-aging therapy, CRON reduces free radical damage - but it accomplishes this in a way that's quite different from what can be achieved with conventional antioxidant supplements. E-complex vitamins, melatonin, vitamin C, and the rest do a reasonable job of cleaning up the mess created by the free radicals that bombard the cell from its aging mitochondria, but they can't prevent these free radicals from being formed in the first place. By contrast, CRON dramatically reduces mitochondrial free radical production 65, 100, 112 , - which, as we've noted, is the prime source of free radicals in the body. 
Lower free radical production results in less overall mitochondrial free radical damage64 - including the protection of the mitochondrial DNA 112 113- and the preservation youthful mitochondrial structure and function with age. 114 , 115 , 116, 117 As a result, most researchers now believe that caloric restriction's ability to make mitochondria "burn" more cleanly is the most important reason for its unparalleled anti-aging power. 

R(+)-Lipoic Acid is unique among known antioxidants. No other dietary supplement is known to take old mitochondria - which are the cellular equivalent of beat-up old Oldsmobiles: hulking, unreliable beaters with no acceleration - and make them roar with new power, while cleaning up their emissions problem.
So a question has to arise in the heads of anyone comparing the effects of caloric restriction with those of R(+)-Lipoic Acid. Are its effects on mitochondria fundamentally the same as those of caloric restriction? If so, will this dynamic nutrient have the same bottom-line impact on fundamental aging as the only anti-aging therapy we know? Is R(+)-Lipoic Acid like caloric restriction in a pill? Will R(+)-Lipoic Acid extend species maximum lifespan?
The answers are coming. Soon. And preliminary evidence suggests that the answer may very well be "yes."
The preliminary evidence dates from the mid-1990s, before the effects of the different enantiomers of lipoic acid on mitochondrial function were reported. At that time, researchers tested the effects of racemic, S(-)-, and R(+)-Lipoic Acid on lifespan 119 solely on the basis of lipoic acid's known antioxidant effects. The researchers chose the NMRI mouse as their study animal. These mice lack a thymus, which drastically impairs their immune function. As a result, they're more susceptible to dying of things which have nothing to do with aging - such as simple bacterial infections. But you can make up for this problem, in large part, by giving them strong antibiotics and raising them in a carefully-designed, nearly germ-free environment not unlike a less extreme version of the ultra-sterile environments which children with Severe Combined Immunodeficiency (SCID - the "bubble babies") require in order to survive.
Why would researchers want to intentionally use such a fragile organism for a life extension study? Well, once you've taken steps to protect the animals from the simple risk of disease, some researchers think the NMRI mouse is an excellent accelerated model of important aspects of the "normal" aging process. 119, 120 , 121 That's because the immune system abnormalities in these animals - in particular, the tendency for the animals to develop an insidious, systemic autoimmunity - in some ways mimic the tendency of the body's immune system to turn against us as we age, even if we escape the more obvious autoimmune diseases like rheumatoid arthritis and lupus. A whole theory of aging has been built up around the changes the body undergoes because of this subtle autoimmune attack 122 
The advantage of using an accelerated model of aging is that their short lifespans allow researchers to get quick results, especially when funding is tight. But the disadvantages can be serious, too. When the results come in, it's hard to ever be sure what the final result means, because there's no totally failsafe way to tell what parts of the results are due to a therapy's effects of aging, and which are due to the therapy's effects on the disease which makes the animals so short-lived to begin with. But with that understanding, let's have a look at the study.
The scientists fed the animals either a basic lab animal diet, or one supplemented with equal doses of one of the three forms of lipoic acid, starting from the time they were ten weeks old and continuing for the rest of their lives. 119 The results of this experiment can be seen in Figure 9  
	


The time it took for half of the animals in each group to die was not changed by any form of lipoic acid, suggesting that none of the supplements had any effect on simple things like short-term vulnerability to an infection or parasite. But among the animals who made it past the halfway point, a dramatic difference emerged.
Animals whose diets were supplemented with the racemic compound lived no longer than they would have if they had just received the basic, unsupplemented diet - if anything, they might have lived lives that were a little shorter, although the difference was not strong enough to rule out a simple statistical fluke. Similarly, the animals who got the S(-)-enantiomer seemed to live a little longer than the unsupplemented animals - but, again, not long enough for the difference to be a statistically meaningful result. In short, neither the racemate form of lipoic acid you get in common 
supplements, nor straight S(-)-lipoic acid, seems to have done anything important to these animals, for better or for worse. They may as well have been eating regular lab chow.
But now have a look at the results in the animals who were given access to a diet enriched in R(+)-Lipoic Acid. Here, the results were undeniable. The longest-lived animals in this group lived dramatically longer lives than those in anyother cohort. In fact, the mice with supplemental R(+)-Lipoic Acid in their diets exceeded, by a wide margin, the maximum lifespan of animals left to live out their normal lives (Figure 9 ). Animals in the other groups averaged a maximum lifespan of 36 weeks (26 weeks from the beginning of the study), versus a maximum lifespan of 48 weeks for the R(+)-Lipoic Acid group!
And these were realistic doses of the supplement, too. The researchers fed the animals supplements at a concentration which, in a human, would only be about 630 mg - not at all out of line with what human users are taking. In fact, these scientists also tried out some considerably higher doses of lipoic acid in their study, but interestingly, they had no effect on lifespan - with the bizarre exception that, at extremely high dosages, the racemic compound actually shortened the animals' lifespan to a maximum of ten weeks. 
It's also important to note that the animals' weights did not differ significantly by group - so we can rule out the effects of "hidden" caloric restriction in these results. That is, if something about the lipoic acid supplements in the diet had caused the animals eat less food, the resulting caloric restriction might have slowed aging, and the anti-aging effect of R(+)-Lipoic Acid would actually be due to nothing more than appetite suppression. But the close similarity of the animals' weights rules out that kind of mistake.
Still, some caution is in order. The use of the NMRI mouse means that the researchers got fast results … but it's hard to say for sure what those results mean. The obvious reading is that that the core processes of aging are dramatically slowed by R(+)-Lipoic Acid - and not by the racemate or by the S(-)-enantiomer. But even the longest-lived of these mice still lived a short life, compared to a normal mouse given nothing but regular lab chow. So we can't rule out with certainty the possibility that the supplement merely protected them against some aspect of their unusual genetics. 
Will R(+)-Lipoic Acid live up to its full promise? Can it truly step in to stop the slow, steady sinking into oblivion we all face with age? Will R(+)-Lipoic Acid extend maximum lifespan? Does R(+)-Lipoic Acid slow down the aging process itself? Are users of R(+)-Lipoic Acid sipping from the Fountain of Youth?!
These are crucial questions. It's a little giddying to even ask them. And as we'll see, answers will not be long in coming. But in the meantime, we can shortly expect to hear results from another lifespan experiment - an experiment with a fatal flaw. 
R(+)-Lipoic Acid slows intrinsic aging. But we do know a lot about what it can do - from improving glucose metabolism, to providing powerful antioxidant protection, to preventing damage associated with neurological dysfunction, and on to restoring the vigor of functioning cellular "power plants." R(+)-Lipoic Acid has proven itself again and again to be powerful support against the countless imperceptible injuries that we face every day - injuries that surely keep us from savoring sweet drops of life's nectar.
After years of only being available to academic institutions in the tiny quantities required for scientific research, R(+)-Lipoic Acid is now available as a pharmaceutical-grade dietary supplement. We'll have to wait just a little while for the rodents to tell us clearly about R(+)-Lipoic Acid's effects on lifespan - but you don't have to wait to feel what your own body can experience.
hydroelectric dams - right down to the turbines (see Figure 7)! , 61, 62
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As we've already seen, R(+)-Lipoic Acid has a key place in mitochondrial energy production, springing from its role in the pyruvate dehydrogenase enzyme complex (PDH) - the same enzyme complex which "charges up" lipoic acid into DHLA.
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Figure 5: R(+)-lipoic acid is "charged up" into DHLA as part of its role in energy metabolism 

PDH extracts energy coming into the mitochondria bound up in pyruvic acid (which is made in the cell from glucose) and gives that energy to carrier molecules. This energy is ultimately used to create the mitochondria's ion "reservoir." 
So you'd expect that boosting levels of R(+)-Lipoic Acid might increase the mitochondria's ability to make ATP. (And you'd be right - but, as we'll see, for the wrong reason). And because the S(-)-form is only poorly used as an energy coenzyme by the mitochondria - and, indeed, can actually interfere with the mitochondria's ability to use R(+)-Lipoic Acid for this purpose! - it also makes sense to look and see if the two lipoic acid enantiomers might have different effects on energy production and use. 
When researchers have looked into these questions, they've found the same sorts of answers we've been seeing with the use of the two enantiomers for support of healthy glucose metabolism and as antioxidants. While R(+)-Lipoic Acid revs up mitochondria's ability to make cellular fuel, the S(-)- form does not - and in some critical situations both S(-)-lipoic acid and the racemate may actually deplete the cell's energy supply!
Since PDH needs R(+)-Lipoic Acid as a coenzyme for its function, you might expect that giving cells extra R(+)-Lipoic Acid would make PDH extract even more energy from pyruvic acid. Not so: when a team of scientists provided cultured cells with R(+)-lipoic acid, it was found to have no effect on PDH's ability to help process pyruvic acid 67. That might seem strange, but it actually does make sense, since the cell normally has all the R(+)-Lipoic Acid it needs for PDH activity. It's precisely because it has no need for extra lipoic acid that, after "charging up" supplemental R(+)-Lipoic Acid into its more potent DHLA form, PDH readily releases the extra DHLA into the cell and the rest of the body, where it can lend its potent antioxidant assistance.
But when the same scientists provided the cells with R(+)-lipoic acid's "evil twin," they found that S(-)-lipoic acid actually suppresses the ability of cells to use pyruvate in energy production, reducing its activity by 25 to 30%! The obvious explanation: S(-)-lipoic acid was actually getting in the way of the natural R(+)-form of lipoic acid, which is needed for PDH to do its job. Looking at their results, the scientists concluded that "R(+)-LA [that is, R(+)-lipoic acid], and not a racemic mixture of R(+)- and S(-)-LA, should be considered a choice for therapeutic applications." 67
But hold on. If R(+)-Lipoic Acid doesn't increase PDH activity, doesn't this mean that R(+)-Lipoic Acid is useless for boosting mitochondrial energy production? No - because the effects of R(+)-Lipoic Acid on mitochondrial energy production go well beyond PDH, and into the very heart of the activity of the mitochondria's ATP turbine. 
This was first shown by German scientists, in early experiments using mitochondria which had literally been turned inside out to study their functioning. 11 These researchers found that providing these special mitochondria with R(+)-Lipoic Acid boosts their ATP production. But they also found that the two forms of lipoic acid showed "decisive differences" in their effects on mitochondrial ATP production. Exposing these mitochondria to either the S(-)- form or the racemate actually slows their rate of ATP synthesis!
Why would R(+)-Lipoic Acid tubocharge mitochondrial function, while the S(-)-enantiomer undermines it? Remember that the "leakiness" of the mitochondrial membrane is in large part caused by damage to the proteins it contains. One critical kind of damage that these proteins undergo is the handcuffing together (crosslinking) of key proteins' sulfur-rich cysteine amino acids, which creates disulfide (sulfur-to-sulfur) crosslinks between two sulfur atoms. These disulfide handcuffs change the structure of the membrane itself and of its functional proteins - including the all-important Complex V turbines. It's these structural changes that create the "holes" in the "dam" of the mitochondrial inner membrane, rendering the mitochondrion an inefficient and "dirty" energy producer.
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Preventing the crosslinking of sulfur groups is therefore a key part of keeping the mitochondrial inner membrane intact, and its proteins functional. But in order to maintain the structure and function of this system, a molecule must be able to interact with the complex 3-dimensional structures of the proteins themselves. So it's easy to see why scientists studying the effects of the two forms of lipoic acid have concluded that the specific three-dimensional design of R(+)-Lipoic Acid allows it to favorably interact with mitochondrial proteins - including the turbines of Complex V - while the mirror-opposite architechture of the S(-)-form cannot. 11, 68 , 69 
In other words, you won't get anywhere trying to install a turbo charger in your car if it isn't compatible with your engine. Trying to install the wrong unit might even sap your engine's power. Figure 3: How the cell takes in blood sugar

When the "key" (insulin) activates the "ignition" (the insulin receptor), it turns on the engines of the "tanker trucks" (GLUcose Transporters, or GLUTs) that do the work of hauling glucose (blood sugar) out of your bloodstream and into your cells. So to get your cells the energy they need - and to keep blood sugar from building up to dangerously high levels - insulin has to tell your cells to take up blood sugar … and the cell also has to listen to the signal, and mobilize the GLUT transporters.
The system is efficient and remarkably adaptable, but it has its limits. The fact is that there's only so much blood sugar that your cells can take in at a time. And as soaring rates of diabetes show, North Americans have been overtaxing those limits for generations. Our fast-paced lifestyles and processed-food diets cause most of us to take in more Calories - and, especially, more carbohydrate - than our bodies can handle. After years of being asked, by insulin, to take in more glucose than they can use, eventually your cells stop responding properly to insulin's signal.
Think of an old car starter whose pins have been so worn down by years of friction against the key's teeth that you have to juggle and twist at the key to get the car to start. When the same thing happens to your body's glucose transport system, your body becomes resistant to the action of insulin. Insulin is still being produced, but the cells no longer respond properly, and fail to mobilize GLUTs in response. As a result, cells don't take in glucose, and blood sugar levels climb. 
Thus begins a vicious circle. Because high blood sugar is bad for you, the body responds to insulin resistance by producing more insulin. In the short term, this does the trick, forcing your cells to take in more glucose. But if insulin levels are persistently too high, your cells eventually become even less interested in hearing insulin's cries to take in excessive glucose, and respond by producing even less GLUTs … which makes your cells even more insulin resistant.
Something has to give. If the insulin-producing cells of the pancreas just can't produce enough insulin to keep blood sugar levels under control in the face of increasing insulin resistance, then the cycle ends in adult-onset diabetes. On the other hand, if the brute-force strategy of keeping blood sugar levels at manageable levels by cranking insulin levels higher and higher succeeds, a metabolic disorder known as insulin resistance syndrome, or "Syndrome X" ensues. 12 And while full-blown, clinical "Syndrome X" is not diagnosed in most people, almost everyone develops some degree of insulin resistance as part of the "normal" aging process. 

R(+)- vs. S(-)-Lipoic acid in the Sugar Struggle

Controlled trials 5, 17 , 18  prove that even racemic (R,S)-lipoic acid helps people become more sensitive to insulin - that is, less insulin resistant. But research shows that only the R(+)-Lipoic Acid half of conventional "lipoic acid" supplements makes the body's cells more responsive to insulin. In fact, in some ways the S(-)-form actually makes it harder for your body to healthily process blood sugar! 

Even when no insulin is available, cells can still open their doors to a small amount of glucose. This ability is called the cell's basal glucose uptake, and it can be tested by isolating a cell from the influence of insulin and other bodily signals in a test tube. Under these artificial conditions, R(+)-Lipoic Acid effectively increases cells' basal uptake of glucose 19 20 , whereas the S(-)-form has been found to be either totally ineffective, 20 or just half as effective as R(+)-lipoic acid, 19 depending on what kind of cell you look at.
But the ability to increase cells' glucose uptake when there's no insulin around is more of a laboratory curiosity than a medical breakthrough. In a living, breathing organism, insulin is present - and restoring the cell's ability to respond to insulin's signal is the key factor in controlling both blood sugar and the witches' brew of risk factors that come with "Syndrome X." So the key question is not what effects the two enantiomers have on basal glucose uptake, but how they affect the interplay between insulin, sugar, and the cell. 
To get answers to this question, scientists compared the response to insulin in the muscle cells of insulin-resistant lab animals injected with either straight S(-)-enantiomer, or pure R(+)-lipoic acid 21 It immediately became obvious that R(+)-Lipoic Acid was superior. Using a special, "traceable" form of glucose to monitor the two enantiomers' effects, the very first treatment with R(+)-Lipoic Acid caused the animals' muscle cells to take up 31% more glucose in response to insulin, which was 64% more glucose than under basal (non-insulin-stimulated) conditions. By contrast, S(-)-lipoic acid caused no significant increase in muscle cell glucose transport. 
Next, the scientist looked at the longer-term effects of the two enantiomers. One group of animals was fed a regular diet, while two other groups' chow was supplemented with one of the two enantiomers. The results were essentially the same. Compared to animals which ate an unsupplemented diet, the muscle cells of animals which were given pure R(+)-Lipoic Acid were able to take up 34% more blood sugar in response to insulin, or 65% more than they did under basal conditions. By contrast, feeding animals the same amount of "lipoic acid" in the artificial S(-)-form had no effect on the animals' ability to clear blood sugar. 
In fact, even giving the animals two-thirds more S(-)-enantiomer than had been effective when using R(+)-lipoic acid, still led to no clear-cut improvement: while there did appear to be an increase in the animals' muscle cells' glucose uptake under the influence of insulin, the scientists found that the apparent increase was not strong enough, as compared to their basal intake, to rule out a statistical fluke. 21 And the numbers were about the same (145 vs. 150 pmol/mg muscle mass) when they further upped the dose of the S(-)-form to one that was three times more than what was needed to get clear-cut results with R(+)-lipoic acid!
At the same time, insulin levels in animals that were supplemented with R(+)-Lipoic Acid were pushed down by 17%, proving that the vicious circle of insulin resistance was being put into reverse. By contrast, S(-) lipoic acid actually caused insulin levels to soar 15% higher. 21Another clear sign that the animals were made less insulin resistant was the fact that animals given R(+)-Lipoic Acid experienced reductions of free fatty acids of greater than a third - an extremely important result, granted the role of increased free fatty acids in causing the high blood pressure 14 and killer cholesterol profile 13 seen in "Syndrome X," 12 and their place as a risk factor for cardiovascular disease 14 and sudden death. 16 It was a different story in the other group: free fatty acids in animals fed S(-)-lipoic acid showed no significant change. 
Looking down at these animals' cells, scientists could see what had happened. The amount of GLUT-4, the muscles' main glucose transporter, was actually reduced by 19% by S(-) lipoic acid supplementation! 21 Granted R(+)-lipoic acid's ability to increase the cell's responsiveness to insulin, you might expect that it would increase GLUT-4 levels. In fact, levels of GLUT-4 were not affected one way or the other by the R(+)-form. Instead, other studies 19, 22, 23 have shown, R(+)-Lipoic Acid helps the cell to mobilize its glucose transporters, without affecting GLUT levels. These studies found that S(-)-lipoic acid either has no effect on, 23 or actually interferes with, 19 the cell's ability to mobilize GLUTs.
Other aspects of the response to insulin were also improved by R(+)-, but not S(-)-, lipoic acid, including a 33% restoration in the ability to burn glucose for fuel and a 26% increase in the formation of glycogen, the long-chain molecules used to store carbohydrates for quick use by the liver and muscles. 
In short, when you take a racemic mixture of R(+)- and S(-)-enantiomers found in conventional "lipoic acid" supplements, R(+)-Lipoic Acid improves insulin resistance, while the S(-)-form actually makes it worse. The results that are seen in clinical trials using the racemate, then, are the net effects of combining the powerful benefits of R(+)-lipoic acid, with the sometimes weaker, and sometimes even harmful, effects of the S(-)-form. 
R(+)-lipoic acid, in other words, is not just fighting against insulin resistance: it's fighting against the "evil twin" present in most commercial supplements. Getting rid of the "fifth column" in your supplement frees up the full potential of R(+)-lipoic acid, allowing its full strength to be unleashed in the battle to restore healthy sugar metabolism. 

Insulin resistance, in which the cells of the body stop responding properly to the hormone insulin, happens to some degree in almost all of us as we age.

· Insulin resistance causes higher levels of insulin, blood sugar, and free fatty acids, all of which are threats to your health.
· Lipoic acid has been used to support healthy blood sugar metabolism.
· The "lipoic acid" in common supplements is a 50/50 mixture of two different "lipoic acid" molecules: the natural R(+)-lipoic acid, and the unnatural S(-)-form.
· Animal experiments have compared the effects of the two "lipoic acid" molecules seperately.
· R(+)-lipoic acid fights all of the major effects of insulin resistance. The S(-)-form either does not help in these areas, or makes things worse.
· Common "lipoic acid" supplements are thus like a house at war with itself. The S(-)-form should be removed from supplements in favor of pure R(+)-lipoic acid. 

Despite what you hear, lipoic acid itself - whether we're talking about the natural R(+)-enantiomer or the artificial S(-)-form - is not much of an antioxidant. The real free-radical fighter in the lipoic acid story is dihydrolipoic acid (DHLA

Lipoic acid and DHLA are like the two alter egos of some superheroes. If lipoic acid is Billy Batson, then DHLA is Captain Marvel. One (lipoic acid) is the day-to-day identity of the hero: courageous and smart, but limited to the strengths of a mere mortal. But when the hero puts on a ring or says a magic word, the day-to-day identity is shed in a flash of light, as the hero is charged with fabulous powers. 
Lipoic acid is "charged up" into its DHLA "superhero" identity as part of its function in transforming food energy into cellular energy in the mitochondrial enzyme complex pyruvate dehydrogenase (PDH - see Figure 5).
Figure 5: "R(+)-lipoic acid is "charged up" into DHLA as part of its role in energy metabolismUsually, mitochondria have to synthesize their own lipoic acid 31 which is an "expensive" process … so there's just enough lipoic acid available to meet the mitochondria's energy needs. When you make extra lipoic acid available by taking a supplement, the mitochondria "charge up" lipoic acid into DHLA, whereupon the extra DHLA is released into the rest of the cell and into the surrounding fluid... 32 and free radicals tremble in their boots. 

So what are the "superpowers" that make DHLA the real hero of our tale? DHLA is both a more potent antioxidant than lipoic acid itself (whether as R(+)-or S(-)-), and has a wider range of antioxidant actions. 30 For instance, one key property of lipoic acid that we've already mentioned is its ability to "recharge" the complete antioxidant network, giving new life to molecules of vitamin C, E- complex vitamins, and glutathione, 30 as well as CoQ10, 33 when they fall down in the fight against free radicals. But it's actually DHLA, and not lipoic acid itself, that has this ability. 30 Likewise, most studies find that DHLA can take out superoxide, the main free radical made by the cell's mitochondria 34 and DHLA appears to even prevent the formation of superoxide by the mitochondria 35 Lipoic acid itself lacks this ability. And most remarkably, whereas conventional antioxidants just prevent free radical damage, DHLA is actually able to help repair free-radical damage to some types of bodily proteins, by enhancing the activity of a protein repair enzyme 36 
What difference does this make to the form of lipoic acid you choose? Simple. Remember, R(+)-Lipoic Acid is the form of the molecule actually used by your body. R(+)-lipoic acid, and not the S(-)-form is made by your mitochondria, and is essential to their function. So it's no surprise that the mitochondrial enzyme complex (PDH) which is specifically responsible for converting lipoic acid into DHLA "prefers" the orthomolecular R(+)-enantiomer to the foreign S(-)-form: R(+)-Lipoic Acid is the "key" made by your body to open this "lock," while the S(-)-form is a badly-made copy. 
In fact, the mitochondrial PDH enzyme complex converts R(+)-Lipoic Acid into DHLA at a rate at least twenty-four times faster than the S(-)-form. 37 38 , In some human cell types, the mitochondrial enzyme won't accept S(-)-lipoic acid at all. 38 Worse: at high concentrations the S(-)-enantiomer actually interferes with the mitochondrial enzyme's ability to make DHLA from R(+)-lipoic acid! 37 Fortunately, it's unlikely that anyone taking racemate lipoic acid supplements is in danger of getting such high concentrations of the S(-)-enantiomer into their bodies.

There are, however, places other than the mitochondria where the body can make some DHLA from either form of lipoic acid. As a result, when you look at the total DHLA formed in the cell, as opposed to just what's made in the PDH complex, the S(-)-enantiomer is still clearly inferior to the R(+)-, but the gulf is not quite so extreme: in the heart, for instance, R(+)-Lipoic Acid is "only" transformed into DHLA six to eight times more quickly than is the S(-)-form. 
Even this, however, makes the S(-)-form look more useful than it really is, because the main way that the S(-)-form gets powered up into DHLA is by hijacking the activity of an enzyme which was never designed for the purpose: glutathione reductase. You may know glutathione (GSH) as another player in the antioxidant network , which is known specifically for its ability to protect the liver against toxins and drugs and to fight lung infections. 40 Glutathione reductase is an enzyme whose purpose is to recycle used-up glutathione (GSH) into its active form. 
Well, there's only so much an enzyme can do at a time! Every moment that glutathione reductase is kept sidetracked by S(-)-lipoic acid is a moment during which it can't do the job it was designed to do - namely, again, to keep glutathione cycling smoothly through the cell's defense system. So when S(-)-lipoic acid takes over this enzyme, a bit more DHLA is made … but a bit less glutathione is recycled, too. Bottom line: the S(-)-enantiomer robs Peter (GSH) to pay Paul (DHLA), giving with one hand while taking with the other. It's one step forward, one step back. R(+)-Lipoic Acid has no such problems, being strongly taken up by the mitochondrial enzyme as it was designed to do, and having a much weaker tendency to waste glutathione reductase's time.

But enough molecular babble (for now!). What does all of this mean, in terms of real-world antioxidant defense? Scientists have been asking themselves this question for some time, and have made some discoveries that users of lipoic acid need to know about. Let's have a look at their findings.
One study 41 looked at the effects of aging - and of the two forms of lipoic acid - on the vulnerability of liver cells to tert-butylhydroperoxide (t-BuOOH), a chemical that causes the cell's mitochondria to churn out more free radicals. As had been seen in other studies, older animals' cells were much more susceptible to the toxin than were those from young animals: an amount of t-BuOOH that half of the cells from young animals managed to survive, was enough to kill all but 12% of the cells from older ones. 
Astoundingly, when the cells of old animals were given one of the two forms of lipoic acid in advance of t-BuOOH, R(+)-Lipoic Acid completely protected the cells from the free radical assault, so that the cells given R(+)-Lipoic Acid and the toxin survived as often as did cells which were not given the toxin at all. And, on the opposite extreme, S(-)-lipoic acid provided no significant protection against rampaging free radicals, such that cells were equally doomed by the toxin whether or not they also got the S(-)-form 

Even more unexpected results were seen when the same research team decided to find out how much of the racemic form of lipoic acid, or of each of the two enantiomers, is needed to protect nerve cells against homocysteic acid, a byproduct of the toxic amino acid homocysteine. 42 It was no surprise when the scientists found that the R(+)-Lipoic Acid was able to protect nerve cells from the cortex of the brain against homocysteic acid at less than half (38%) of the concentration required by the S(-)-form. What was a surprise was the finding that the racemate was not only less potent than R(+)-lipoic acid, but was even weaker than the S(-)-enantiomer in protecting against this toxin! In fact, it took six and a half times as much of the racemate as had been needed by R(+)-Lipoic Acid to provide the same level of protection. 
Also strange was the fact that the three forms of lipoic acid were about equally effective in protecting nerve cells from a different part of the brain (the hippocampus) against this toxin. 42 Then there are the results of experiments testing the ability of the different lipoic acid in protecting the lenses of lab animals' eyes from treatment with BSO. 29 All of the animals given the toxin by itself developed cataracts. Providing the animals R(+)-Lipoic Acid slashed the number of animals that developed cataracts by nearly half, to just 55% of the group, while the same amount of the S(-)-form provided no protection. Yet the protection afforded by an equal amount of the racemate was not significantly different from what was seen with R(+)-lipoic acid.
Clearly, different forms of lipoic acid vary in their protective powers, depending on the part of the body under attack and the nature of the threat. But it's also clear that, overall, R(+)-Lipoic Acid is far superior to both the S(-)-enantiomer, and the (R,S)-form available in common "lipoic acid" supplements in providing antioxidant protection. Indeed, when you find out about results like these, the S(-)-lipoic acid that's taking up half of your supplement starts to look more and more like the worst kind of "third wheel." 
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