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Low-grade metabolic acidosis as a driver

of insulin resistance

James J DiNicolantonio

INTRODUCTION: WHAT IS METABOLIC ACIDOSIS
AND HOW DOES IT DEVELOP?

Metabolic acidosis occurs when there is
retention of acid in the body which leads to
a drop in the acid buffering capacity of the
body. However, acid retention can occur
even when serum bicarbonate is normal.'
There are four mechanisms through which
the body can develop metabolic acidosis:
(1) increased ingestion of dietary acid, (2)
increased production of fixed acid such as in
diabetic ketoacidosis, alcoholic ketoacidosis
or prolonged fasting, (3) increased loss of
base (ie, diarrhoea) and (4) reduced kidney
excretion of acid. Additionally, specific medi-
cations can cause or contribute to metabolic
acidosis.

There are two major types of acid in the
body, carbonic acid and non-carbonic acid.
Carbonic acid is formed when a bicarbonate
molecule combines with a hydrogen ion.
Eventually carbonic acid is turned into water
and carbon dioxide. Thus, if we create bicar-
bonate in the body from alkalinity supplied
by the diet then we can breathe out the
acid without depleting our own bicarbonate
levels. Non-carbonic acids are fixed acids
and cannot be exhaled via the lungs. They
include lactic acid, phosphoric acid, sulfuric
acid, uric acid and the ketoacids acetoacetic
acid and beta-hydroxybutyric acid. Some of
these fixed acids can be excreted in the urine
in their free form, however, the urine pH can
only drop to around 4.4 and hence only negli-
gible quantities of strong acids, like sulfuric
acid, can be eliminated in its free titratable
form.? So, 99% of the time sulfuric acid must
be turned into hydrogen ions and sulfate and
then it can be eliminated by the body.

When we eat animal protein high in sulfur-
containing amino acids such as methionine,
cysteine and taurine, we form sulfuric acid,
which gets broken down into two hydrogen
ions and one sulfate molecule. If we consume
a large amount of animal protein, this leads
to large amounts of hydrogen ions being
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produced which gets neutralised by citrate or
bicarbonate. Thus, consuming large amounts
of animal protein depletes our bicarbonate
and citrate buffering capacity. This espe-
cially can become problematic once we start
producing more than 40-70 mEq of acid per
day, which typically occurs at a urinary pH
of 6.25-6.5. Thus, if the urinary pH is 6.5 or
less this suggests acid retention and risk for
developing low-grade metabolic acidosis.
When sulfuric acid is formed in the body the
hydrogen ions must be neutralised via bicar-
bonate. Additionally, the negatively charged
sulfate must be eliminated, which requires a
positively charged molecule to be excreted
out the body. Typically, this means that posi-
tively charged minerals like magnesium,
calcium, sodium or potassium are eliminated
out the urine with the negatively charged
sulfate, which tends to deplete the body of
minerals.

Sulfuric acid has a molecular
ture of H,SO,. The two hydrogen ions are
neutralised by two bicarbonate molecules
(or three hydrogen ions can get neutralised
by one citrate molecule), which leaves sulfate
remaining. Since we cannot breathe out
sulfate it must be excreted out the kidneys.
However, to maintain electroneutrality, the
negatively charged sulfate (SO4°) must
be combined with a positively charged
substance. If the diet contains enough alka-
line minerals, such as magnesium, calcium,
sodium or potassium, then the sulfate can be
excreted with the dietary cations. However,
if the diet is lacking these minerals, then the
body will lose minerals until the kidneys can
increase the production of ammonia to elim-
inate the sulfate. For example, two positively
charged hydrogen ions (2H+) are produced
in the kidneys to combine with two ammonia
molecules (2 NH3) forming 2 NH4+. This
provides the 2+ charge to offset the 2- charge
of sulfate to form neutral ammonium sulfate
(NH,S0,) for excretion.
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However, muscle and connective tissue are broken
down to form the ammonia in order to eliminate the
sulfate. Furthermore, once the kidneys’ capacity for acid
excretion is reached, then eliminating sulfate by using
hydrogen ions and ammonia goes down, necessitating a
greater reliance on alkaline minerals. It also takes time
for the kidneys to synthesise ammonia to excrete sulfate,
thus, alkaline minerals will also be excreted until the
kidneys can ramp up the production of ammonia. Thus,
acid-base status in the body is a balancing act determined
by the overall acid load of the diet, the kidneys’ capacity
to eliminate acid, the dietary intake of alkaline minerals
and bicarbonate-forming substances. In other words,
eating a high animal protein diet can eventually lead to
problems if the diet does not contain adequate amounts
of bicarbonate-forming substances and alkaline minerals.

Consuming a diet high in high animal protein, but
insufficient in alkaline minerals and bicarbonate-forming
substances can deplete the mineral status of the body,
predispose to bone, muscle and connective tissue break-
down and eventually lead to kidney damage. This is why
consuming bicarbonate mineral water and/or plant foods
and alkaline minerals, in the context of an animal based
or omnivorous diet is an important step to maintaining
acid-base status of the body. Thus, there is a cost to eating
a diet rich in animal protein related to producing more
ammonia (which induces muscle, connective tissue and
kidney damage), and/or losing more alkaline minerals
(via bone breakdown). In the modern diet, the slow
acidification of the body mainly occurs from the propor-
tionately high consumption of animal protein and grains
compared with the base-supplying fruits and vegetables.
Additionally, phosphoric acid-containing beverages
(carbonated soft drinks) also contribute to the dietary
acid load.

When we consume organic anions found in fruits and
vegetables, like citrate, malate and gluconate, they can
convert to bicarbonate in the body and accept hydrogen
ions for excretion. This is how we preserve our buff-
ering capacity. The more protein we eat, or the more
muscle we have, the more acid we can excrete out the
urine as ammonium.” Consuming adequate protein and
building/maintaining robust muscle is important for
health because it helps reduce the risk of sarcopenia, falls
and frailty, and creates more muscle and bone reserves
to eliminate extra acid. However, there is still a negative
impact on the kidneys from the increased production
of ammonia to eliminate the hydrogen ions and sulfate
coming from animal protein.

Balance studies from 1966 have shown that healthy
humans consuming diets that produce >0.4to 1 mEq of
acid/kg of body weight leads to the retention of acid in
the body.” For an average healthy adult, consuming a
diet that leads to 40-70 mEq or more of net endogenous
acid production will lead to acid retention.” This means
that most Americans are consuming diets that will likely
result in some acid retention—triggering the production
of large amounts of ammonia and other adverse health

consequences such as kidney stones, muscle, connective
tissue and bone breakdown, high blood pressure, insulin
resistance, chronic pain and other health issues.”® Meta-
bolic acidosis also increases renal plasma flow and glomer-
ular filtration rate in order to increase the excretion of
the acid load.”™ Similar effects have been observed eating
high meat meals or carnivore diets.'” " The kidneys can
even hypertrophy due to the increased production of
ammonia.'? Thus, eating a high dietary acid load can be
damaging to the kidneys.

METABOLIC ACIDOSIS CAUSES INSULIN RESISTANCE AND
METABOLIC SYNDROME

‘...the interstitial fluid pH in metabolic tissues readily
changes and may contribute to the onset of insulin resist-
ance via diminution of insulin affinity to its receptor.’"”

There is a decreased buffering capacity in the inter-
stitial fluid compared with the intracellular cytosol and
blood. This is due to the fact that the interstitium only has
relatively weak pH buffers, such as bicarbonate and phos-
phate, whereas blood also has proteins such as haemo-
globin and albumin that can bind to hydrogen ions. Thus,
the interstitial pH varies more than the blood. The acidi-
fication of the interstitial fluid can reduce insulin binding
to the insulin receptor and reduce glucose uptake into
the cell.’ 1314 Indeed, the level of circulating lactate,
which suggests acid retention in the cell and interstitium,
negatively correlates with the degree of insulin sensitivity
in humans."” '® Rat studies also show that lower intersti-
tial fluid pH occurs in ascites and metabolic tissues prior
to the development of diabetic symptoms.'” Low urinary
pH is also associated with worse insulin resistance.'
Importantly, in patients with metabolic syndrome, the
24-hour urine pH is significantly lower than in normal
people and negatively correlates to the number of meta-
bolic syndrome abnormalities."’ In summary, low-grade
metabolic acidosis predisposes to insulin resistance, type
2 diabetes and metabolic syndrome.

Dietary organic weak acids (like citric and acetic acid)
from citrus, plums, vinegar, etc dissociate into anions and
protons and only the anions are absorbed from the intes-
tinal lumen into the circulation. Therefore, consuming
weak organic acids improves the pH-buffering capacity of
the body.” "

METABOLIC ACIDOSIS WORSENS GLUCOSE UPTAKE, OXIDATION
AND INSULIN RESISTANCE
‘Acidosis, with lowered pH and ‘alkali reserve’ of the body
fluids, has numerous concomitant secondary effects.
These interdependent effects include disturbances in
normal activities of enzyme systems that are involved in
many phases of carbohydrate and mineral metabolism,
inhibition of insulin action, increased catabolism and
decreased anabolism in tissues.”” ~ George M. Guest et
al, 1952

Numerous studies show that the dietary acid load is
associated with worsening of insulin sensitivity and an
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increased risk of type 2 diabetes.”** Lower bicarbonate
levels (a marker of low-grade metabolic acidosis) are
independently associated with reduced insulin sensi-
tivity.” In healthy participants from the National Health
and Nutrition Examination Surveys 1999-2002, indi-
viduals with a serum bicarbonate <22mmol/L had a
fasting insulin 12.7 pmol/L higher than those with a level
of >25b mmol/L. The median value for bicarbonate levels
was 23mmol/L, suggesting that most healthy people
in the United States have low-grade metabolic acidosis
(serum bicarbonate <24-26 mmol/ L).25 Having a low
urinary pH, another marker of low-grade metabolic
acidosis, is associated with a higher risk of visceral obesity
and metabolic syndrome.'® A high dietary acid load also
increases cortisol, which can cause visceral adiposity and
increase blood glucose and blood pressure.”*™’

Clinical studies show that correcting metabolic acidosis
improves insulin sensitivity.”' Experimentally inducing
metabolic acidosis in humans impairs glucose metabo-
lism and cellular insulin sensitivity.*® Acidosis is a potent
inhibitor of phosphofructokinase, the rate limiting
enzyme in glycolysis.”® Furthermore, acidosis reduces the
binding of insulin to receptors on adipocytes,”**” induces
insulin resistance in muscle'* and reduces insulin sensi-
tivity in skeletal muscle and fat cells by increasing the
production of cortisol.?® A low pH stimulates cortisol
secretion to increase the plasma clearance of excess
hydrogen ions.?” % A higher dietary acid load is associated
with higher cortisol concentrations and/or its urinary
markers.” In contrast, alkali supplementation decreases
cortisol levels, total adrenal-glucocorticoid secretion
and potentially bioactive free glucocorticoids.” * Thus,
metabolic acidosis induces insulin resistance and elevates
cortisol levels, whereas correcting acidosis through alka-
line therapies improves these markers.

Administration of dietary acid in the form of ammo-
nium chloride to normal rats or mildly acidotic diabetic
rats leads to near total loss of insulin responsiveness due
to inhibition of the insulin receptor and glycolysis, which
is reversed with sodium bicarbonate supplementation.*
Adipocyte insulin binding is reduced in ketoacidotic rats
and ammonium chloride infusions reduces insulin recep-
tors in adipocytes which is improved with sodium bicar-
bonate infusions.” Mild metabolic acidosis reduces the
binding of insulin to its receptor and downstream intracel-
lular insulin signalling in myoblasts and adipocytes.'****
The authors of one study concluded, ‘Our present study
suggests that lowered extracellular pH conditions may
produce the pathogenesis of insulin resistance in skeletal
muscle cells.”"* A consequence of this may be accelerated
protein degradation in skeletal muscle.” Additionally, a
low pH decreases the expression of the insulin sensitiser
adiponectin,*” which is a hormone that improves skel-
etal muscle insulin sensitivity.*® *' Therefore, through a
reduction in adiponectin and insulin signalling, meta-
bolic acidosis can induce insulin resistance. However,
leptin, which is a satiety hormone, which has also been
shown to improve or reverse insulin resistance in diabetic

ketoacidosis or dietinduced hepatic insulin resistance,
may be involved.*” ™ Leptin secretion is downregulated
in adipocytes exposed to a low pH medium, whereas
sodium bicarbonate administration to people with
renal-induced acidosis increases serum leptin levels.* *
So, leptin dysregulation may also be caused by acidosis
leading to insulin resistance.*

One randomised double-blind study in 153 healthy
women and men aged 50 years and older gave potassium
bicarbonate, sodium bicarbonate or placebo to see if any
changes would occur on fasting insulin or glucose.*” The
study only lasted 84 days but it did not show any signifi-
cant changes on these markers. Thus, this human clinical
study seemingly contradicts the previous studies showing
thatalkaline therapy improves insulin sensitivity. However,
in order for alkaline therapy to work, the patient popula-
tion must have low-grade metabolic acidosis at baseline,
otherwise there is no acidosis to improve on. It is likely
that this was a key limitation of the study. For example,
the placebo, potassium and sodium bicarbonate groups
had a baseline urinary pH that was only borderline for
acid retention (6.3, 6.04 and 6.12, respectively). These
urinary pH levels are also much higher than a urinary
pH of <5.3, which is needed for diagnosing metabolic
acidosis. Additionally, the placebo group seemingly had
less acidosis at baseline vs those given the potassium and
sodium bicarbonate as they had a higher urinary pH (ie,
6.3 vs 6.04 and 6.12, respectively). In other words, the
placebo group appeared to be more alkaline at the start of
the study versus the groups given alkaline therapy. These
are likely reasons why the study failed to show benefits on
fasting glucose or fasting insulin.

Perhaps even more importantly, the authors also noted
that their findings may have been due to chance, and that
the measurement they used to determine insulin resis-
tance was not very accurate, as noted in the following,
‘...as indicated by the confidence intervals around our
observed differences, it is possible that, due to chance,
we failed to detect true and clinically meaningful effects
of bicarbonate treatment on our outcomes. Second,
HOMA-IR is a relatively crude index of insulin resistance
compared with more elaborate methods.”*” Indeed, using
fasting glucose and fasting insulin is not a very good way
to measure insulin resistance. In fact, 64% of people with
normal oral glucose tolerance tests have abnormal post-
prandial insulin assays indicative of insulin resistance or
type 2 diabetes.*® Thus, future studies need to be done
in individuals with varying degrees of metabolic acidosis
(low urinary pH, low serum bicarbonate, low urinary
citrate, high urinary ammonium) and better markers of
insulin resistance, such as postprandial insulin assay or
the gold standard glucose clamp technique should be
employed.*

However, one such study has already been performed.
Indeed, when using the hyperglycaemic and euglycaemic
clamp technique (the gold standard for measuring
insulin resistance), experimentally inducing metabolic
acidosis has been proven to induce glucose intolerance.*
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Indeed, metabolic acidosis caused a significant decrease
in tissue insulin sensitivity by 32% and tissue sensitivity
to exogenous insulin by 15%. Fasting insulin levels also
increased, despite normal glucose concentrations, indi-
cating insulin resistance. These harms occurred when
blood pH decreased from 7.42 to 7.37, which is still consid-
ered a normal blood pH (7.35-7.45). However, serum
bicarbonate decreased from 24 to 19 mEq/L (below the
normal range of bicarbonate, 23-29 mEq/L, indicating
low-grade metabolic acidosis). To summarise, human
studies have confirmed that inducing low-grade meta-
bolic acidosis induces insulin resistance using the gold-
standard glucose clamp techniques and that correcting
this metabolic acidosis improves insulin sensitivity.”! **

Summary of the effects of acidosis on insulin resistance

1. Experimentally inducing metabolic acidosis in hu-
mans impairs glucose metabolism and cellular insulin
sensitivity.32

2. Correcting metabolic acidosis in humans improves in-
sulin sensitivity.”'

3. Metabolic acidosis reduces the binding of insulin to
receptors on adipocytes and induces insulin resistance
in muscle.'* %

4. Metabolic acidosis increases the production of corti-
sol, which reduces insulin sensitivity in skeletal muscle
and fat cells.?

5. Mild metabolic acidosis reduces the binding of insulin
to its receptor and downstream intracellular insulin
signalling in myoblasts and adipocytes.'** %

6. Alow pH decreases the expression of the insulin sensi-
tiser adiponectin,40 which is a hormone that improves
skeletal muscle insulin sensitivity.”* *!

7. Leptin secretion is downregulated in adipocytes ex-
posed to a low pH medium, whereas sodium bicar-
bonate administration to people with renal-induced
acidosis increases serum leptin levels.*? 10
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