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Abstract

Microalbuminuria has been conclusively established as an independent cardiovascular risk factor, and there is
evidence of an association between insulin resistance and microalbuminuria, the former preceding the latter in
prospective studies. It has been demonstrated that even the slightest degree of metabolic acidosis produces
insulin resistance in healthy humans. Many recent epidemiological studies link metabolic acidosis indicators
with insulin resistance and systemic hypertension. The strongly acidogenic diet consumed in developed
countries produces a lifetime acidotic state, exacerbated by excess body weight and aging, which may result in
insulin resistance, metabolic syndrome, and type 2 diabetes, contributing to cardiovascular risk, along with
genetic causes, lack of physical exercise, and other factors. Elevated fruits and vegetables consumption has been
associated with lower diabetes incidence. Diseases featuring severe atheromatosis and elevated cardiovascular
risk, such as diabetes mellitus and chronic kidney failure, are typically characterized by a chronic state of
metabolic acidosis. Diabetic patients consume particularly acidogenic diets, and deficiency of insulin action
generates ketone bodies, creating a baseline state of metabolic acidosisworsened by inadequate metabolic
control, which creates a vicious circle by inducing insulin resistance. Even very slight levels of chronic kidney
insufficiency are associated with increased cardiovascular risk, which may be explained at least in part by
deficient acid excretory capacity of the kidney and consequent metabolic acidosis-induced insulin resistance.

Introduction

ARDIOVASCULAR DISEASES CONTINUE to be important

mortality causes in Western-type societies despite ag-
gressive dietary and pharmacologic therapy for hypercho-
lesterolemia. Obesity and the metabolic syndrome are very
frequently present in the industrialized world, and insulin
resistance has been currently positioned at the hub of the
cardiovascular risk. In healthy humans, metabolic acidosis
induces insulin resistance, which in turn increases the car-
diovascular risk and produces microalbuminuria. A life-span
state of low-grade metabolic acidosis is usually present in
normal subjects due to the modern acidogenic diet in Wes-
tern civilization, and this situation may induce insulin re-
sistance and increase the cardiovascular risk. Dietary acid
load may be an important variable in predicting cardiovas-
cular risk. Furthermore, conditions typically featuring a
chronic state of metabolic acidosis, such as diabetes mellitus
and chronic kidney failure, are associated with a chronic
state of insulin resistance and very elevated cardiovascular
risk. (Fig. 1).

Microalbuminuria Is a Marker of Elevated
Cardiovascular Risk

Microalbuminuria is currently defined as urinary albumin
excretion of 30-300 mg/day (20-200 pg/min) or a urinary
albumin-to-creatinine ratio in a spot urine sample of
30-300mg/g (3.4-34mg/mmol) in at least two of three
early-morning urine samples. At present, a urinary albumin
excretion rate below these limits is defined as normal,
whereas values above them are referred to as proteinuria.
The prevalence of microalbuminuria in U.S. and European
general population surveys ranges from 6% to 10%. Similar
prevalence figures have been reported in adolescents (8.9%)
and patients with type 1 diabetes (9.7%). However, the
prevalence of microalbuminuria is much higher in essential
hypertension (35-40%) and type 2 diabetes (20-36%)."?

In 1984, microalbuminuria was shown to be an indepen-
dent cardiovascular risk factor in type 2 diabetes.*>*In 1997, a
systematic overview of the literature, including 11 European
cohort studies, firmly established microalbuminuria as a
strong predictor of cardiovascular morbidity and mortality
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FIG. 1. Metabolic acidosis, microalbuminuria, and cardiovascular risk.

in type 2 diabetes independently of conventional cardio-
vascular risk factors.? In 1987, microalbuminuria was linked
with cardiovascular events in type 1 diabetes, and the next
year microalbuminuria was reported to be an independent
cardiovascular risk factor in nondiabetic subjects.”” Since
then, microalbuminuria has been consistently confirmed as
an independent risk factor for cardiovascular morbidity and
mortality in every population investigated.

The degree of albuminuria at which the risk for cardio-
vascular events is increased has been investigated in a
number of studies, which have revealed that a very low al-
bumin concentration in urine is a predictor of cardiovascular
disease. In participants of the Heart Outcomes Prevention
Evaluation study, microalbuminuria was detected in 32.6%
of patients with diabetes and 14.8% of those without diabetes
at baseline. Patients with a urinary albumin-to-creatinine
ratio greater than 0.6mg/mmol (5mg/g) display an in-
creased relative risk of cardiovascular events and death. For
every 0.4mg/mmol increase in the albumin-to-creatinine
ratio level, the adjusted hazard of major cardiovascular
events increased by approximately 6%.® In nondiabetic hy-
pertensive patients with left ventricular hypertrophy, par-
ticipants of the Losartan Intervention for Endpoint
Reduction study, death increased continuously as albumin-
uria increased, with no specific threshold for augmented
risk.” In participants of the Third Copenhagen City Heart
Study, the risk for both coronary heart disease and death was
significantly increased if the urinary albumin excretion rate
was above 4.8 pg/min (approximately 6 mg/L or albumin-
to-creatinine ratio of 0.7mg/mmol)."” In a recent meta-
analysis, a urinary albumin-to-creatinine ratio greater than
0.6 mg/mmol (5mg/g) was independently associated with
increased all-cause and cardiovascular mortality in the gen-
eral population.’

Insulin Resistance Induces Microalbuminuria

Accumulating evidence during the last two decades dis-
closes a definite relationship between insulin resistance and
microalbuminuria. The first connection between the two
conditions was probably reported in 1989, when decreased
high-density lipoprotein cholesterol (HDL-c) and increased
triglyceride blood concentration was found in albuminuric
patients with type 1 diabetes.'*'* The next year, the associ-

ation between these lipid abnormalities associated with in-
sulin resistance and albuminuria was noted also in type 2
diabetes.'* A direct association between hyperinsulinemia
(and impaired glucose tolerance) and microalbuminuria was
observed for the first time in population-based surveys in
nondiabetic individuals. Additionally, subjects with micro-
albuminuria had increased triglyceride and decreased HDL-c
blood concentration relative to subjects without micro-
albuminuria.'®

Since then, many cross-sectional analyses have found a
close association between insulin resistance and micro-
albuminuria in different populations, including type 1 dia-
betes, type 2 diabetes, essential hypertension, and several
groups of the general population, including elderly persons
and children.'*?” Prospective studies determine that insulin
resistance precedes the onset of microalbuminuria in type 1
diabetes, type 2 diabetes, and nondiabetic individuals.'?1723
Associations between surrogates of insulin resistance and
microalbuminuria have also been reported, strengthening
the presence of a connection between the two conditions.
Prospective studies reveal that waist circumference and the
waist-to-hip ratio independently predict the subsequent de-
velopment of microalbuminuria in type 1 diabetes and in
nondiabetics participants of the Data from an Epidemiolo-
gical Study on the Insulin Resistance syndrome (DESIR) co-
hort>** A strong association between the metabolic
syndrome and microalbuminuria has been found in partici-
pants of prospective studies, including the Copenhagen City
Heart Study and the DESIR cohort.***® Urinary albumin
excretion rate and waist-to-hip ratio are independently as-
sociated with adiponectin levels.*®

Metabolic Acidosis Produces Insulin Resistance

The observation that glucose intolerance develops in
healthy subjects following ammonium chloride-induced
metabolic acidosis was first made in 1924. Fifty five years
later, it was demonstrated that even a very mild degree of
metabolic acidosis results in decreased sensitivity to insulin
and subsequent impairment of glucose tolerance in healthy
individuals.”” Other situations leading to metabolic acido-
sis, such as elevations of basal lactate in healthy persons,
the presence of ketone bodies in diabetic subjects, and
chronic kidney disease-related metabolic acidosis, are as-
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sociated with the development of insulin resistance as
well 531

Recent observational studies confirm an association be-
tween signs of metabolic acidosis (low serum bicarbonate,
high serum anion gap, hypocitraturia, and low urine pH)
and insulin resistance in different populations. Lower bi-
carbonate and higher anion gaps are independently associ-
ated with insulin resistance in cross-sectional analysis of
participants in the 1999-2000 and 2001-2002 National Health
and Nutrition Examination Surveys (NHANES).** Insulin
resistance estimated by the homeostasis model assessment
(HOMA-IR) is negatively correlated with urinary citrate ex-
cretion in cross-sectional analysis of nondiabetic patients
with calcium nephrolithiasis. Patients of the highest HOMA-
IR tertile show lower urine citrate concentrations than pa-
tients of the lowest HOMA-IR tertile.*> A significant inverse
relationship between 24-h urine pH and the degree of insulin
resistance has been found in healthy volunteers, uric acid
stone formers, and in patients with gou’c,34—36 and the inci-
dence of either diabetes or glucose intolerance is much
higher in persons with lower urinary pH than in normal
volunteers.”

Epidemiologic studies have also established an association
between metabolic acidosis and systemic hypertension,
which frequently is a component of the metabolic syndrome
associated with insulin resistance. Participants of the 1999—
2000 and 2001-2002 NHANES in the highest quintile of an-
ion gap have systolic blood pressure (SBP) values higher
than participants in the lowest quintile. Plasma bicarbonate
is inversely related to blood pressure, and participants in the
highest quintile of bicarbonate had SBP values lower than
participants in the lowest quintile.”® A cross-sectional direct
association between the serum anion gap and blood pressure
is also present among nondiabetic patients followed at a
multispecialty group practice, the Harvard Vanguard Med-
ical Associates, in which it is estimated that every 1mEq/L
higher serum anion gap is associated with a 0.27 mmHg
higher SBP and 0.20 mmHg higher diastolic arterial blood
pressure (DBP).*’ In healthy participants in the Nurses
Health Studies I and II and the Health Professionals Follow-
up Study, lower urinary citrate excretion is independently
associated with prevalent hypertension.”” In healthy Japa-
nese subjects, a cross-sectional study shows that the dietary
acid load was positively and independently associated with
SBP and DBP.*'

Metabolic Acidosis-Induced Insulin Resistance
May Be Important in Determining
Cardiovascular Risk

A lifetime acidotic state is present in healthy individuals of
Western countries whose diet is strongly acidogenic. This
diet-induced, low-grade metabolic acidosis state may gen-
erate insulin resistance and metabolic syndrome, contribut-
ing to the diabetes pandemic and elevated cardiovascular
morbidity and mortality of the developed world, along with
genetic causes, sedentary life, and other factors.

Clinical conditions typically associated with severe
atheromatosis and high cardiovascular risk, such as diabetes
mellitus and chronic kidney failure, are also characteristically
associated with a chronic state of metabolic acidosis and
consequently the development of insulin resistance, sug-
gesting that metabolic acidosis may be one important factor

249

originally determining the high cardiovascular risk in these
conditions.

Diet-Induced Metabolic Acidosis Produces
Insulin Resistance

Contemporary human diet in industrialized countries is
deficient in fruits and vegetables and contains excessive an-
imal products, being profoundly acidogenic. Fruits and
vegetables are abundant in potassium and magnesium salts
of metabolizable anions, including citrate and malate, which
consume hydrogen ions when metabolized, having an alka-
linizing effect.

By contrast, the accompanying anions for potassium and
magnesium in animal products and cereals are mainly non-
metabolizable anions, such phosphate and chloride, making
animal products and cereals more acidogenic than fruits and
vegetables. Moreover, plant proteins are usually rich in
glutamate, an anionic amino acid whose metabolism also
consumes hydrogen ions, whereas animal proteins and ce-
reals are particularly abundant in sulfur-containing amino
acids (methionine, homocysteine, and cysteine), whose oxi-
dation generates sulfate, a nonmetabolizable anion that
constitutes a major determinant of the daily acid load. The
content of these amino acids is from two- to five-fold higher
in meat and eggs than in grains and legumes.***> The
modern Western diet based on animal products generates an
acid load not compensated by the shortage of fruit and
vegetables, causing a life-span state of low-grade metabolic
acidosis whose magnitude increases progressively with age,
probably due to the decline in kidney function occurring
with aging.** The baseline acidotic state is intensified in ob-
ese and overweight persons in whom the intake of fruits and
vegetables usually does not compensate for the consumption
of acidogenic nutrients.

The ratio of dietary protein to potassium shows an in-
dependent positive correlation with body mass index and
waist circumference in healthy Japanese individuals.*' The
diet-induced metabolic acidosis state may generate insulin
resistance and ultimately metabolic syndrome and type 2
diabetes. Fruit and vegetable consumption improves insulin
sensitivity, and it has been shown that amelioration of in-
sulin sensitivity may delay or prevent the onset of type 2
diabetes.***> In normal-weight subjects, glucose, insulin, and
HOMA-IR values are significantly lower in vegetarians than
in subjects on a Western-type diet. Vegetarian individuals
maintain HOMA-IR values of approximately 1 in all age
decades, whereas there is a significant increase of HOMA-IR
values in nonvegetarians already in the age decade 3140
years.** A vegan diet is associated with increased insulin
sensitivity in overweight women as well.*”

High dietary potassium and magnesium intake, which is
predominantly achieved by the consumption of fresh fruits
and vegetables, has been associated with lower risk of de-
veloping insulin resistance and type 2 diabetes mellitus, and
a deficiency in dietary magnesium has been associated with
insulin resistance.**™" In the Atherosclerosis Risk in the
Communities study, a graded inverse relationship between
serum magnesium levels and incident type 2 diabetes was
observed.”" Essential hypertension is usually a component of
the metabolic syndrome caused by insulin resistance. The
Dietary Approaches to Stop Hypertension (DASH) diet is
rich in fruits and vegetables and low in animal protein, but
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with plant protein from legumes and nuts. The DASH diet
substantially reduces blood pressure and is usually re-
commended for the prevention and treatment of systemic
hypertension. Adherence to the DASH diet is associated with
a lower risk of coronary heart disease and stroke in pro-
spective studies.”

Diabetes Mellitus—Induced Metabolic Acidosis
Causes Insulin Resistance

Patients with diabetes mellitus are particularly prone to
suffer a life-span state of undetected metabolic acidosis be-
cause their usual diet is especially acidogenic, being re-
stricted in carbohydrates and fat and therefore abundant in
animal protein. Furthermore, they tend to generate ketone
bodies, especially if they are not properly controlled, and the
insulin-mediated suppression of ketogenesis is deficient. A
significant increase of the plasma fasting levels of ketone
bodies in patients with type 2 diabetes has been observed,
being blood ketone bodies concentration directly correlated
with plasma glucose and free fatty acid concentrations.™
Reduced sensitivity to exogenous insulin in diabetes with
ketoacidosis followed by an improvement in insulin sensi-
tivity after the correction of the acidosis was noted for the
first time in 1963.” Marked insulin resistance was also ob-
served in untreated ketotic diabetics, which ameliorates after
insulin therapy, whereas carefully controlled diabetic pa-
tients have normal sensitivity to insulin.*® The ability of ke-
tone bodies to alter the acid-base balance is underlined by
the fact that even a very modest degree of metabolic acidosis
induces a marked reduction in B-hydroxybutyrate produc-
tion rate in healthy individuals by decreasing free fatty acid
availability.”* Inadequate metabolic control of the disease
with the formation of ketone bodies intensifies the baseline
acidotic state and generates a vicious circle by inducing re-
sistance to the insulin action, either exogenous or endoge-
nous (Fig. 2). Before diabetes is diagnosed, there usually is a
long period of time during which apparently healthy subjects
are subjected to the effect of a sustained acidotic state that is
able to increase their cardiovascular risk.

Chronic Kidney Failure-Induced Metabolic
Acidosis Causes Insulin Resistance

There is evidence that even a mild degree of kidney in-
sufficiency increases the cardiovascular risk, ! although the
mechanisms linking kidney dysfunction with cardiovascular
disorders have not been completely elucidated. Chronic
kidney failure typically features a state of metabolic acidosis,
which has been known to be associated with insulin resis-
tance since 1973.%' The reduced ability of the kidney to
eliminate the daily acid load in chronic kidney failure may
contribute to the elevated cardiovascular risk in this condi-
tion by creating an insulin resistant state.

Metabolic acidosis brings about significant functional
changes in the kidney, including an increase in renal plasma
flow (RPF) and glomerular filtration rate (GFR), probably as
adaptive mechanisms to eliminate the excess acid load.””®
Clinical situations imposing an excessive acid load on the
kidney (such as high animal protein consumption, obesity,
and diabetes) display similar renal hemodynamic changes. It
has been long known that high dietary protein intake is as-
sociated with an increase in RPF and GFR in healthy subjects
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FIG. 2. Vicious circle created by inadequate metabolic
control in diabetes.

and patients with chronic kidney disease.””® Animal and
vegetable proteins differ profoundly in their effect upon
kidney hemodynamics: Unlike animal proteins, vegetable
proteins do not induce renal vasodilatation or glomerular
hyperfiltration.*>**®° Additionally, vegetarian diets reduce
the urinary albumin excretion rate in healthy individuals,
patients with chronic kidney disease, and diabetic patients
compared with animal protein diets.***® After a meat load,
healthy persons maintain acid-base parameters in the nor-
mal range, whereas patients with chronic kidney failure
disclose a slight metabolic acidosis, indicating that the acid
load imposed to the kidney by the meat ingested exceeds its
excretory capacity.61

Excess body weight induces functional changes in the
kidney similar to those related to high animal protein intake,
namely elevated GFR, RPF, and urinary albumin excretion,
affecting to both overweight and obese individuals. Weight
loss is associated with an improvement of these alterations
and a reduction of the urinary excretion of albumin.®*%°
Protein intake (assessed from urinary excretion of urea) is
higher in overweight than in lean subjects, and the GFR is
positively correlated with the urinary excretion of urea,
suggesting that the excessive animal dietary protein con-
sumption is the initiating event causing the functional
changes in the kidney.®* Insulin resistance is positively cor-
related with GFR and RPF in overweight and obese sub-
jects.0+66

Similar kidney hemodynamic alterations to those associ-
ated with animal protein ingestion and excess body weight
are observed in type 1 and type 2 diabetes.””*® Both the
consumption of vegetable proteins and the careful metabolic
control of the disease contribute to ameliorate these modifi-
cations, presumably via improvement of the acidotic state
associated with high animal protein dietary intake and un-
controlled diabetes. The differing effect of vegetable and
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animal proteins on kidney hemodynamics observed in References

healthy subjects and patients with chronic kidney failure is
also apparent in diabetic patients, which show lower GFR
and RPF during the consumption of vegetable protein diets
compared to animal protein diets.*” Strict metabolic control
induces a significant reduction of both GFR and RPE.®* In
addition, intensive metabolic control and vegan diets reduce
urinary albumin excretion in diabetic patients.®>*®> The po-
tential significance of these hemodynamic changes rests in
their possible association with more severe kidney dysfunc-
tion later in the course of the disease. Faster decline in kidney
function has been associated with baseline hyperfiltration in
prospective studies and meta-analysis using study level
data.”%7!

Indirect support for the importance of metabolic acidosis
in determining cardiovascular risk may be provided by
prospective studies revealing that elevated urinary sodium
excretion predicts cardiovascular morbidity and mortality.”
It is known that metabolic acidosis induces a marked in-
crease in the urinary excretion of sodium,”®” and the high
cardiovascular risk linked to high urinary sodium excretion
may be explained at least in part by the occurrence of clinical
conditions related to a chronic state of metabolic acidosis.
The urinary excretion of sodium has been shown to be higher
in obese than in lean subjects and it tends to increase after
meat ingestion compared with vegetable protein intake.*’
Elevated urinary sodium excretion is also independently
associated with an increase in urinary albumin excretion,
with this relationship being more pronounced in subjects
with higher body mass index.”

Finally, besides being a consequence of insulin resistance,
microalbuminuria might be an indirect marker of the pres-
ence of metabolic acidosis. The causes and mechanisms
producing microalbuminuria are currently unclear. The hy-
pothesis that the glomerular capillary pressure might deter-
mine the degree of microalbuminuria has not been
supported by studies in which the urinary excretion of al-
bumin underwent no change after the infusion of exogenous
angiotensin II, indicating that factors other than glomerular
transcapillary hydraulic pressure determine the degree of
urinary albumin loss.”* The isoelectric pH (pl) of albumin is
the pH value at which the ionizable groups of the protein
cancel each other, and its net charge is nil. The pI value for
human serum albumin is 5.9. At a pH less than 5.9, the al-
bumin molecules become positively charged, whereas at a
pH above 5.9, the imidazolium groups of histidines are
partially titrated and albumin turns into an anion. In plasma,
serum albumin acquires a slight negative charge. In urine,
the concentration of hydrogen ions varies according to the
acid load that the kidney is required to eliminate. When
urinary pH is less than 5.9, albumin attains a positive charge,
facilitating hydrogen ions excretion. When the acid load
imposed to the kidney is high and the urine pH is conse-
quently low, small amounts of albumin may be allowed in
the urine to assist in the elimination of acid.
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