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Preface

This commentary is based on the tremendous summary of the
knowledge about the elements considered to play a role in the distri-
bution of free D-glucose in the blood in humans reported by Professor
John James Rickard Macleod (from the Physiological Department of the
University of Toronto, Canada) in 1921 [1]. The available literature
already one hundred years ago was deeply into the concept of having
convincing measurements of glycaemia and the potential factors that
could alter the values of this parameter in individuals with diabetes
mellitus. I present a brief discussion highlighting some of the main
points raised by Macleod and contemporary colleagues restricted to
what was known and how the interpretation under the light of today’s
knowledge about the blood factors as discussed by Macleod associate
with the regulation of the level of this sugar in the blood. Therefore, I did
not intend to describe D-glucose homeostasis or anti-hypoglycaemic
mechanisms such as glucagon, adrenaline and epinephrine, glucocorti-
coids, and growth hormone. The mechanisms for these molecules and
insulin involved in D-glucose uptake and metabolism in target tissues is
nowadays widely described [2-5]. Also, a detailed analysis of D-glucose
metabolism and transport mechanisms in red blood cells (RBC), the
vascular endothelium, and other tissues are available in excellent recent
reviews [4,5].

1. Introduction

John James Rickard Macleod received the 1923 Nobel prize in
Physiology or Medicine (The Nobel Foundation, 2021) [6]. Two years
before, Macleod addressed the available literature for 1906-1920, dis-
cussing the advances and summarising the state-of-the-art knowledge
concerning ’The Sugar of the Blood’ [1]. One hundred years ago, there
was a need to address the state-of-the-art concept of ’glucose of the

blood’. By then, patients affected by diabetes mellitus were the target
aiming to understand in a better way the bases of this disease and the
mechanisms by which glycaemia changed as a result of altered handling
of this hexose by these patients.

One of the main concerns was the content and distribution of D-
glucose in the vascular fluid, including the corpuscles. Professor J.J.R.
Macleod was asked to address his thoughts on the specific concepts
associated with glycaemia, referred to as *The Sugar of the Blood’ [1]. In
this editorial, I intended to summarise several aspects of the elements
that were controversial or, definitively, unknown by 1906-1920 (the
period covered by Professor Macleod in his review).

Interestingly, several original concepts of Macleod’s work were the
bases of later confirmed phenomena. These phenomena include today’s
well-advanced definition of glucose transporters and insulin biological
actions and their fundamental roles in the modulation of glucose levels
in the blood in healthy individuals (i.e. showing an acute balanced
physiological response to glucose overload or deprivation) [2-5] and in
individuals affected with diabetes mellitus [5]. Reviewing Macleod’s
concepts today, after a century, it is vital to notice how the knowledge
on this topic has progressed and how the benefits of studying glycaemia
dynamics in response to insulin and glucose are applied in the medicine
of the present times for the benefit of patients with diabetes mellitus [7].

At the beginning of the twentieth century, the concept of sugar in the
blood was hard to understand. Most of the concerns were the difficulty
of a precise measurement of sugar concentration, particularly glucose, in
blood samples as a molecule contained in a fluid with multiple compo-
nents more than only a solvent like water. As described by Macleod, in
1921, the great debate was whether glucose in solution, particularly in
the blood fluid, was accurately measured by the two more used ap-
proaches, viz, the colorimetric and titration methods. Also, the need for
repeatable results contrasting different research groups was essential to
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the already and strongly but imprecisely defined ’translational
medicine’.

The use of colorimetric and titrimetric methods has been exponential
since the 1990s. Much more rapid, repeatable, and comparable results
for a blood sample are now easier to obtain and are essential for an acute
estimation of the metabolic state of patients with metabolic diseases
such as type 1 (T1DM) and 2 (T2DM) diabetes mellitus, obesity, meta-
bolic syndrome, gestational diabetes, or gestational diabesity.

One main question that drives research in basic (or fundamental) and
clinical science regards how the variations in the glucose concentration
in blood, i.e. glycaemia, affect patients’ health conditions with abnormal
glucose handling. The latter was a worrisome by the early 1900s as it is
at present. The quick and accurate determination of glucose concen-
tration in the blood is crucial for healthier outcomes of patients, as
stated in the review of the 57th Annual European Association for the
Study of Diabetes Congress [7]. Obesity as a condition, intriguingly not
yet openly considered a disease, was initially mentioned and docu-
mented by 1840s [8,9]. Unfortunately, from 1900 to 1985, the average
body mass index (BMI, defined as kg/m? of the height) of USA adult
subjects increased from BMI ~23 to ~32 kg/m? [8,9], leading to a larger
population with a BMI over the mean compared with those with a BMI in
the established normal weight range (BMI ~18.5 to 24.9 kg/mz) [10].
Unfortunately, this scenario is also seen and increasing today [10].

Individuals with this abnormal metabolic condition may also show a
higher level of glucose in the blood, i.e. hyperglycaemia. Hyper-
glycaemia results in profound alterations in various cell types, including
vascular, adipocyte, hepatocytes, and pancreatic cells. Therefore, it was
essential, as it is today, to know the mechanisms of glucose distribution
between the extracellular and intracellular environments.

A valid and intriguing question in the scientific and clinical research
in the 1920s regarded how sugar is contained in the blood. This question
was presented by Macleod [1] as follows:

’...is all of the sugar in simple solution or is a part of it in some sort of
combination with other blood constituents?...’

The blood is a rich medium containing other sugars than glucose,
such as fructose, other aldehydes and ketones and glycuronic acid, and
uric acid and creatinine. The distribution of these sugars and other
reducing agents in the blood results in a tuned phenomenon of com-
partmentalisation of D-glucose in the blood. The latter results in a more
significant fraction of this hexose in solution (free D-glucose), combined
with blood proteins, or forming disaccharides or more elaborated
polysaccharides such as dextrin. The compartmentalised distribution of
D-glucose in the blood also includes the distribution of a fraction of this
sugar within the blood cells of which the RBC play a significant impact
mainly because of their large number (4-6 x 10° cells/pL) and cell
volume (90-150 fL) [11]. Thus, D-glucose is not only distributed as a
free molecule in solution or bound to other structures in the blood (v.g.
proteins) but also between the plasma and the blood cells.

Interestingly, the need for a better understanding of the processes
involved in the regulation of the content of glucose in the blood led
Macleod to highlight the necessity of considering the ’diffusibility’ of
glucose and other sugars across the plasma membranes of the blood
cells, i.e. referred by Macleod as *corpuscles’. The space to occupy by D-
glucose in blood cells is a restriction for this sugar to distribute within
the intracellular and extracellular medium. By the 1920s, the mecha-
nism of distribution between these compartments was referred to as
diffusibility. The latter concept addressed the efficiency of D-glucose
passing through a membrane separating two compartments in a dialysis
setup. The dialysis was employed on the knowledge that a given con-
centration of a molecule was different or the same between one chamber
having the sample (v.g. blood) and a second chamber containing water
without or with varying contents of the molecule of interest. Diffussi-
bility was to estimate the capacity of the D-glucose in the blood to
diffuse across a membrane down a concentration gradient in a time-
lapse.
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It was 28 years later when LeFevre and colleagues [12] referred to
the transmembrane transfer of D-glucose as a phenomenon that required
a component allocated at the cellular plasma membrane. Two years
later, the concept of diffusibility changed with Widas’s proposal of the
carrier model [13]. The carrier model regarded a potential dynamic
mechanism accounting for the transmembrane distribution of D-glucose,
i.e. cells to medium content. The first studies of the existence of a
membrane protein mediating D-glucose uptake (or properly transport of
D-glucose) in the RBC plasma membranes was described by Kasahara &
Hinkle in 1977 [14]. This new concept was also applied to other com-
ponents of the vasculature, v.g. the endothelium, since they are in direct
contact with the blood. The endothelium forms a monolayer of cells
contributing to regulating the concentration of this sugar in the blood.
D-Glucose is removed from the blood by the endothelial tissue and is
used as an immediate source of energy and supply to other tissues for
energy generation in the form of adenosine triphosphate (ATP). A
concerted co-expression of D-glucose membrane proteins is referred to
as transporters or carriers that address a vectorial delivery of D-glucose
from the luminal to the abluminal plasma membrane through the
metabolic and physical endothelial barrier secures the requested de-
livery of this sugar to the tissues.

A reduced expression and activity of D-glucose transporters in the
endothelium and other blood cells may, at least partially, contribute to a
transient state of hyperglycaemia [15,16]. The primary mechanism of D-
glucose uptake by blood cells and the endothelium occurs through
facilitative glucose transporters (GLUTs) —membrane proteins that
mediate D-glucose diffusion from a high to low concentration— [4,5,13-
16]. Human endothelial cells express GLUT1, GLUT2, GLUT3, GLUT4,
and the fructose highly selective GLUT5 isoforms [16-18]. Expression of
GLUTs secures an efficient uptake of D-glucose in a wide range of con-
centrations since their apparent Michaelis-Menten (Km) values range
between 3-25 mmol/L for GLUT1 [17,19-21], 15-20 mmol/L for GLUT2
[19], ~2 mmol/L for GLUT3 [19], and ~5 mmol/L for GLUT4
[19,20,22]. Thus, a change in glycaemia may be counteracted by the
activity of these different isoforms of GLUTSs covering a range of glucose
in the blood (~2-25 mmol/L).

However, it is now accepted that hyperglycaemia, along with the
expression and activity of GLUTS, results from the involvement of
several other actors [16,21,22]. These actors include the dangerous
combination of a higher intake of carbohydrates contained in food with
high glycaemic load [22-25], reduced or low effective physical activity
[26], thus limiting the energy consumption, and a reduced biological
action of insulin, i.e. insulin resistance, in target tissues such as the
skeletal muscle, liver, and mature adipocytes [27].

Insulin’s most well-described metabolic effect is regulating the
expression and localization of GLUT4 in human tissues [4,16,28]. Along
with the several metabolic adaptations in response to insulin, increased
D-glucose uptake into target tissues via well-defined mechanisms results
in rapid (5-10 min) translocation of GLUT4 from intracellular stores to
the plasma membrane [16,22]. Insulin biological action results from the
activation of isoforms A (associated with preferential activation of
protein kinase B (Akt)-mediated signalling) and B (associated with
preferential activation of mitogen-activated protein kinases 1 and 2
mediated signalling) of insulin receptors in mammalian cells [29].
GLUT4 redistribution to the plasma membrane results from the activa-
tion of insulin receptors-activated signalling cascades mediated by in-
sulin receptor substrates (IRS)/phosphatidylinositol 3-kinase (PI3k,
likely PI3k isoform 1A) [30] complex leading to Akt activation in < 1
min [31] and the mechanistic target of rapamycin complex 2 in < 5 min
[32]. Also, GLUT4-containing vesicles traffic involving the Rab-GTPase
activating protein TBC1D4 by Akt is critical in exposing these membrane
transporters to an extracellular medium containing D-glucose [33]. Both
the insulin-activated signalling and traffic of vesicles are also affected by
the kinetics of generation, activation and trafficking of the GLUT4
storage vesicles, a phenomenon playing a significant role in GLUT4
redistribution [22].
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The systemic exposure to long or short-term changes in glycaemia
results in abnormal cell metabolism of D-glucose, including the RBC and
vascular endothelium [5,16]. The latter is one of the mechanisms which
could result from reduced transport of D-glucose into the cells, causing
an accumulation of this hexose in the blood and interstitial space [15].
The resultant hyperglycaemia increases the risk of subsequent non-
enzymatic reactions between D-glucose and proteins or lipids to form
advanced glycated end (AGEs) products. AGEs are found to be elevated
in the vasculature in patients with diabetes mellitus contributing to the
development of atherosclerosis and other vascular diseases [31].

Insulin resistance is characteristic of patients with T2DM. This con-
dition results in increased insulin release from p-pancreatic cells leading
to higher levels of circulating insulin, i.e. hyperinsulinemia, in response
to extended periods of hyperglycaemia compared with D-glucose level in
the blood at a physiological range (~90 mg/dL fasting in healthy adult
subjects) according to the American Diabetes Association (ADA) [32].
However, the over-generated insulin is shown to have a defective action
mechanism in target tissues restricting the removal and catabolism of D-
glucose and other nutrients (v.g. amino acids). Thus, other mechanisms
than being bound to proteins or taken up by the blood cells and the
vascular endothelium result in modulating the content of free D-glucose
in the blood and the exposure of tissues to an elevated concentration of
this sugar.

The described local and specific phenomena involved in regulating
sugar in the blood are in concert with the well-known and essential
systemic control of glycaemia. The latter is seen in a systemic response
triggered after the consumption of a nutrient with a high glycaemic
index —a rating system of how quickly and how much the nutrients raise
the blood sugar level after eating— [33], such as sugar-enriched bev-
erages and white bread. After food digestion, the derived D-glucose is
absorbed by the gastrointestinal epithelium reaching the circulation. A
higher level of circulating D-glucose reaches the pancreas to stimulate
B-pancreatic cells to release insulin. The increased insulin levels in the
circulation increase the uptake of D-glucose in target tissues including
the skeletal muscle and fat tissue, lowering its concentration to eugly-
caemic levels. When the D-glucose in the blood is lower than the ex-
pected physiological level, i.e. hypoglycaemia, the a-pancreatic cells
react to release glucagon. This hormone mobilises D-glucose from
storage, thus increasing the blood glucose levels securing the supply of
this substrate to the body. Therefore, the balanced equilibrium of D-
glucose in the blood is under the control of systemic adaptations mainly
regulated by insulin and glucagon.

The concept that insulin was involved in regulating D-glucose con-
centration in the blood was not assumed by 1921’s. However, Macleod
and his colleagues Charles Best and Frederick Banting knew about
’isletin’ and its potential actions on sugar regulation in the blood. These
researchers initiated the characterisation of isletin, i.e. insulin, by April
1921 and in 1923, Macleod and Banting were awarded the Nobel Prize
in Physiology or Medicine [6]. The review published by Macleod
regarding sugar in the blood and its control mechanisms and conse-
quences was released in April 1921 [1]. Therefore, much more was to
come after they discovered insulin a century ago.

2. Distribution of D-glucose between plasma and blood cells

Another question that attracted the attention of Macleod by 1921
well in advance before Widas’s carrier model proposal for mobilisation
of substrates across cell membranes was:

>...how is the sugar distributed between the corpuscles [blood cells] and
the plasma? ...

The corpuscles, as mentioned, referred to the blood cells, and more
specifically, the RBC. The first assumption for the distribution of D-
glucose between these two compartments was that this sugar was in a
state of a simple solution; therefore, its concentration should be the same
between the plasma and corpuscles. However, other factors, such as the
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blood proteins, potentially influencing the redistribution of D-glucose
between the plasma and the RBC was present.

2.1. Blood proteins

The simple concept of diffusibility addressed in the early 1900s ex-
plains the movement of solutes from the vessel lumen to the extra-vessel
space, or vice-versa has changed dramatically. Nowadays, the diffusi-
bility term is still used and referred to as the diffusion coefficient (D).
The D of a substrate is determined mainly by the difference in concen-
tration of the solute between two compartments and other intrinsic
characteristics of the substrate itself, such as molecular size, lipids sol-
ubility, and ionic charge. The substrate also shows an inherent colloid
osmotic pressure retaining the water in the vessel lumen, which opposes
the hydrostatic forces determining net fluid flux across the vascular
endothelium. Thus, a simple phenomenon of diffusion in solution
contrast with a more complex mechanism of transmembrane pass of a
solute. D-Glucose diffuses in the blood to generate a nearly uniform
distribution in solution due to its high D value (~2.6 x 10° cm? per
second) when estimated at 37 °C. Since the blood is a viscous solution
due to the presence of other molecules, such as albumin, rather than
only D-glucose, the viscosity of the blood is a factor required to consider
for the estimation of D for D-glucose in solution [34].

Albumin is a small (66.7 kDa), negatively charged globular protein
released by the liver into the blood (~12.5 mg per day), where it reaches
a concentration of ~40 g/L in the serum of healthy adults [35]. Albumin
in the circulation acts as a carrier for other endogenous (v.g. bilirubin,
fatty acids, hormones, enzymes, vitamins) or exogenous (v.g. drugs)
molecules. It sustains a significant colloid osmotic pressure restricting
the blood fluid leak from the vessels to the interstitial space. However, a
substantial fraction of the released albumin (60-70%) reaches the
interstitial space returning to the blood via the lymphatic system. Only
around the 1980s, it was first reported that human serum albumin could
get glycated and that this mechanism resulted in being dependent on the
plasma D-glucose concentration. Albumin gets glycated via a non-
enzymatic process generating the ketoamine glycated albumin, whose
grade of glycation negatively correlates with when patients with TIDM
or T2DM show glycaemia values within the expected ranges, i.e. time in
range [36]. It is estimated that 18-19% of glycated albumin is referred
to as patients with T1DM and T2DM having 155-160 mg/dL D-glucose
in the plasma.

It is interesting mentioning that patients with a diagnosis of pre-
diabetes (based on fasting plasma glucose 100-125 mg/dL or glycated
haemoglobin (HbAlc) 5.7-6.4%) showed regression of this stage to a
normal glycaemia and HbAlc in parallel with an increased serum al-
bumin level compared to individuals without this condition [37].
Furthermore, patients with prediabetes that remained with this condi-
tion or progressed to T2DM showed lower albumin levels [37]. It was
proposed that higher levels of serum albumin protect the patients from
developing diabetes mellitus. Serum albumin is the most abundant
protein in the blood and, therefore, a major target to bind D-glucose.
Thus, an increase in the serum albumin level may result in lower
exposure of cells and tissues to free D-glucose in solution. Therefore, it is
possible that the fraction of free D-glucose in the blood may be affected
by elements, such as albumin contained in this fluid as described for
human serum albumin [38].

Interestingly, one hundred years ago, the possibility that D-glucose
was in combination with other molecules in the blood reducing its state
of free to bound D-glucose was not entirely accepted and matter of
discussion (1). To date, McGuigan & Ross in 1917 [39] took samples of
blood and subjected these samples to dialysis against an isotonic solu-
tion containing increasing concentrations of glucose (expressed as per-
centages between 0.05 and 0.2, i.e. ~50 and ~200 mg/dL). Their
findings showed a perfect sugar equilibrium between the compartments
containing the blood and the isotonic solution. These findings allowed
Macleod to suggest that:



L. Sobrevia

’...all sugar in the blood must be in simple solution....’

However, other groups criticised these conclusions since the diffu-
sion rate of D-glucose from the blood to the isotonic solution might be
different from the D-glucose naturally present in the blood compared
with this hexose artificially added to blood samples, as exposed by
Kleiner in 1918 [40]. These criticisms pointed out another question
regarding whether the combination of D-glucose in the blood would
differ in normal individuals versus patients with diabetes mellitus. Thus,
Kleiner estimated the diffusion rate of D-glucose using a similar
approach with blood samples from these two groups of subjects. The
results showed that D-glucose in the blood from patients with diabetes
showed a lower rate of diffusion than this sugar in the blood from
normal subjects. In the light of these results, Macleod stated the
following:

’...Kleiner thinks that they [the results] indicate that some at least of the
sugar in the diabetic blood must be in a combined state...’

and added the following at some stage conclusive sentence:

’...and he [Klein] infers that if such a compound is present in diabetic
blood there is a possibility that it also exists in normal blood. ...

Indeed, the results described above were disrupting the era in
thinking about D-glucose distribution in the blood. This sugar may not
be only free in solution but associated with other components of the
blood. Furthermore, this potential distribution of glucose was proposed
to occur not only in blood from patients with diabetes mellitus but also
in blood from normal, non-hyperglycaemic subjects. The latter is
something that Macleod looked at some sort reluctant and with caution
when stating:

’... These observations are interesting but scarcely conclusive. ....

It is worth noting that by 1921 the concept of D-glucose in the urine
was firmly established (using Macleod’s words) in the sense that the
urine from normal subjects does contain D-glucose and that the con-
centration of this sugar changed likely in parallel with its concentration
in the blood [1]. The latter was an argument of Macleod supporting his
assumption that D-glucose in the blood was not combined but free,
therefore reaching equal concentrations between the blood and urine.
Indeed, he commented emphatically the following:

‘... But now that it is firmly established that normal urine does contain
sugar and that the concentration of this runs at least approximately
parallel with that in the blood, the reason for assuming that some of the
blood sugar is combined no longer exists...."

From this and other statements proposed by Macleod, it is clear how
sceptical he was about the possibility of the presence of any degree of
combined glucose in the blood. However, Macleod’s proposal is nowa-
days different and measurement of glucose in the urine is considered as
an indirect index of the concentration of glucose in the blood [41]. The
latter is a matter that is currently better understood. Interestingly, a
general consensus is that a reduced tubulo-glomerular feedback and
glycosuria in patients with episodes of hyperglycaemia may be indica-
tive of high renal risk for patients with TIDM [42].

2.2. Blood cells ("corpuscles’)

2.2.1. Facilitated transport of D-glucose in blood cells

The inclusion of blood cells as an element regulating D-glucose
availability in the blood supported the possibility that this sugar was
either in a simple solution or redistributed in free or bound D-glucose
states. One of the proposals discussed 100 years ago was that an equal
concentration of D-glucose in the plasma and blood cells supported the
idea that all this sugar should be in a free form in solution generating a
state of a simple solution. This assumption may signify that D-glucose
will freely move from the plasma to cell compartments based only on its
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concentration gradient and D value. The concept has evolved, and to-
day’s knowledge addresses D-glucose as a molecule mobilised from the
plasma to blood cells by a facilitated membrane transport mechanism
due to the presence of GLUTs [4,5]. The latter mechanism may be
involved, at least partially, in keeping glycaemia in the normal ranges in
healthy subjects. However, a defective GLUTs expression and transport
activity in the skeletal muscle, fat tissue, and other insulin-targeted
tissues associated with hyperglycaemia in patients with diabetes melli-
tus and other abnormal metabolic conditions with impaired D-glucose
metabolism such as insulin resistance [43].

GLUTs are a group of at least 14 proteins of the SLC2 (SoLute Carrier)
gene family [4] expressed in all cells in the body. D-Glucose cannot cross
the cell plasma membrane by simple diffusion since it is a large and
polar, highly hydrophilic molecule, therefore needing an adequate
environment sustaining its solubility and keeping its entropy in solution.
GLUTs facilitate D-glucose diffusion from a higher to lower concentra-
tion through the plasma membrane by generating a hydrophilic trans-
membrane compartment. Therefore, this process is called facilitated
transport or diffusion of D-glucose [4]. Thus, the concept of simple
diffusion of D-glucose crossing the plasma membrane of blood cells was
at least unprecise by the 1920s.

D-Glucose transport across the plasma membrane of cells is possible
due to conformational changes experienced in the polar channel formed
by GLUTs for this hexose. The latter is a phenomenon that depends on
the kinetics of these proteins’ changes as initially described in Widas’s
hypothesis in 1952 [13] which proposes a generalized kinetics for car-
rier transport systems instead of simple diffusion of D-glucose. The ki-
netics means different conformational states of the membrane proteins,
i.e. the transporters or carriers, in the plasma membrane, a concept
revisited by Devés & Boyd in 1998 [44] where the simple carrier model
was deeply analysed. Interestingly, the latter model supposes energy
required to reach a conformational change of the carriers (C) to allow
the substrate (D-glucose in this case) movement through the membrane.
The influx of a substrate (S) into the cells requires the formation of a
carrier-substrate complex at the external side of the plasma membrane
(i.e. the CoS, standing for S bound to the outside conformation state of
the carrier), an intermediate state in the middle of the membrane (i.e.
CS), and S bound to an inside conformation state of the carrier (i.e. CiS).
Simplistically, this mechanism starts with S in the nearest to Co and end
with S being released in the intracellular (transmembrane passed) space
in the nearest of Ci described as (see also Fig. 1):

S+Ca HC{)S"’CS"'C[SHC[ +S

Due to this sequence of events, D-glucose may enter the cells via
GLUTs in favour of a concentration gradient as described in RBC
[45,46]. The same happens in other blood cells, including leukocytes
[47], lymphocytes [48], platelets [49], monocytes [48,50], neutrophils
[51], and the vascular endothelium [52].

The kinetics of the membrane transport mechanism facilitated by
carriers is a phenomenon that may reach a state of saturation —a state
where the occupation of the binding sites for a substrate is maximal and
cannot continue increasing— [16,44]. In the blood, saturation occurs
when the concentration of D-glucose in the plasma is higher than the
affinity of GLUTs (estimated by their apparent Michaelis-Menten con-
stant, Km) in blood cells. Thus, the simple carrier model for D-glucose
transport is finite and eventually not only driven by the concentration
difference between the extracellular and intracellular compartments. It
should also depend on the availability of sites to bind D-glucose in the
outside and inside faces (Co and Ci conformational states) of GLUTS.
Even when simple diffusion may occur for D-glucose being taken up
from the plasma by the RBC, this phenomenon is limited by the avail-
ability, expression, and dynamics of the kinetics of the CoS and CiS
conformations in the plasma membrane.

Cell catabolism of substrates is also a mechanism that may change
the concentration gradient between two compartments lined up by the
plasma membrane. D-Glucose is avidly metabolised in the cells, and
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Fig. 1. Uptake of D-glucose in blood cells. The fraction of D-glucose (red
hexagon) contained in the blood that is not bound to plasma proteins (i.e. free
D-glucose) is taken up by red blood cells via a mechanism described by the
general kinetic dynamics of the classical carrier model for the transmembrane
transport of a solute (see [13,16,40]). D-Glucose crosses the plasma membrane
via membrane transporters (C), also referred to as a carrier, from a high to low
concentration favouring an influx transmembrane concentration gradient (D-
Glucose concentration) from the extracellular (out) to the intracellular (in) space.
Restricting the transmembrane transport of D-glucose (G) to the influx, i.e. out
to in movement of G in the carrier model, this hexose is initially exposed to D-
glucose transporters or carriers located in the plasma membrane. The carriers at
this side of the plasma membrane show a high affinity for D-glucose generating
the external configuration of C (C,). After C, binds G, a new conformation
predominates, i.e. C,G. The carrier now complexed with its substrate G allows
the displacement of the hexose through a polar channel to generate a new
conformation of the complex carrier-glucose that shows high affinity by its
inner side, forming the complex carrier in its internal configuration with
glucose (C;G). G detaches from C; since its affinity is reduced, being released to
the intracellular medium. G is then available for metabolism with the latter
phenomenon, and C; stays free of G due to a reduced affinity and rapid trans-
location to the configuration C, ‘offering’ it at the external side of the plasma
membrane to initiate the uptake of a new D-glucose molecule. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

activation of cell metabolism generates a condition where more energy
is requested for cell processes. This phenomenon results in a faster,
although limited because of the involvement of enzymes, intracellular
D-glucose metabolism into glycolysis —D-glucose breakdown into py-
ruvate and lactate after the first step of phosphorylation providing
substrates for ATP synthesis and storage pathways of glycogenesis and
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lipogenesis [53]— generating a more pronounced extracellular-to-
intracellular concentration gradient for D-glucose resulting in higher
diffusion through GLUTSs. The concept of simple diffusion of D-glucose
into blood cells, as proposed by Macleod in 1921, is today recognised as
a mechanism subjected to much more direct and indirect regulatory
factors than solely the transmembrane concentration gradient of this
hexose.

D-Glucose is taken up by mammalian cells, including RBC and other
blood cells, and is converted to glucose-6-phosphate (G6P) by hexoki-
nases. The formed G6P is not recognised by the inside conformation (Ci)
of GLUTSs, thus blocking its exit securing the disposal of D-glucose for
energy generation. Interestingly, CoS — CiS dynamics in the plasma
membrane is bidirectional or reversible (i.e. CoS < CiS) for GLUTs-
facilitated transport of D-glucose. The latter implies that whether this
membrane transport mechanism is operative in blood cells and the
endothelium, the effective concentration of this hexose in the plasma
may vary as much as the reversibility of transport occurs. There is how
the importance of metabolising D-glucose to G6P by the hexokinase in
most mammalian cells.

When an extensive period of exposure to hyperglycaemia, the
vascular endothelium may respond by regulating the expression of
GLUTs. To date, high plasma D-glucose concentrations downregulate,
but lower than the physiological levels of plasma D-glucose upregulate
the expression of these plasma membrane transporters [54]. Thus, a
higher or lower expression of GLUTs may increase or reduce the uptake
of D-glucose, respectively, from the plasma into blood cells and the
vascular endothelium contributing to the modulation of the levels of free
D-glucose in the plasma.

2.2.2. Active transport of D-glucose in blood cells

Another group of membrane transporters involved in active D-
glucose uptake with a potential effect in the regulation of the concen-
tration of D-glucose in the blood are the sodium-dependent glucose
transporters (SGLTs). SGLTs are a family of at least four proteins of the
SLC5 (SoLute Carrier) gene [55] and were first identified in the rabbit
intestine in 1987 [56]. These proteins mediate the transport of D-glucose
or D-fructose requiring sodium. SGLT2 is a low-affinity, high-capacity
cotransporter requiring one sodium for the uptake of one molecule of D-
glucose, while SGLT1 is a high-affinity, low-capacity cotransporter
requiring two sodium for the uptake of one D-glucose [57,58]. The
SGLTs-mediated, sodium-dependent D-glucose uptake is critically
regulated by the sodium and D-glucose gradients and the plasma
membrane potential, making this process a fully reversible mechanism
of D-glucose transport [59].

Interestingly, changes in the activity of SGLTs are expected to cause
significant variations in the D-glucose concentration since they are
dependent on the existing sodium gradient mobilising D-glucose against
a concentration gradient [57,59]. The latter contrast with GLUTSs, where
the mechanism of D-glucose transport is facilitated as discussed above.
Interestingly, human RBC does not express SGLTs; therefore, only GLUTSs
mediate D-glucose uptake into these cells [4,55]. However, other blood
cells express members of the SGLT family, including immortalised
lymphocytes Jurkat T cells [60,61], human coronary artery and um-
bilical vein endothelium [62], and bovine brain microvascular endo-
thelium [63]. Thus, activation or inactivation of SGLTs may result in
local, vascular regulation of the level of D-glucose in the blood, con-
firming the involvement of these types of sodium/D-glucose cotrans-
porters in D-glucose blood homeostasis [64].

3. The role of glycolysis in D-glucose membrane transport

The metabolism of D-glucose in blood cells is a phenomenon that
leads to a reduced intracellular concentration of this hexose since this
hexose is modified to G6P after hexokinases-mediated phosphorylation.
The formation of G6P is a chemical reaction that results in the genera-
tion of a localised higher concentration gradient for D-glucose from the
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extracellular to the intracellular space (Fig. 2). The more significant
concentration gradient is being generated in the nearest of the internal
conformation of GLUTs (i.e. Ci in the classic carrier model), where
permanent sequestration of D-glucose into glycolysis occurs. The im-
mediate consequence of these changes is an increased redistribution of
this hexose into the intracellular space compared with the plasma
compartments. The facilitated uptake of D-glucose via GLUTs will
therefore end in higher uptake of this molecule from the plasma
favouring the regulation of its concentration as free D-glucose in the
compartment nearby where the uptake mechanism is occurring. Thus,
an efficient reaction between D-glucose and hexokinases generating G6P
may also be a mechanism to secure the flux of this sugar into the cells,
thus keeping its plasma concentration in physiological, not damaging
levels.

Based on the classic carrier model [13,44] for D-glucose uptake via
GLUTs, the existence of a higher plasma-to-intracellular space concen-
tration gradient of D-glucose results in a faster D-glucose uptake rate.
This effect may be represented as preferential conformation states of the
complexes CoS and CiS. The Ci being preferentially in the inward di-
rection —in a lineal expression as S + Co < CoS=CiS=Ci + S)— since
the D-glucose is virtually pulled into phosphorylation and glycolysis
with no option of binding back to the Ci conformation for its efflux
(Fig. 2). The increased delivery of D-glucose as G6P to glycolysis results
in a higher uptake rate than a hypothetical mechanism where D-glucose
uptake was unaltered by an internal driving force exerted by the

Normal rate
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metabolism. In the latter, the uptake of D-glucose would show a lower
rate than when metabolism is involved. Therefore, in a process where
the metabolism is not involved in the transport of D-glucose, less effi-
cient regulation of the plasma D-glucose concentration may happen.
Interestingly, Macleod proposed that:

... glycolysis is an intracorpuscular [blood cells] process. ...’

and added that it was not a process present in the plasma. Further-
more, Macleod showed that redistribution of free D-glucose into plasma
and blood cell compartments might imply at least these two concepts:

... first, the rate of absorption [uptake] of glucose into the corpuscle and
secondly, the glycolytic power of the corpuscular contents ...’

It is worth mentioning that the enzymatic pathway for glycolysis was
not known by 1920s. However, the latter concepts show that an inter-
relation between membrane transport and metabolism exists and that its
dynamics figure out regulation of the plasma concentration of D-
glucose. Efficient regulation of the plasma D-glucose concentration is
critical when the glycaemia is elevated, as in patients with diabetes
mellitus. In these patients, the fasting plasma glucose concentration is at
least 1.4-1.6 fold (180-200 mg/dL or 10-11.1 mmol/L) higher than the
desired concentration of this hexose in the blood of a healthy subject
(fasting plasma glucose < 126 mg/dL or 7.0 mmol/L D-glucose ac-
cording to ADA) [32]. The abnormally elevated blood concentration of
D-glucose in these patients is a clear example of a higher plasma-to-
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Fig. 2. Impact of glycolysis on D-glucose transport in blood cells. The fraction of D-glucose (red hexagon) contained in the blood that is not bound to plasma
proteins (i.e. free D-glucose) crosses the plasma membrane via membrane transporters (C), also referred to as a carrier, from a high to low concentration (light blue
triangles) favouring an influx transmembrane concentration gradient from the extracellular (out) to the intracellular (in) space. Under an average rate of glycolysis
(Normal glycolysis), the uptake of D-glucose shows a normal rate sustained by the initial phosphorylation (P) of D-glucose by hexokinases. The dynamics of the uptake
of D-glucose under the classical carrier model representation (assuming only influx in this example), the transmembrane transport of D-glucose (G) results from the
initial exposure of this hexose in the extracellular medium to the transporters located in the plasma membrane. The carriers at this side of the plasma membrane show
a high affinity for D-glucose generating the external configuration of C (Co). After Co binds G, a new conformation predominates, i.e. C,G. The C,G allows the
displacement of G to the intracellular space generating a new conformation of the complex carrier-glucose, i.e. C;G. D-Glucose is then released to the intracellular
medium forming the internal configuration Ci. The existing G in the intracellular medium may rebind to this new Ci species to form C;G allowing the efflux of this
hexose since its affinity as C; is reduced being released to the extracellular medium. By removing G from C;G, the Co is reconstituted and becomes available to bind
another Co, thus repeating the cycle. An increase ({}) in the activity of hexokinase driven by increased glycolysis leads to more generation of phosphorylated D-
glucose. The latter may cause a reduction ({}) in the actual concentration of G due to a rapid consumption by hexokinases (notice the larger green arrow compared
with Normal rate). This phenomenon increases the D-glucose transmembrane gradient, boosting this hexose uptake through the available membrane carriers
increasing (Increased rate). This mechanism results in the appearance of more Co due to a translocation from Ci not complexed with G since its increased metabolism.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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intracellular medium concentration gradient, thus promoting the facil-
itated diffusion of this sugar via GLUTs into blood cells. However, the
metabolic activity, including glycolysis, is reduced in these patients
[53], resulting in a diminished influx of D-glucose due to its trans-
accumulation intracellularly, i.e. reducing the transmembrane concen-
tration gradient. This phenomenon is strengthened by the subsequent
saturation of the hexokinases whose Km ~50 pmol/L for D-glucose in
human RBC [64], thus, limiting the D-glucose conversion to G6P in these
cells [65]. The consequences of these alterations are a state of
hyperglycaemia.

The apparent simple phenomenon of a transmembrane lower con-
centration gradient of D-glucose due to reduced glycolysis is a factor that
adds to a reduced capacity of target tissue, i.e. extravascular tissues
including skeletal muscle and fat tissue, to respond to insulin [66]. A
consequence of this maladaptation of the insulin responding tissues is a
reduced driven force for D-glucose to be extracted from the plasma.
Furthermore, a potential role of SGLT1, the main isoform mediating
absorption of D-glucose by the intestinal epithelium [67], and SGLT2
isoform, highly involved in the reabsorption of the luminal sugar by
proximal kidney tubules [67,68], is proposed. Expression of SGLT1 and
SGLT2 isoforms is increased as a consequence, at least in part, of the
reduced uptake and metabolism of D-glucose by unhealthy tissues
showing poor or lack of insulin response. The latter may be an adaptive
response to insulin resistance, thus contributing to the accumulation of
this sugar in the blood.

It is nowadays possible to point out that several mechanisms may
contribute, at least partially, to an increase in the concentration of D-
glucose in the blood, viz, (i) a potential reduction in the uptake by the
blood cells and other tissues, (ii) reduced glycolysis, (iii) less sensitivity
to insulin, and (iv) increased intestinal absorption and kidney reab-
sorption of this hexose.

4. Volemia and D-glucose transport

Another point that Macleod discussed in his review referred to the
critical role that volemia —the volume of fluid in the vascular system
that constitutes an efficiency index of the mechanisms involved in
maintaining the body hydration and normal function— plays in the
regulation of D-glucose concentration in the blood. Macleod’s particular
view on volemia as a potential factor modifying the glycaemia was
significantly discussed in his publication in 1921. The discussion below
is to actually uphold Macleod’s thoughts from the 1920s addressing
potential mechanistic phenomena associated with volemia that may
result in a transient glycaemia regulation. Indeed, these mechanisms
were not addressed at Macleods’s original review of the available
literature by 1920s.

Macleod and other groups referred to changes in the blood volume
as:

>... the increase or decrease in water [content]...’

and defined this as a mechanism that was critical in changing the
percentage of D-glucose in the blood.

Interestingly, one hundred years ago, it was also proposed by
Macleod that:

’... the surfaces of contact between plasma and cells may increase or
diminish in proportion as the plasma volume increases or diminishes ...’

The latter proposal referred to the variation of RBC size depending on
the state of volemia. An increased or reduced ’surface of contact’ between
plasma and cells will result from the degree of deformability of the
plasma membrane in RBC in response to a change in the osmotic pres-
sure generated by alterations in the effective concentration of intracel-
lular molecules, including D-glucose. These adaptations are due to the
increased or reduced concentration of the fluid colloids and plasma D-
glucose in hypovolemia or hypervolemia, respectively.
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4.1. Hypovolemia

A drastic reduction in volemia, i.e. hypovolemia, may result from
severe dehydration, polyuria, gastrointestinal reduced water absorption,
rapid blood loss, or as a consequence of profound vasodilation. Macleod
was aware of the concept of volemia and strongly considered the po-
tential effect of severe hypovolemia as a factor that may intervene in the
modulation of the concentration of D-glucose in the blood. Under
physiological circumstances, normal volemia (or euvolemia) results
from the equilibrium between the blood fluid and blood cells water
content. The latter is a phenomenon that depends on the content of
proteins and other structures with high osmotic activity —in this case,
osmotically active substances being solutes that cannot pass across the
semi-permeable plasma membrane— in the RBC. Thus, D-glucose dis-
tribution between the plasma and intracellular compartments is
assumed to be in a basal state of equilibrium (i.e. steady-state). Since the
space available for distribution of D-glucose in RBC depend on the
volume (referring to size) of these cells under euvolemia, i.e. ~60-100
fL. (~0.06-0.1 pL) [11,69], it is expected that a change in the cell size
may result in modulating the distribution of D-glucose between these
compartments. It is known that RBC can reduce by ~30% or increase by
2-3 fold (~150 fL or ~0.15 pL) their volume [11] when are immersed in
the unfavourable osmotic conditions of hypovolemia or hypervolemia,
respectively.

Dehydration-associated hypovolemia results in a lower plasma vol-
ume becoming an extracellular compartment whose D-glucose effective
concentration increases compared with a state of euvolemia.
Hypovolemia-associated increase in the plasma D-glucose concentration
leads to the generation of a higher plasma-to-cell concentration gradient
of this hexose. The latter increases the osmotic pressure mobilising the
water contained in the RBC to the plasma as a physiological mechanism
trying to restore an equilibrated distribution of D-glucose between these
two compartments. RBC lose water and shrink under these circum-
stances, i.e. diminishing the ’surface of contact’. The latter response of
cells helps in reducing the plasma-to-RBC D-glucose concentration
gradient. Therefore, the facilitated transport of D-glucose via GLUTs is
favoured as a cell response expected to reach a new equilibrium steady-
state for this hexose between the intracellular and extracellular spaces.
In an immediate RBC plasma membrane microdomain, a momentum
(hereafter defined as a restricted area of the plasma membrane and time)
is generated under the concept of the classic carrier model. This mo-
mentum is assumed to be out of the equilibrium that gets closer to a zero-
trans influx condition (even when the intracellular concentration of this
sugar is not zero), thus favouring the uptake of D-glucose [13,16,44].
The latter is a phenomenon that requires changing the microkinetics of
transport in terms of the relative formation of the different configura-
tions described in the classical carrier model [44]. The first momentum at
a state of zero (or relatively low) concentration of D-glucose in the
intracellular space (zero S) may be represented as:

S+ Co=3CoS=CiS-+(zero S)

followed by rapid, first accumulation of D-glucose in the intracellular
medium ending in restoring the equilibrium (=) for this sugar concen-
tration in the extracellular and intracellular spaces:

S+ Co=CoS=CiS=Ci+S

The resultant equilibrium steady-state for D-glucose distribution
ends having a lower sugar content in the hypovolemia-associated shrunk
RBC compared with the distribution expected in cells under euvolemia,
i.e., RBC having a normal average size.

In severe cases of hypovolemia not associated with haemorrhagic
shock, v.g. due to defective gastrointestinal and renal reabsorption of
water, the haematocrit might increase due to an unaltered number of
RBC in a total lower volume of blood. However, the haematocrit in
patients with hypovolemia may result to be in the normal range
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(~36-48% in women and ~40-54% in men) when the RBC size and the
plasma volume are reduced, thus compensating a potential change in the
haematocrit [70].

An interesting example of a reduced RBC size due to plasma volume
reduction is described in astronauts that entered microgravity [69]. For
the first 22 h in flight, astronauts showed a reduction in the plasma
volume (~17%) without alterations in the haematocrit due to increased
RBC number. Parallel determinations showed that RBC size was also
reduced in this period by ~10% from ~90 to ~81 fL in these subjects.
Another approach used as an index of the RBC size is the ‘red blood cell
distribution width’ (RDW) [6771]. Since the RDW values are obtained
from the expression RDW = 7:2.¢100%, where 1SD is one standard de-
viation, and MCV is mean corpuscle volume (or size), any change in the
MCV will result in modifying the RDW (normal range is 11-15%)
[71,72]. A reduction in MCV by ~10% results in an increase in the RDW
value by ~9.7%, considering the RBC size in the astronauts described
above [69]. Whether the RDW values in the astronauts were in the lower
cut-off for the range considered normal, the reduction in RBC size will
increase this parameter from ~11 to ~12.1%, i.e. a value still within the
normal range. However, whether the astronauts showed RDW > 13.7%
a reduction in the RBC size of ~10% will put them out of the normal
upper cut-off range based on this parameter.

Hypervolemia describes an excess of fluid in the intravascular
compartment. This condition may result from increased sodium content
in the body due to impaired function of the kidneys and liver or as a
response to blood transfusion. Hypervolemia can also result in healthy
individuals having a high sodium intake or being subjected to extreme
conditions such as high-intensity exercise [73]. Hypervolemia has been
a concern in patients subjected to dialysis since this condition is asso-
ciated with an increased risk of cardiovascular disease and dysfunction
of the vascular endothelium [74]. Fortunately, the consensus is that
patients subjected to haemodynamic or peritoneal dialysis do not show
hypervolemia [75].

4.2. Hypervolemia

Hypervolemia results in higher osmotic pressure generated by an
effective increased concentration of intracellular molecules, including
D-glucose. This adaptation is due to the dilution of the fluid colloids and
plasma D-glucose by excess plasma volume. The plasma dilution gen-
erates a higher RBC-to-plasma D-glucose gradient concentration making
the RBC gain water and swells, i.e. increasing the ’surface of contact’. The
latter responses help diminish the relative increased intracellular D-
glucose concentration, thus, reducing the elevation in D-glucose
gradient concentration. Contrary to the hypovolemia-increased influx of
D-glucose, GLUT’s facilitated efflux of D-glucose from a high (cells) to a
lower (plasma) concentration is favoured in hypervolemia. A new mo-
mentum is generated in the immediate plasma membrane microdomain
holding GLUTs under the classic carrier model [13,16,44].

Adaptations of GLUTs activity to hypervolemia-increased RBC size
configures a hypothetical condition out of the equilibrium that gets
closer to a gero-trans efflux condition (even when the extracellular
concentration of D-glucose is not zero), thus favouring the efflux of D-
glucose. This phenomenon may be described as a first momentum at a
state of zero (or relatively low) concentration of D-glucose in the
extracellular space (zero S) and may be represented as:

(zeroS)-+-CoSECiSECIS

followed by a rapid, first redistribution of D-glucose in the plasma,
ending in restoring the equilibrium for the concentration of this sugar in
the extracellular and intracellular spaces. As for hypovolemia, the
resultant equilibrium steady-state for D-glucose distribution ends having
a lower concentration of this sugar in the hypervolemia-associated
swelled RBC compared with the distribution expected in cells under
euvolemia.
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Summarising the concepts mentioned above, the concentration of
free D-glucose in the plasma is also subjected to changes in volemia, with
hypovolemia favouring an increase in the effective concentration (not
the total amount of D-glucose) and hypervolemia favouring a decrease
in the concentration of this sugar in the plasma. As suspected and su-
perficially touched by Macleod in his proposal in 1921, volemia is an
added factor to consider in estimating free D-glucose in the plasma. The
volemia is of extreme importance in patients needing dialysis. These
patients include those affected by renal disease or patients with diabetes
mellitus that are unable to control their blood glucose levels by a
controlled and restricted diet, exercise, healthy life habits, or those
treated with insulin or hypoglycaemic pharmaceutical drugs [76,77].

It was also visionary that Macleod continues his analysis of the
available results indicating that a change in the ’surface of contact’ be-
tween the plasma and RBC should be a case in which:

... the total number of glucose molecules impinging on the total cell
surface will remain the same.’

The latter sentence clearly stated that changes in RBC size due to
hypovolemia or hypervolemia would not affect the quantity but the
concentration of D-glucose, which was interacting with the cell surface.
In 1921 the existence of GLUTs was still unknown. Thus, a potential
interpretation for the statement mentioned above from Macleod of a
change in the concentration of D-glucose affecting the transport mech-
anisms for this hexose in the plasma membrane of RBC was not possible.
At present, and since 1986 the knowledge of the kinetics of GLUTSs in
human RBC is known [78]. Under equilibrium exchange of D-glucose
transport, the calculated Km value (K¢) for GLUT1 activity, the main
form of facilitated D-glucose transporters expressed in human RBC [78-
80], was ~17 mmol/L with a maximal velocity (Vmax) of ~5.9 mmol/L
cell water/second (at 20 °C) [78]. Therefore, under the equilibrium
exchange steady-state, a change in plasma concentration of D-glucose
within the range of K& value will not significantly alter the maximal D-
glucose transport capacity (influx or efflux) defined as the Vmax/Km
ratio [76].

Interestingly, reducing the plasma volume by 10% will increase the
plasma D-glucose concentration from 5.5 to ~6.11 mmol/L (i.e. ~0.61
mmol/L, in the absence of compensatory mechanisms). The magnitude
of the change in the plasma D-glucose concentration will most likely not
significantly alter the K¢ value (17 mmol/L at 5.5 mmol/L compared
with a plasma D-glucose concentration ~6.11 mmol/L). However,
changes in microkinetics for D-glucose transport via GLUT1 in the
microenvironment of the plasma membrane where these proteins are
located might occur due to this hexose’s more significant plasma-to-RBC
concentration gradient. The alterations in the microkinetics of D-glucose
transport are reflected as a preferential CoS to CiS conformation,
resulting in removing the excess of D-glucose from the extracellular
space, thus buffering the relatively small increase in the plasma con-
centration of this hexose due to a reduced plasma volume.

GLUT1 is a transporter that shows asymmetry in influx and efflux
kinetics. In human RBC, the affinity of GLUT1 for the zero-trans influx is
higher than for zero-trans efflux [78]. The D-glucose transport under
zero-trans influx shows a Km value ( ,Z,i/ Oi, oi indicating extracellular-to-
intracellular transport) for GLUT1 activity of ~1.6 mmol/L [78]. Thus,
an increase of ~0.61 mmol/L D-glucose in plasma when a 10% reduc-
tion of the plasma volume may not significantly modify the uptake of D-
glucose. The latter result from the possibility that GLUT1 in their
external configuration (Co) will be saturated (i.e. all the binding sites in
GLUT1 for D-glucose should be occupied) by an excess of ~2.9 mmol/L
D-glucose (assuming that the phenomenon occurs without alterations in
the Vmax and therefore the Vmax/Km). The same happens considering

that the zero-trans efflux shows K,Zn[/ o (io indicating intracellular-to-
extracellular transport) of 4.6 mmol/L in RBC. However, as for transport
of D-glucose under an equilibrium exchange steady-state, the potential
effect of a lower plasma volume on the zero-trans influx and zero-trans
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efflux is likely occurring as part of the modifications of GLUT1 transport
microkinetics. The latter may reflect changes in the local concentration
of D-glucose in the microenvironment at the plasma membrane where
these phenomena are occurring.

5. The concept of glycosuria as blood sugar index in diabetes

As mentioned by Macleod, the applicability of the discussed concepts
concerning the distribution of sugar in the blood may be put in context
in patients with altered D-glucose levels in the plasma and the urine. The
pattern of changes in glycaemia and glycosuria —the appearance of
glucose in the urine— were not understood by the 1920s. However, the
data available in the 1910-1920s was the base allowing researchers and
clinicians to understand the glycaemia link with glycosuria in patients
with diabetes mellitus. A series of experiments performed by 1915-1921
was extensively described by Macleod, compiling previous data from
Williams & Humphreys in 1919 to address the variations of D-glucose in
the urine in healthy subjects and patients with very mild or mild dia-
betes [81]. The results in those experiments show that postprandial
hyperglycaemia after an oral load of 100 g glucose in subjects with mild
diabetes and severe cases of diabetes was seen for more extended periods
(>3 h afterload) compared with the change in glycaemia detected in
normal subjects (Fig. 3).

Interestingly, as emphasised by Macleod, hyperglycaemia in patients
with very mild and mild diabetes was paralleled by increased glycosuria.
A higher expression and activity of SGLTs transporters at the brush-
border (apical or luminal) membrane in the cortical proximal tubules
segment in the kidney (SGLT1 and SGLT2) and the absorptive enter-
ocytes in the small intestine (SGLT1) result in higher reabsorption and
absorption of D-glucose, respectively [67]. One of the first consequences
of higher intestinal absorption and kidney reabsorption of D-glucose is
an increase in this hexose concentration in the blood. An excess in car-
bohydrate and sodium load contained in the digested food increases the
expression of SGLT1 in the intestine [82,83]. The latter raises the pos-
sibility that the absorptive enterocytes take up more D-glucose mole-
cules from the digested food in the intestinal lumen due to a higher
number of binding sites (or recognition sites) for this hexose at the apical
plasma membrane in these cells.

SGLT1 is a membrane transporter with low capacity and high affinity
showing a Km ~0.5-2 mmol/L for D-glucose requiring two sodium per
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molecule of D-glucose to energise its transport activity [84]. Therefore,
SGLT1 role in the absorptive intestinal epithelium is key in recognising
small changes in D-glucose concentration to get activated. Internalised
D-glucose is subjected to a cycle of phosphorylation to form G6P by
hexokinase and dephosphorylation, restoring D-glucose from G6P by the
glucose-6-phosphatase. The hexokinase/glucose-6-phosphatase
concerted activity is maintained in equilibrium since these enzymes
show similar activity [85]. The available glucose in the enterocyte
leaves these cells through the basolateral (abluminal) plasma membrane
via GLUT2. The facilitated glucose transporters GLUT2 work favouring
an enterocyte-to-interstitial space concentration gradient of this sugar,
increasing its delivery to the blood. The exit of this ion efficiently keeps
the driving force given by sodium to take up D-glucose through SGLT1
via the sodium/potassium ATPase at the basolateral membrane of these
epithelial cells. An increase in the expression of SGLT1 and the higher
and well equilibrated and interdependent activity of SGLT1 and GLUT2
also contribute to reducing the high D-glucose-derived osmotic activity
in the intestinal lumen. Consequently, the loss of water due to the initial
hyperosmotic content caused by D-glucose in the intestinal lumen is
reduced.

Interestingly, patients with diabetes mellitus may also present with
cellular and tissue dehydration, a condition that may result from lower
water absorption in the colon [86]. The latter is a phenomenon seen in
patients with the autosome recessive glucose/galactose malabsorption
showing a mutation in SGLT1 and impaired function [87]. Intestine
SGLT1 altered expression and activity without evident defects in the
reabsorption of water in the kidney, resulting in water loss and
dehydration.

Reduced reabsorption of D-glucose by the kidney leads to the
appearance of detectable levels of this hexose in the urine [88]. The
latter is a concept elaborated and reported by Macleod based on pub-
lished findings by Bailey in 1919 [89] referred to as the threshold of the
appearance of D-glucose in the urine. The proposal by Macleod was that:

... the renal threshold represents a critical point in blood sugar below
which the sugars of blood [glycaemia] and urine [glycosuria] run par-
allel but above which a large excess of sugar escapes into the urine. ...’

The dynamics of this concept regards a proposed renal threshold for
glycaemia of ~170 mg/dL until the glycosuria increased in parallel in
normal subjects [89]. In the present times, i.e. 100 years after, we refer

! High
+ glycosuria

140\5
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Fig. 3. Glycaemia and glycosuria after glucose load in subjects with very mild and mild diabetes. After an oral glucose tolerance test, the glycaemia in healthy
subjects (Normal) or individuals with very mild (very mild diabetes) or mild (mild diabetes) diabetes was measured at the beginning (0 h) and after 2 h. The ranges of
values expected for fasting plasma glucose are those indicated at time O h in Normal (green panel), very mild diabetes (brown panel), and in patients with decided
but mild diabetes (blue panel). Two hours after the glucose load, the glycaemia ended with the indicated range of values, a phenomenon that is extended up to 3 h in
individuals with very mild diabetes or mild diabetes, compared with the return to the normal range of glycaemia in Normal individuals. (information extracted from
Figs. 3 and 4 in Macleod [1] and from the original data reported by Williams and Humphreys in 1919 [66]). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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to it as the renal threshold for glucose, and the most accepted glycaemia
for this parameter is ~180 mg/dL [90,91]. Between glycaemia values of
180-270 mg/dL, glycosuria increases, which gets linear when glycae-
mia > 270 mg/dL [84].

In a healthy subject, the increased glycosuria is reverted by the
efficient reabsorption of D-glucose (99-100% of D-glucose in the urine)
via at least two active sodium-dependent transporters, viz, SGLT1 and
SGLT2 located at the S1/S2 segments (i.e. the proximal convoluted tu-
bule) and S3 segment (i.e. the proximal straight tubule) of the proximal
tubules [67,84,92]. At the S1/S2 segment, the SGLT2 at the apical
membrane runs in concert with GLUT2 activity and the sodium/potas-
sium ATPase (keeping sodium gradient) at the basolateral membrane of
the renal epithelium. However, at the S3 segment, the SGLT1 is pref-
erentially expressed and acts in concert with GLUT1 at the basolateral
membrane [67,84].

The human kidney SGLT2 shows low affinity (Km ~2-5 mmol/L),
high-capacity transport activity requiring one sodium per molecule of D-
glucose [84,93]. The role of SGLT2 in the D-glucose reabsorption by
kidney epithelium at the S2 segment recognises more considerable
changes in D-glucose concentration than those recognised by SGLT1 in
the intestine enterocytes. GLUT2 located at the basolateral membrane in
the kidney epithelium in the S2 segment of the proximal tubule secures
the export of D-glucose from this tissue to the portal circulation to enter
the blood. The rationale of translocation of D-glucose from the luminal
to the basolateral (abluminal) membrane of the S2 segment renal
epithelium is that it lacks aerobic and anaerobic glycolysis [84], thus
offering this hexose from SGLT2 to GLUT2 for its efflux. GLUT2 are
highly expressed at the S1 and S2 segments and to a lesser extent at the
S3 segment. GLUT2 activity is of low affinity for D-glucose (Km ~15-20
mmol/L); therefore, the flux from SGLT2, which limits the influx of D-
glucose over ~4-10 mmol/L (twice its Km and near or slightly higher
than their Vmax), to these facilitative glucose transporters is preferent.
Most D-glucose concentration in the nearest GLUT2 should not be far
from that concentration that saturates the efflux activity of these
transporters.

SGLT1 is abundantly expressed in the S3 segment of the kidney
proximal straight tubule [92]. The activity of SGLT1 is of high affinity
(Km ~0.5-2 mmol/L), low capacity, and requires one sodium to ener-
gise the reabsorption of D-glucose in the kidney [67]. The D-glucose
uptake by the kidney epithelium through the apical membrane is also
maintained by a permanent efflux of this hexose at the basolateral
membrane via GLUT1, thus supporting the transcellular movement of
this hexose. SGLT1 and GLUT1 show affinity values that are within the
same range (Km from ~0.5 mmol/L in SGLT1 and ~1 mmol/L in
GLUT1, both reaching maximal values of ~2 mmol/L). Therefore, the
maximal SGLT1-mediated supply of D-glucose to GLUT1 may never
overpass the Vmax of GLUT1, thus allowing the efficient facilitated
removal of this hexose from the kidney epithelium to the portal circu-
lation reaching the blood. It is worth mentioning that SGLT1 plays a
minor role in the reabsorption of D-glucose (~10% versus ~90% via
SGLT2) when SGLT2 expression and function is normal but increases
(~3-4 fold) when SGLT2 activity is absent or drastically reduced by
inhibitors [94].

The concerted expression and activity of SGLT2 and GLUT2 in the
proximal convoluted tubule and SGLT1 and GLUT1 in the proximal
straight tubule allows reabsorption of D-glucose from the urine. In this
process, the combined activity of SGLT2/GLUTs result in the reabsorp-
tion of almost all the D-glucose released to the urine, with SGLT1/
GLUT1 playing a less prominent but influential role in this process in
normal subjects.

Patients with T2DM show a higher renal threshold for D-glucose (i.e.
> 180 mg/dL), which is shown to increase the expression of SGLT2 in
the proximal convoluted tubule [95,96]. The latter is a mechanism
leading to higher reabsorption of D-glucose, aiming to minimise D-
glucose excretion via the urine, resulting in a higher delivery of this
hexose to the blood [96,97]. Nowadays, it is well known that the use of
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SGLT2 inhibitors may reduce the renal threshold for D-glucose to values
between ~40-120 mg/dL leading to higher excretion of D-glucose, i.e.
glycosuria resulting in reduced glycaemia. Interestingly, the use of
SGLT2 inhibitors also results in lower systolic blood pressure, likely due
to the resulting hypovolemia in critical cases by the hyperglycaemic
osmotic diuresis-associated increase in kidney sodium and water clear-
ance. The higher expression and activity of SGLT2 is paralleled by
increased expression of GLUT2 as reported in human exfoliated prox-
imal tubular epithelial cells [95]. The increase in GLUT2 expression is
also proposed as a factor acting as sensor of basolateral hyperglycaemia
to induce upregulation of the SGLT2 expression [98].

The pattern of SGLT1 expression in kidneys from patients with dia-
betes mellitus is less clear [99,100]. It was shown that SGLT1 mRNA
level increased in patients with T2DM compared with subjects with
normoglycaemia [101] and in patients with diabetes cardiomyopathy
[102]. However, other studies show unaltered or reduced mRNA
expression for this membrane transporter in T2DM [101,103]. A similar
disparity of results is available for SGLT1 expression in the intestine in
patients with diabetes mellitus [99,102]. GLUT1 expression in the kid-
ney in patients with diabetes mellitus is still uncertain.

Final thoughts

It has been amazing, and a real adventure to address the concepts of
sugar (referring to D-glucose) found in humans under different com-
partments (i.e. under the idea of compartmentalisation) in the blood.
The separation between plasma and other blood elements, v.g. blood
cells and proteins, is a concept extensively discussed by Professor
Macleod contrasting the different groups working on this topic and the
methodologies applied to determine the D-glucose level in the blood.
Among other factors involved in regulating glycaemia, the review by
Macleod referred to specific elements to detect the potential distribution
of D-glucose in the blood that may influence glycaemia (Fig. 4). Macleod
and contemporaneous groups discussed the existence of free D-glucose,
i.e. not trapped in other molecules or structures, bound D-glucose,
redistribution of D-glucose between the plasma and RBC, changes in the
free D-glucose according to volemia, and other factors. Several aspects
of these mechanisms are better known today, allowing different in-
terpretations in normal subjects and patients with diabetes mellitus.

The concept of translational medicine was present by then but not
openly defined as we know it today. However, the experimental ap-
proaches done by the 1920s and their interpretation in healthy subjects
and patients with diabetes mellitus was translational medicine. The fact
that analytical chemistry was limited may make us think that today’s
technology is tremendously developed; however, the principles are the
same.

Several external factors may change the capacity of the individuals to
manage proper glycaemia. Some of these factors include altered meta-
bolic conditions such as obesity which was documented half a century
earlier than when Macleod wrote his review. Most clinicians and basic
researchers accept today that obesity might (should) be considered a
pathology. External (v.g. air pollution, fatty food, contaminated water)
and internal (v.g. hyperglycaemia) factors included in the exposome
—internal and external environmental factors that delineate human
health differently but complement the effects mediated by genetic
background [104-106]— play a role in modulating the capacity of the
body to maintain the glycaemia in the physiological ranges at fasting
and postprandial behaviour. The concept of exogenous and endogenous
exposome is recent in the literature, and its association with diabetes
mellitus [103,104,105-108], including gestational diabetes mellitus
[106] and gestational diabesity [75] assign to hyperglycaemia a key role
in the regulation of D-glucose in the blood and glucosuria. Notably, the
characterization of the permanently changing glycaemia dynamics in an
individual with diabetes mellitus is more useful and somehow crucial in
the decision making for their treatment compared with decisions based
on a single capillary glycaemic measurement [109].

Diffusion of D-glucose was a mechanism not well understood in
thermodynamics regarding the presence of membrane transporters in
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Fig. 4. Potential mechanisms that could increase the D-glucose in the blood. The glycaemia might increase (Hyperglycaemia) due to free D-glucose in the blood.
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liver, skeletal muscle, and adipose tissue). Hyperglycaemia may also result from a lower ({}) uptake of free D-glucose by red blood cells, reduced binding of this
hexose to plasma proteins (v.g. albumin), diminished glycolysis, or increased plasma volume. See body text for details. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

blood cells. We now know about the classical carrier model for transport
substrates (including D-glucose) through the plasma membrane. The
findings reported by Widas [13] and other contemporary groups
allowed us to clarify several aspects of the dynamics of redistribution of
D-glucose between the plasma blood cells. Also, it allowed the better
knowledge of a dynamic movement of D-glucose in the plasma mem-
brane by the proposed conceptual existence of different conformational
states of the membrane transporters for this hexose and other molecules.
The concept of diffusion of D-glucose from the plasma to blood cells
favours a plasma-to-blood cells concentration gradient via GLUTs, and
D-glucose absorption in the intestine and reabsorption in the kidneys by
SGLTs are concerted in terms of kinetics. The concerted functional ki-
netics between these membrane transporters allows the interpretation of
several highly specific inhibitors for the variety of proteins mediating D-
glucose uptake (influx) and release (efflux) and the dynamic role in the
SGLTs/GLUTS axis allowing transcellular transport.

Imagination, creativity, perseverance, and acute criticism of our and
others work, as Macleod did, is and will continue being the key to un-
derstanding phenomena for which the tools (understood as knowledge)
were not present and perhaps not even imagined. As the Nobel laureate
Gabriel Garcia Marquez mentioned in his masterpiece One Hundred
Years of Solitude: ’ ... The world was so recent that many things lacked names,
and to name them you had to point your finger at them...” [110], the science
behind ‘The Sugar of the Blood’ by Macleod contained a bit (perhaps more
than a bit) of this absolutely necessary component of life.
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