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PART I
The Chemistry You Cannot See

Your blood sugar is reacting with your proteins right now. The reaction is slow, cumulative,
and largely irreversible. Understanding it changes everything about how you think about
food.

Most people with type 2 diabetes receive the same dietary instruction: eat less sugar,
reduce carbohydrates, lose weight if you can. The advice is not wrong. But it is
incomplete in a way that matters — because it describes what to do without explaining
why. And the why, it turns out, is one of the most compelling stories in all of medicine.

The four chapters of Part I tell that story. They describe what actually happens inside
your body when blood sugar stays elevated — not in the vague language of
"complications" and "risk factors,” but in the specific, molecular, step-by-step
chemistry of how glucose damages tissue. The story involves a reaction first described
by a French chemist in 1912 who was studying why bread turns brown when toasted.
It involves a network of seven interconnected molecular processes that amplify each
other. It involves the discovery that cells can write the history of blood sugar exposure
into their DNA packaging — a kind of molecular memory that persists for years after
blood sugar is normalized.

You do not need a background in chemistry or biology to follow this story. You need
only one thing: the willingness to understand your own disease at the level at which it
actually operates. Because the physician who understands the chemistry manages it
differently than the physician who does not. And the patient who understands it makes
different choices — not because they are more disciplined, but because the knowledge
itself changes the way the choice feels.
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CHAPTER ONE

The Reaction That Started at Breakfast

Margaret is fifty-four years old. She has had type 2 diabetes for seven years. On a
Tuesday morning in November she eats what she has eaten almost every weekday
morning for the past decade: two slices of white toast with strawberry jam and a cup
of coffee with two sugars. She takes her metformin with breakfast, as instructed. She
checks her blood sugar before eating — 118 mg/dL, acceptable — and heads to work.

By 7:15 in the morning, the glucose from those two slices of toast and that jam is
moving through Margaret's intestinal wall and entering her bloodstream. Her blood
sugar, which was 118 before breakfast, will peak somewhere around 185 to 210 mg/dL
within the next hour — a standard postprandial spike for a person with her degree of
insulin resistance.

By 7:20 in the morning — five minutes after the glucose enters her bloodstream — it
has begun doing something that no one has ever explained to Margaret and that her
physician has never had time to describe. The glucose molecules are reacting with the
proteins in her body.

Not metaphorically. Not eventually. Right now, as she drives to work, glucose is
chemically bonding to the proteins in her blood vessel walls. It is bonding to the
proteins in the tiny filters of her kidneys. It is bonding to the crystallin proteins that
give the lenses of her eyes their transparency. It is bonding to the myelin sheath that
insulates the nerves in her feet and hands. It is bonding to the collagen that gives her
arterial walls their structure and flexibility.

The reaction is silent. It produces no pain, no warning, no signal of any kind that
Margaret can detect. It has been happening every morning for seven years — and for
the seven to ten years before her diagnosis when her blood sugar was elevated without
anyone knowing it. The cumulative products of this reaction are sitting in Margaret's
tissues right now, and they will not leave.

This reaction — the non-enzymatic bonding of glucose to protein — is the molecular
origin of every complication that diabetes produces. Understanding it is not a medical
luxury. It is the foundation of every dietary choice that has the power to slow what is
happening in Margaret's tissues.

THE SCIENCE BEHIND THIS

The Maillard Reaction: From Kitchen to Body
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In 1912, the French physician and chemist Louis Camille Maillard published a paper
describing what happened when he heated amino acids and sugars together in a flask. He
observed that the mixture turned yellow, then brown, and eventually produced the
characteristic flavors and aromas of cooked food. The browning of bread crust, the searing
of a steak, the roasting of coffee beans, the caramelization of onions — all of these involve
the Maillard reaction. It is one of the most important reactions in food chemistry and, as it
turns out, one of the most important reactions in the pathology of diabetes.

The Maillard reaction begins with a simple chemical event: the free amino group on a
protein — typically the epsilon-amino group of lysine or the alpha-amino terminus of the
protein chain — reacts with the carbonyl group of a reducing sugar, most commonly glucose.
This produces a Schiff base: a loose, reversible chemical bond between the protein and the
sugar molecule. At this early stage, the reaction can still go backwards — the glucose can
detach from the protein and the protein returns to its original state.

But the Schiff base does not stay as a Schiff base for long. Within hours to days, it undergoes
a spontaneous rearrangement called the Amadori rearrangement — a proton transfer that
converts the unstable Schiff base into a more stable compound called an Amadori product.
The Amadori product is considerably more resistant to reversal than the Schiff base. It can
still be partially undone, but it tends to persist. The most familiar example of an Amadori
product in medicine is HbA1c — the glycated hemoglobin that your physician measures as
the primary indicator of your average blood sugar over the past three months. When your
HbA1c is measured, what is being quantified is the amount of Amadori product that has
formed on the hemoglobin in your red blood cells.

This is where the reaction's consequences diverge from what happens in a toasted piece of
bread. In a kitchen, the Maillard reaction is driven by high heat — 140 to 165 degrees Celsius.
At those temperatures, the reaction proceeds rapidly and produces the brown pigments and
flavors we associate with cooked food. In the human body, the temperature is only 37
degrees Celsius. The reaction proceeds far more slowly. But the body is not a kitchen, and
the proteins in the body are not being discarded after cooking. They are long-lived structures
that remain in tissues for months, years, or decades. And over those months and years, the
slow Maillard reaction accumulates.

From Amadori Products to Advanced Glycation End-Products

The Amadori product is not the endpoint of the reaction — it is the beginning of a second,
more dangerous phase. Over weeks to months, Amadori products undergo further chemical
transformations: oxidation, dehydration, condensation with other Amadori products, and
cross-linking with neighboring proteins. These reactions produce a diverse family of
compounds collectively called Advanced Glycation End-Products, or AGEs.
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Unlike the Amadori product, AGEs are essentially irreversible. The chemical cross-links
they form between proteins — particularly between collagen fibers in the extracellular
matrix — cannot be broken by any enzyme the body produces. Once an AGE has formed, it
stays. It accumulates in the long-lived proteins of the body: in the collagen of arterial walls
(making them stiffer and less elastic), in the crystallin proteins of the eye lens (making them
opaque — the chemical basis of diabetic cataract), in the myelin sheath of peripheral nerves
(impeding nerve conduction), in the glomerular basement membrane of the kidney
(thickening the filtration barrier), and in the proteins of cardiac muscle (contributing to the
diastolic stiffness of the diabetic heart).

The Square Law: Why Small Increases in Blood Sugar Matter So Much

The most important quantitative feature of AGE formation is its relationship to glucose
concentration. The rate at which Amadori products form is approximately proportional to
the glucose concentration — double the glucose, roughly double the Amadori formation rate.
But the conversion of Amadori products to AGEs involves oxidative steps whose rate
depends on the square of the glucose concentration. This means that the relationship
between blood sugar and AGE formation is not linear but exponential.

To make this concrete: a patient with average blood sugar corresponding to HbA1c 9% is
not producing 1.5 times the AGE load of a patient at HbA1ic 6%. They are producing
approximately 2.25 times the AGE load — because 9/6 squared is 2.25. A patient at HbA1c
11% is producing nearly 3.4 times the AGE load of a patient at HbA1c 6%.

This square law has a direct implication for dietary management: small reductions in blood
sugar produce disproportionately large reductions in AGE formation rate. Bringing HbA1c
from 9% to 8% does not reduce your AGE production by 11%. It reduces it by approximately
20%. Bringing it from 9% to 7% reduces it by approximately 40%. Every percentage point
of HbA1c reduction is more valuable than the percentage would suggest — because the AGE
formation rate follows the square of the glucose concentration, not its linear value.

Dietary AGEs: The Pre-Formed Danger in Your Kitchen

There is a second source of AGEs in the body that is almost never discussed with patients:
the AGEs that exist in food before it is eaten. When food is cooked using dry heat — grilling,
frying, broiling, roasting — the same Maillard reaction that runs slowly at body temperature
runs rapidly at cooking temperatures. The AGEs produced during cooking are partially
absorbed through the gut wall and enter the circulation, adding to the total AGE burden the
body is managing.

The difference between cooking methods is dramatic. A chicken breast that is grilled
contains approximately 9,000 kilo-units of AGEs per 100 grams. The same chicken breast
that is poached or steamed contains approximately 900 kilo-units — a tenfold difference. A
piece of bacon fried until crispy contains roughly 90,000 kilo-units per 100 grams. A soft-
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boiled egg contains approximately 90 kilo-units. The cooking method is not a minor variable
in AGE exposure — it is one of the most important dietary determinants of AGE intake.

Marinating food in acidic solutions before dry-heat cooking — lemon juice, vinegar, wine —
reduces AGE formation during cooking by approximately 50%, because the acidic
environment interferes with the Schiff base formation step. Acidic marinades do not
eliminate the effect of dry heat, but they substantially reduce it.

WHAT THIS MEANS FOR YOU

THE BOTTOM LINE

Your blood sugar is reacting with your proteins right now. The reaction is
slow at body temperature, but it never stops, and its products are
permanent. Every dietary choice you make either speeds that reaction or
slows it. The most important thing you can learn from this chapter is that
small improvements in blood sugar control produce disproportionately
large reductions in the rate of this chemistry — because the reaction rate
follows the square of the glucose concentration, not its linear value. Small
changes, made consistently, matter more than the numbers suggest.

FOR YOUR PHYSICIAN

The Maillard reaction's kinetics in physiological conditions: Brownlee M, Nature
2001;414:813—820 remains the foundational mechanistic reference. The square-law
dependence of AGE formation on glucose concentration is described in detail in Monnier
VM et al., Diabetes Care 1999;22:B16—B23.

Dietary AGE content by food and cooking method: Uribarri J et al., J Am Diet Assoc
2010;110(6):911—916. The acidic marinade intervention: Uribarri J et al., Diabetes Care

2011;34:1314—1319.

Enrique C. Fernandez, MD, MBA, FAFP



