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Preface

Glucose is the crucial metabolic fuel that helps in maintaining brain homeostasis.
Likewise, other organs of the body also require a continuous supply of arterial glucose
for maintaining adequate functions. Potential comorbidities can arise due to interrup-
tion of this glucose supply, such as low blood sugar, known as hypoglycemia. Major
causes of hypoglycemia include diabetes mellitus, non-islet cell tumors, alcohol, drugs,
severe illness, and hormone deficiencies.

This book describes the fundamental concept of hypoglycemia and reflects the wide
range of research currently being practiced in the field of diabetes mellitus. Although
most of the concepts of hypoglycemia are applicable to diabetes mellitus and other
comorbidities, we hope that this book will appeal to a broad spectrum of readers.

It begins with an overview of hypoglycemia, which is the most important event in
metabolic control, and thus it is important for readers to understand its utility and
management. It also discusses several new techniques for the screening and diagnosis
of hypoglycemia.

We would like to thank the authors for their excellent contributions to this book. We
are also thankful to our author service manager at IntechOpen for assisting at every
step of the book’s publication.

Alok Raghav

Multidisciplinary Research Unit,
GSVM Medical College,

Kanpur, India
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Chapter 1

Hypoglycemic Activity of
Plant-Derived Traditional
Preparations Associated with
Surinamese from African,
Hindustani, Javanese, and Chinese
Origin: Potential Efficacy in the
Management of Diabetes Mellitus

Dennis R.A. Mans

Abstract

Diabetes represents one of the most frequent causes of morbidity and mortality in
the world. Despite the availability of a wide range of efficacious forms of treatment,
many patients use traditional (plant-derived) preparations for treating their disease.
The Republic of Suriname (South America) has a relatively high prevalence of dia-
betes. Due to its colonial history, the Surinamese population comprises descendants
of all continents, the largest groups being those from enslaved Africans and from
indentured laborers from India (called Hindustanis), Indonesia (called Javanese), as
well as China. All these groups have preserved their cultural customs including their
ethnopharmacological traditions, and are inclined to treat their diseases with plant-
based preparations, either alone or together with allopathic medications. This chapter
opens with some generalities about diabetes; subsequently provides some information
about the history, worldwide epidemiology, diagnosis, types, and treatment of this
disorder; then focuses on Suriname, giving some information about its geography,
demographics, and economy, as well as the epidemiology of diabetes in the country;
then extensively evaluates eight blood-glucose-lowering plants that are mainly associ-
ated with the four largest ethnic groups in Suriname by reviewing phytochemical,
mechanistic, preclinical, and clinical literature data; and concludes with a consider-
ation of the potential clinical usefulness of the plants against diabetes.

Keywords: diabetes mellitus, medicinal plants, Suriname, preclinical studies, clinical
studies, phytochemical composition, pharmacological activity, mechanism of action
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1. Introduction

Diabetes mellitus (in short, diabetes) is a metabolic disorder of multiple etiology
characterized by sustained hyperglycemia with disturbances of carbohydrate, fat,
and protein homeostasis resulting from defects in insulin secretion, insulin action, or
both [1]. The defects in insulin secretion are the result of inappropriate functioning of
the p cells of the pancreas, while those in insulin action are generally associated with
resistance of the peripheral tissues to insulin. In all cases, the end result is a defective
availability of insulin [1].

Diabetes usually presents with characteristic symptoms including thirst, polyuria,
blurring of vision, as well as weight loss, and when not properly treated, ketoacidosis
or a non-ketotic hyperosmotic state that may lead to stupor, coma, and eventually
death. However, in many cases, these symptoms are not severe or may even be absent.
As aresult, potentially critical hyperglycemia may be present long before the diag-
nosis is made [2]. In the long-term, the effects of diabetes include retinopathy and
potential blindness, nephropathy that may lead to renal failure, and/or neuropathy
with the risk of foot ulcers, amputation, and features of autonomic dysfunction
including sexual debility [2].

This paper first briefly addresses the worldwide epidemiology, diagnosis, and sub-
types, as well as the forms of treatment of diabetes; subsequently presents the geog-
raphy, demographics, and economy, as well as the epidemiology of the disease in the
Republic of Suriname; then focuses on the traditional forms of treatment of diabetes in
that country, and extensively discusses eight plant species with hypoglycemic proper-
ties, two of which are traditionally used against diabetes by each of the four largest
ethnic groups in Suriname, namely, the Afro-Surinamese, Hindustani, Javanese, and
Chinese; and concludes with the prevision of these plants in the treatment of diabetes.

2. Background
2.1 Worldwide epidemiology

Diabetes is generally considered a major public health threat with a growing
burden in many parts of the world. According to the International Diabetes
Federation [3], approximately 537 million adults of the 7.9 billion people who popu-
lated our globe in 2021, were living with diabetes. This corresponded to about 6.8%
of the world population in that year, and this number is anticipated to rise to 643
million by 2030 and 783 million by 2045, i.e., roughly 7.5% and 8.3%, respectively,
of the projected sizes of the world population in these years [3]. Furthermore, 541
million adults were at increased risk of developing type 2 diabetes, almost 240 million
adults were living with undiagnosed diabetes, more than 1.2 million children and
adolescents (0-19 years) with type 1 disease, and 21 million live births (i.e., 1 of 6 live
births) were affected by diabetes during pregnancy [3].

Apart from the complications that may accompany diabetes such as nephropathy,
retinopathy, neuropathy, and associated foot problems, this disease dramatically
increases the risk of cardiovascular problems including coronary artery disease with
angina pectoris, heart attack, stroke, and atherosclerosis [4]. Not surprisingly, the
costs associated with this disease are astronomical, globally amounting to at least
USD 966 billion dollars last year, i.e., 9% of the total worldwide spending on health
expenditure in adults [3].
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Diabetes was responsible for 6.7 million deaths in 2021 [3]. Notably, this disease
occupied in 2019 the 9th position on the list of the top ten causes of death globally,
which represented an increase of 70% when compared to 2000 [5]. Diabetes was also
responsible for the largest rise in male deaths among the top ten causes, with an 80%
increase the mortality rate increasing since 2000 [5]. In that year, it was in 10th place
of the leading causes of death in high-income countries and in 9th and 6th place of
those in low- and middle-income, and upper-middle-income countries, respectively
[5]. It has been estimated that 3 of 4 adults suffering from diabetes are living in low-
and middle-income countries [3]. This has largely been attributed to these countries
rapidly adopting a Western lifestyle including Western dietary patterns (particularly
during adolescence), reduced physical activity, and increased stress [6, 7]. The
Caribbean, for instance, has the highest age-adjusted prevalence of diabetes in the
world at 10.8% [6], with some countries in that region reporting prevalence rates
of 18% [7]. This is considerably higher than both the worldwide prevalence and the
prevalence in South and Central America, which is about 7.5% [6]. Indeed, diabetes
particularly represents a major public health threat for developing countries.

2.2 Diagnosis and subtypes

The most recent diagnostic criteria for diabetes are those from the American
Diabetes Association, involving glycosylated hemoglobin (HbAlc) blood levels
>6.5%, fasting plasma glucose levels >126 mg/dL or 7.0 mmol/L, 2-h plasma glucose
levels >200 mg/dL or 11.1 mmol/L during an oral glucose tolerance test, and/or classic
symptoms of hyperglycemia or hyperglycemic crisis with random plasma glucose
>200 mg/dL or 11.1 mmol/L [8]. Depending on the severity and the etiologic back-
ground, diabetes is distinguished in the clinical categories prediabetes, type 1 diabe-
tes, type 2 diabetes, gestational diabetes, and other subtypes such as those caused by
genetic defects in cell function, genetic defects in insulin, disorders of the pancreas,
and the use of certain drugs [9].

Individuals with prediabetes have elevated blood sugar levels which are, however,
not sufficiently high to qualify for the diagnosis of “diabetes” [10]. Many such indi-
viduals are not aware of their condition, but prediabetes is an important predispos-
ing factor for 2 diabetes as well as heart disease [10]. Type 1 diabetes (also referred
to as insulin-dependent diabetes and previously called juvenile-onset diabetes) is
most common in childhood and early adulthood [11]. It is an autoimmune condition
involving own antibodies attacking and destroying the pancreatic p-cells, eventually
resulting in absolute insulin deficiency [11]. Type 1 diabetes can cause a multitude of
health problems which are mostly related to retinopathy, neuropathy, and nephropa-
thy as well as a high risk of heart disease and stroke [11].

Type 2 diabetes is also known as non-insulin-dependent, insulin-resistant, and
adult-onset diabetes, but has become more common in children and teens over
the past 20 years, largely because more young people are overweight or obese [12].
Currently, about 90% of individuals with diabetes have type 2 [12]. In patients with
type 2 diabetes, the pancreas either produces insufficient amounts of insulin, or the
target tissues in the body (particularly fat, liver, and muscle) do not properly respond
or do not respond at all to insulin [12]. Although type 2 diabetes is often milder than
type 1, it can cause major health complications including retinopathy, neuropathy,
and nephropathy, as well as an increased risk of heart disease and stroke [12].

Gestational diabetes occurs in 1-14% of all pregnancies depending on the popula-
tion and the method of assessment [13]. This condition is a form of insulin resistance
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that usually manifests in middle or late pregnancy as a result of progressive changes
in the metabolism of the pregnant woman including hormonal levels such as those of
cortisol and estrogen [13]. Gestational diabetes usually ceases after birth, but up to
10% of women suffering from this condition are at risk to develop type 2 diabetes in
a later stage of their life and carry the risk of unusual weight gain of the baby before
birth necessitating cesarean section, respiratory problems of the newborn at birth, as
well as a higher risk of obesity and type 2 diabetes of the child at an older age [13].

An estimated 1-5% of cases of diabetes are caused by conditions other than those
mentioned above, including those with a genetic background and those that are
non-genetically related. Types of diabetes with a genetic background are neonatal
diabetes [14] and maturity-onset diabetes in the young [15], Wolfram syndrome-
related (type 1) diabetes [16], and cystic fibrosis-related (type 1) diabetes [17]. Types
of diabetes with a non-genetic background are, among others, chronic pancreatitis-
associated diabetes, which is usually caused by extensive damage to the exocrine
tissue of the pancreas [18], brittle diabetes, which primarily affects patients with
type 1 diabetes and manifests as frequent and severe fluctuations in blood glucose
levels [19], and Cushing’s syndrome-related diabetes [20].

2.3 Treatment

Since the early days of diabetes treatment involving insulin replacement therapy
[21], this treatment modality has taken considerable strides in terms of devices for
administration and formulations with variability in onset, peak, and duration of
action. Some examples of injectable devices are single-use syringes, insulin pens,
insulin jet injectors, and external insulin pumps [22]. As well, the biochemical and
pharmacological properties of endogenous insulin have been modified in order to
produce insulins that give a constant low basal level of insulin or lower insulin spikes
in response to meals so as to attain less hypoglycemia and improvement of postpran-
dial glucose control. This has resulted in rapid-acting, short-acting, intermediate-
acting, long-acting, and ultra-long-acting insulin preparations, as well as certain
mixtures and concentrated formulations [23]. The next steps in insulin therapy will
likely involve “smart” insulins which will be delivered according to an endogenous
glucose-sensing feedback mechanism, novel needle-free insulin delivery devices
for subcutaneous administrations, and alternative routes of insulin delivery such as
pulmonary, nasal, buccal, oral, and transdermal routes [24].

Furthermore, a host of antidiabetic remedies other than insulin have become
available [25, 26]. These drugs can be classified according to their mechanism of
action as insulinotropic or non-insulinotropic, and they are given as a monotherapy
or in certain combinations without or with insulin, usually for type 2 diabetes [25,
26]. The insulinotropic agents depend on their actions on residual p-cell function and
stimulate the secretion of insulin from the pancreatic p-cells. They include the sulfo-
nylureas (such as tolbutamide and glibenclamide), the meglitinide analogs (such as
repaglinide), the glucose-dependent glucagon-like peptide-1 receptor agonists (GLP-1
agonists) or incretin mimetics (such as exenatide), and the dipeptidyl peptidase 4
inhibitors (DPP-4 inhibitors) or gliptins (such as sitagliptin). The non-insulinotropic
agents are effective in patients with non-functional pancreatic f-cells. They include
the biguanides (such as metformin), the sodium-glucose co-transporter-2 inhibitors
(SGLT-2 inhibitors) or gliflozins (such as dapagliflozin), the thiazolidinediones or
glitazones (such as rosiglitazone), the a-glucosidase inhibitors (such as acarbose),
and the amylin agonist analogs (such as pramlintide). Almost all these antidiabetic

6



Hypoglycemic Activity of Plant-Derived Traditional Preparations Associated with Surinamese...
DOI: http://dx.doi.org/10.5772/intechopen.105106

drugs are taken orally, except for the GLP-1 agonists and the amylin agonist analogs
which are injectable. Of note, several new drug combinations such as metformin

in combination with an SGLT?2 inhibitor and a DPP4 inhibitor are now undergoing
clinical evaluation [26].

3. The Republic of Suriname
3.1 Geography, demographics, and economy

The Republic of Suriname is located on the northeastern Atlantic coast of South
America, adjacent to French Guiana, Brazil, and Guyana (Figure 1). The country
has a land area of about 165,000 km? that can be distinguished into a northern
narrow low-land coastal plain that harbors the capital city Paramaribo as well as
other urbanized areas, a broad but sparsely inhabited savannah belt, and a southern
forested hinterland that comprises about three-quarters of its surface and largely
consists of dense, pristine, and highly biodiverse tropical rain forest (Figure 1).
Roughly 80% of the population of about 600,000 lives in the urbanized northern
coastal zone while the remaining 20% populates the rural and interior savannas and
hinterlands [27].

Suriname is renowned for its ethnic, religious, and cultural diversity, harboring
various Amerindian tribes, the original inhabitants of the country; Afro-Surinamese,
comprising the descendants of enslaved Africans brought in between the sixteenth
and the 19th century who fled the plantations and settled in the country’s hinter-
land (called Maroons) as well as those from mixed Black and White origin (called
Creoles); the descendants from contract workers from India (called Hindustanis);
Java, Indonesia (called Javanese); and China, all of whom arrived between the second
half of the 19th century and the first half of the 20th century; the descendants from
a number of European countries; and more recently, immigrants from various Latin
American and Caribbean countries including Brazil, Guyana, French Guiana, Haiti,
etc. [27]. The largest ethnic groups in the country are the Afro-Surinamese (Creoles
and Maroons), Hindustanis, Javanese, and Chinese, accounting for 374, 274, 15.7,
and 7.3%, respectively, of the total population [27]. All ethnic groups have largely
preserved their own specific identity, making Suriname one of the culturally most
diverse countries in the world [28].

Suriname is situated on the Guiana Shield, a Precambrian geological formation
estimated to be 1.7 billion years old and one of the regions with the largest expanse
of undisturbed tropical rain forest in the world with a very high animal and plant
biodiversity [29]. The high mineral density contributes to its ranking as the 17th richest
country in the world in terms of natural resources and development potential [30].
Suriname’s most important economic means of support are crude oil drilling, gold
mining, agriculture, fisheries, forestry, as well as ecotourism [30]. These activities have
substantially contributed to the gross domestic income in 2020 of about USD 3 billion
and the average per capita income in that year of USD 4920 [30, 31]. This positions
Suriname on the World Bank’s list of upper-middle-income economies [31].

3.2 Epidemiology of diabetes in Suriname

As observed in many low- and middle-income countries [32], increasingly
more Surinamese are adapting to a Western lifestyle. Indeed, only about half of the
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Figure 1.

Mg;: of the Republic of Suriname, showing the southern interior or hinterland (yellow-brown); the

savanna belt (dark green); and the northern coastal plain (light green) (from: https://images.app.goo.gl/
Gr8fsdAaoqp3Lp Viny). Insert: the position of Suriname (red) in South America (from: https://images.app.goo.gl/
i4KL8WisoWWS8TFmS9).

country’s overall population meets the levels for physical activity recommended by
the World Health Organization [33]; almost three-quarters of school children aged
13-15 years have less than 1 h of physical activity per day and 81% have too high
calorie intake [34]; about 1 of 5 adults is overweight and approximately 1 of 15 is
obese [35]; the average tobacco and alcohol consumption per capita in individuals of
15 years and older is unacceptably high [34]; the overall estimated prevalence of the
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metabolic syndrome is 39.2% [36]; and more than 25% of adults has a raised blood
pressure [36]. Notably, with almost 200 deaths per year, diabetes is the 4th principal
cause of mortality in Suriname, after cardiovascular diseases, external causes, and
cancer [37].

Accordingly, the Suriname Health Study—the first nationwide study on non-
communicable disease risk factors in Suriname [38]—reported an overall prevalence
of prediabetes in the country of about 7.4% and diabetes of 13.0% [39]. The latter
value is well in agreement with that of 12.7% recently estimated for Suriname by the
International Diabetic Federation [3]. This figure represents a substantial increase
with respect to that of 8.9% in 2011 and is likely to rise to 14.0% by 2030 and 14.6% in
2045 [3]. Accordingly, the health expenditures for diabetes in Suriname—estimated
at about USD 63.5 million in 2021—are anticipated to reach USD 70.1 million in 2030
and USD 80.1 million in 2045 [3].

4. Traditional forms of treatment of diabetes in Suriname

As mentioned above, the different ethnic groups in Suriname have largely
preserved their cultural heritage including their specific (plant-based) traditional
customs [28]. This has resulted in the many forms of traditional medicine practiced
in the country including those based on traditional Indigenous medicine, traditional
African medicine, Indian Ayurveda and Unani, Javanese Jamu, traditional Chinese
medicine, and several other forms of complementary and alternative medicine [28].
The botanical knowledge and the plant materials for establishing and maintaining
these systems probably came from several sources, including previous acquaintance
with useful plants, new information about the local flora from the Indigenous peo-
ples, and/or the selection of potentially valuable plants by trial and error [28, 40].

That the enslaved Africans and Asian indentured laborers were familiar with
certain plants they encountered in Suriname, is presumably for an important part
attributable to the Columbian Exchange in the fifteenth and sixteenth centuries,
when many plants—as well as animals, people, commodities, and diseases—had
been transferred from the Old World (Europe, Asia, and Africa) to the New World
(the Americas) and vice versa [41, 42]. As a result, when the newcomers arrived
in Suriname in the second half of the seventeenth century on, they immediately
recognized many New World food crops and medicinal plants which were indig-
enous to their homeland [43, 44] or which had been introduced into their homeland
more than 100 years before [42, 45]. A few examples are several yam species in
the genus Dioscorea (Dioscoreaceae), and a number of ginger species in the plant
family Zingiberaceae [43, 44], as well as okra (Abelmoschus esculentus (L.) Moench;
Malvaceae), bitter melon (Momordica charantia L.; Cucurbitaceae), and eggplant
(Solanum melongena L.; Solanaceae) [42, 45]. In addition, the enslaved Africans had
carried medicinal plants such as the tamarind Tamarindus indica L. 1753 (Fabaceae)
with them in order to fight diseases such as fever, diarrhea, and worm infections on
the slave ships [46, 47].

Furthermore, the Maroons—but perhaps also individuals who arrived in Suriname
after them—acquired new knowledge about useful plants through contact with the
indigenous peoples and by trial and error. For instance, the application of the paste
from the ground orange-red seeds from the annatto Bixa orellana L. (Bixaceae) as
an insect repellent [48], and that of preparation from the leaves from the ink plant
Renealmia alpinia (Rottb.) Maas (1975) (Zingiberaceae) as a remedy for snakebites
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Plant family Plant species (vernacular name in English; in Surinamese or Part(s) mostly
language of origin) used

Acanthaceae Ruellia tuberosa L. (minnieroot; watrakanu) Root

Amaranthaceae Gomphrena globosa L. (globe amaranth; stanvaste) Leaf and flower

Myrtaceae Syzygium cumini (L.) Skeels (jambolan; jamuin) Seed

Rutaceae Aegle marmelos (L.) Corréa (bael; bhel) Fruit

Acanthaceae Strobilanthes crispa (L.) Blume (black face general; ketji beling) Leaf

Clusiaceae Garcinia mangostana L. (mangosteen; manggis) Fruit

Araliaceae Panax notoginseng (Burkill) F.H.Chen (Chinese ginseng; san-qi) Root and rhizome

Lauraceae Cinnamomum cassia (L.) ].Presl. (Chinese cassia; guan gui) Bark

Table 1.

Plants with hypoglycemic activity addyessed in this chaptey, parts mostly used, and mode of preparation.

[49] stems from Indigenous knowledge. And the selection of potentially useful plants
by trial and error has not only led to fatalities by poisonous plants but also to the use
of such plants (like the jackass breadnut Clibadium surinamense L. (Asteraceae)) as
arrow and fish poisons [50].

The next sections address in detail eight plant species with hypoglycemic proper-
ties, two of which are traditionally used against diabetes by each of the four larg-
est ethnic groups in Suriname (the Afro-Surinamese, Hindustani, Javanese, and
Chinese). The plants and herbal products associated with the three former groups
have been selected on the basis of the number of times they have been mentioned in
comprehensive publications on Surinamese medicinal plants [51-55]. Such documents
are not available for plants and herbal products related to the Surinamese-Chinese.
Therefore, information about anti-diabetic substances associated with this group
has been obtained from a Surinamese-Chinese pharmacist, and from the imports
of herbal products from the People’s Republic of China by Surinamese-Chinese
importers and distributors. Relevant information about the plants is given in Table 1.
Preclinical and clinical indications for their hypoglycemic effect, as well as their pre-
sumed bioactive constituent(s) and mechanism(s) of action, are in detail addressed
hereunder and have been summarized in Table 2.

5. Plants with hypoglycemic properties associated with Surinamese from
African origin

5.1 Acanthaceae: Ruellia tuberosa L.

The minnieroot R. tuberosa L. (Acanthaceae) (Figure 2) is probably native
to Central America, the West Indies, and northern South America including
Suriname, but has become naturalized in many other tropical countries throughout
the world. It is popularly known as “cracker plant” in English-speaking regions and
as “watra kanu” (“water canon”) in Surinamese-Creole because of the loud crack
emitted when the ripe fruits in a pod with the black seeds burst open on contact
with water, hurdling the seeds away. The whole plant as well as leaf, seed, and root
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Plant species Preclinical Clinical Presumed Presumed
evidence evidence pharmacologically active mechanism(s) of
constituent(s) hypoglycemia
R. tuberosa Yes No Triterpenoids and Antioxidant activity;
flavonoids inhibition of digestive
enzymes
G. globosa Yes No Flavonoids Increased insulin
secretion; improved
insulin resistance and
sensitivity; decreased
gluconeogenesis;
inhibition of digestive
enzymes; antioxidant
activity
S. cumini Yes Limited Phenolic compounds such Antioxidant activity;
as ferulic acid; flavonoids increased PPAR
such as kaempferol and expression; inhibition of
myrecetin; alkaloids such digestive enzymes
as jambosine; glycosides
such as jambolin
A. marmelos Yes Limited Phenylethyl cinnamides Increased insulin
such as anhydroaegeline secretion; increased
glucose uptake;
inhibition of digestive
enzymes
S. crispa Yes No Several phenolic Antioxidant activity
compounds
G. mangostana Yes No Xanthones such as Antioxidant activity;
garcimangostin A, inhibition of digestive
proanthocyanidins, and enzymes
mangostins
P, notoginseng Yes Limited Dammarane saponines Increased glycogenesis;
such as notoginsenosides increased insulin
secretion; improved
insulin resistance and
sensitivity; increased
GLUT4 expression;
antioxidant activity
C. cassia Yes Limited Phenylpropanoids such as Antioxidant activity;
cinnamaldehyde inhibition of digestive
enzymes; increased
glycogenesis; improved
insulin resistance and
sensitivity
Table 2.

Preclinical and clinical evidence for antidiabetic activity of eight commonly used plants in Suriname for the
traditional treatment of diabetes mellitus, the presumed key active constituent(s) in the plants, and their
presumed mechanism of action.

are used in various traditional medical systems including those from the Afro-
Surinamese, for preparing medicines for treating, among others, stomach ache,
indigestion, constipation; problems of the urinary tract; eczema and skin eruptions;
headache, fever, influenza, bronchitis, asthma, pneumonia, and whooping cough;
hypertension and heart ailments; malaria; joint pain; venereal diseases; vaginal
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Figure 2.
Flowers of the minnieroot or watrakanu Ruellia tuberosa L. (Acanthaceae) (from: https://images.app.goo.gl/
JiLuHr66h8vcazc6y).

discharge; and reduced sexual performance or pleasure [56, 57]. Some of these uses
are supported by the results from pharmacological studies reporting, among others,
gastroprotective, antiurolithiatic, antimicrobial, anti-inflammatory, larvicidal, and
antifertility activities of the plant [56, 57]. These activities have been associated
with the presence in the plant of certain alkaloids, triterpenoids, saponins, sterols,
and flavonoids [58].

In Suriname and various other Caribbean countries, an infusion or decoction of
R. tuberosa root is also used against diabetes [52, 54, 55]. So far, however, no clinical
studies have been carried out to corroborate this use. Still, there is ample preclini-
cal evidence for the antidiabetic activity of this plant. Firstly, extracts and fractions
of several of its parts elicited clear hypoglycemic effects in normal and alloxan- or
streptozotocin-induced rodent models of diabetes [59-63]. The decline in blood
glucose was accompanied by a decrease in HbA1lc levels and an amelioration of
abnormal hepatic detoxification function [62] as well as a decrease in insulin resis-
tance [63]. Furthermore, the R. tuberosa preparations led to substantial improvements
in the histopathology of kidney, pancreas, and liver of the diabetic animals [64, 65].
The extract also caused a notable improvement in glucose uptake in insulin-resistant
mouse C2C12 myoblasts [63], supporting that it may overcome insulin resistance in
skeletal muscle cells. The hypoglycemic activity (of root preparations) was compa-
rable to that found for tolbutamide [59] and glibenclamide [60].

The hypoglycemic activity of R. tuberosa may be associated with the antioxi-
dant properties of some of its constituents, as shown by the notable 2,2-diphenyl-
1-picrylhydrazyl (DPPH)-scavenging activity of preparations from the plant [59].
Furthermore, the administration of a root extract led to an increase in catalase and
superoxide dismutase activities as well as a decrease in malondialdehyde levels
(a measure of lipid peroxidation) in induced hypercholesterolemic rats
and streptozotocin-induced rats [62, 64-66]. R. tuberosa preparations also
displayed a relatively high content of total phenolic compounds and flavonoids
[59, 60, 67], some of which have been shown to protect against the oxidative
stress that is considered an important contributing factor to the initiation and
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development of many diseases including diabetes [68, 69]. The hypoglycemic
effects were accompanied by a decrease in blood concentrations of cholesterol, tri-
glycerides, LDL-c, and VLDL, and an increase in HDL-c in various animal models
[60, 66, 70]. These observations compared favorably with glibenclamide [60, 70].

The results from animal and iz vitro studies suggest that the hypoglycemic actions
of R. tuberosa could also be associated with the inhibition of a-amylase activity [61]
and/or a-glucosidase activity [71]. Thus, preparations from this plant may be useful
for controlling postprandial hyperglycemia by preventing the digestion of carbo-
hydrates and delaying the increase in blood glucose [72]. Compounds in R. tuberosa
that may be responsible for its a-amylase and a-glucosidase inhibitory activity are
the pentacyclic triterpenoid betulin [61] and certain phenolic compounds including
several flavonoids [67, 71, 73], respectively. This is consistent with the identification
in the plant of triterpenoids and flavonoids [67], the hypoglycemic effects of these
substances [59], and the implication of antioxidant activities in their blood glucose-
lowering capacity [68, 69].

5.2 Amaranthaceae: Gomphrena globosa L.

The globe amaranth Gomphrena globosa L. (Amaranthaceae) (Figure 3) isan
annual herb that grows to a height of 1 meter and that presumably originates from Asia
but is now cultivated as an ornamental in many tropical and subtropical parts of the
world including Suriname. G. globosa produces small and inconspicuous flowers but
vividly colored round-shaped flower inflorescences that range from pink to red and
purple in some cultivars. The flower inflorescences do not readily wither and retain
their shape and color after drying and are therefore used in long-lasting garlands. This
characteristic is reflected by the Surinamese-Creole vernacular names “stanvaste” and
“stanfasti” for the plant, meaning “lasting” or “steadfast.” For this reason, the more
fanatical supporters of the mostly Creole social-democratic political party “National
Party of Suriname” have claimed G. globosa as their (unofficial) symbol.

Figure 3.
Flower inflovescences of the globe amaranth or stanvaste Gomphrena globosa L. (Amaranthaceae) (from:
https://images.app.goo.gl/fx EMirfxTQZPZhENA).
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The flowers of G. globosa also serve as a source of betacyanins for use as a (red-
violet) colorant in the food, cosmetic, and pharmaceutical industry [74]. Betacyanins
are a subclass of betalain pigments, aromatic indole derivatives that are synthesized
from tyrosine to produce glycosides consisting of a sugar and a colored portion [75].
One of the most notable betalains is betanin or beetroot red in the beet Beta vulgaris L.
(Amaranthaceae) [75]. Betalains are chemically distinct from anthocyanins or
flavonoids but replace anthocyanin pigments in plants of the order Caryophyllales
(that includes G. globosa) and in certain fungi [75]. In plants, they probably attract
pollinators and seed dispersers and act as antioxidants, providing protection against
harmful reactive oxygen species [75].

Parts of Gomphrena species are used in various countries for preparing traditional
remedies. A few indications are oliguria and other urinary conditions; reproductive
problems; microbial and parasitic infections; skin diseases and wounds; fever and
respiratory disorders such as bronchitis and whooping cough; gastrointestinal disor-
ders such as jaundice; high cholesterol; as well as hypertension [76, 77]. The potential
therapeutic usefulness against these conditions is supported by, among others, the
antioxidant, anti-inflammatory, analgesic, antimicrobial, and cytotoxic activities of
preparations from the plant [76, 77]. These pharmacological activities have mainly
been associated with the betalains but also with certain saponins, tannins, flavonoids,
and alkaloids in the plant [76-78].

G. globosa is also a popular traditional remedy against diabetes in various parts
of the world [76, 77]. In Suriname, an infusion of its leaf and flower is used to
lower excessively high blood glucose levels [52]. There are no studies with diabetics
to back this custom, but there is some preclinical support for hypoglycemic activ-
ity of this plant. For instance, a crude methanol extract from the whole plant as
well as an n-hexane fraction therefrom showed meaningful hypoglycemic activity
in Swiss-albino mice subjected to a glucose tolerance test [79]. The hypoglycemic
activity was comparable to that of glibenclamide [79]. As well, repeated adminis-
tration of a leaf ethanolic extract lowered blood glucose in alloxan-induced hyper-
glycemic Wistar rats [80].

Rather than to the betalains, the hypoglycemic activity of G. globosa has been
attributed to one or more flavonoids in the plant [76-78, 80]. These compounds have
been suggested to lower blood sugar in laboratory animals by stimulating the secre-
tion of insulin by the pancreatic p-cells, the utilization of glucose by the body tissues,
and/or the decrease of hepatic gluconeogenesis [80]. In a series of iz vitro studies,
an ethanolic leaf extract of G. globosa exhibited meaningful a-amylase inhibitory
activity [81], suggesting that eliminating postprandial blood glucose spikes was also
involved in its antidiabetic effects. The leaf extract also displayed notable in vitro
antiglycation and antioxidant activity [81, 82], suggesting that antioxidant mecha-
nisms may also contribute to the antidiabetic activity of the plant [68, 69].

6. Plants with hypoglycemic properties associated with Surinamese from
Hindustani origin

6.1 Myrtaceae: Syzygium cumini (L.) Skeels

The jambolan Syzygium cumini (L.) Skeels (Myrtaceae) (Figure 4), called
“jamtn” by Surinamese-Hindustani, is native to the Indian subcontinent but is now
grown in various tropical and subtropical regions worldwide. It has presumably

14



Hypoglycemic Activity of Plant-Derived Traditional Preparations Associated with Surinamese...
DOI: http://dx.doi.org/10.5772/intechopen.105106

Figure 4.
Fruits of the jambolan or jamiin Syzygium cumini (L.) Skeels (Myrtaceae) (from: hitps://images.app.goo.gl/
AXjEW9A1nFFgiinDA).

brought to Suriname by Hindustani indentured laborers at the end of the 19th and
the beginning of the 20th century. This is reflected in the Surinamese vernacular
“kulidroifi,” meaning “the grape from the coolies,” in reference to the then European
pejorative for Hindustani indentured laborers. S. cumini produces ovoid, edible fruits
that are green when unripe and become pink, then crimson red, and finally purplish-
black as they mature. The sweet and mildly sour-tasting and astringent fruits are
eaten raw, and can also be made into juices, wines, jellies, sorbets, syrups, jams,
sauces, or fruit salads.

All parts of S. cumini, but particularly its bark, leaf, seed, and fruit, have since
long been used in Indian Ayurveda and Unani as well as various other traditional
medical systems for treating, among others, coughing, asthma, and bronchitis;
stomachache, dyspepsia, colic, diarrhea, dysentery, liver problems, and hemorrhoids;
ringworm, piles, pimples, skin blemishes, and acne; various types of inflamma-
tion; fatigue and strain; blisters in the mouth and weak teeth and gums; cancer; and
diabetes [83, 84]. In Suriname, a tea or coffee-like beverage prepared from macerated
S. cumini seeds is also used against the symptoms of diabetes, a custom that probably
originates from the Hindustanis [53, 55].

Some of the traditional uses of S. cumini may be accounted for by alkaloids such
as jambosine, glycosides such as glycoside jambolin, as well as phenolic compounds
including gallic acid, caffeic acid, and ellagic acid; flavonoids such as quercetin,
myricetin, and kaempferol; anthocyanins such as delphinidin-3,5-O-diglucoside,
petunidin-3,5-O-diglucoside, and malvidin-3,5-O-diglucoside; and tannins such as
ellagitannins [83, 84]. These compounds as well as crude S. cumini preparations dis-
played, among others, antioxidant, antimicrobial, antimalarial, anti-inflammatory,
analgesic, and anticancer activities 85, 86].

There is also substantial pharmacological evidence to support the broad traditional
use of S. cumini—particularly with its seed—for treating diabetes. Thus, administra-
tion of the seed powder or various types of extracts from the seed or the seed kernel,
led to a decrease in blood glucose levels in alloxan- or streptozotocin-induced rodents
[87-90], an increase in glucose tolerance [91], a reduction in insulin resistance [92],
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positive effects on pancreatic islet cell regeneration [93, 94], and an improvement in
blood lipid profiles [87, 90, 91, 95]. Comparable, although less pronounced results
were obtained with S. cumini root, stem bark, leaf, and fruit preparations [92, 96, 97].

The blood-glucose-lowering activity of S. cumini may involve the mitigation of
the oxidative stress associated with the development of diabetes [68, 69]. This can be
inferred from preclinical studies showing an increase in antioxidant defenses and a
decrease in lipid peroxidation in animal models of diabetes treated with a seed prepa-
ration [98-100]. Candidates in the seed with such antioxidant properties are phenolic
compounds such as ferulic acid [101-103] and flavonoids such as kaempferol and
myrecetin [98, 99]. The hypoglycemic activity of S. cumini may also be attributable to
its capacity to activate and increase the expression of the genes encoding for peroxi-
some proliferators activated receptors gamma and alpha (PPARy and PPAR«) in the
liver, increasing insulin sensitivity of the target tissues [95]. In addition, various in
vitro and animal studies with S. cumini seed and leaf preparations showed an inhibi-
tory effect on a-amylase and a-glucosidase activity, suggesting that these substances
lowered postprandial blood glucose [104-106]. This effect may be ascribed to the
alkaloid jambosine and the glycoside jambolin in the seed [83].

So far, only a relative handful clinical studies have been conducted on the anti-
diabetic efficacy of S. cumini in diabetics [107]. Unfortunately, the results from these
studies were inconclusive, some suggesting that the preparations helped control blood
sugar levels whereas others did not show any improvement [107]. For instance, the
administration of seed preparations to patients with (severe) type 2 diabetes report-
edly led to promising reductions in fasting and postprandial blood glucose levels
[108-114] as well as less polyphagia, polyuria, polydipsia, and fatigue [109, 113].
However, a dried and powdered leaf decoction did not elicit an effect on blood glucose
levels in either non-diabetic young volunteers submitted to a glucose blood tolerance
test [115] or type 2 diabetic patients [116].

6.2 Rutaceae: Aegle marmelos (L.) Corréa

Aegle marmelos (L.) Corréa (Rutaceae) (Figure 5), commonly known as bael or
golden apple, is the only member of the genus Aegle. It is probably native to India
and has spread to nearby countries such as Bangladesh, Sri Lanka, and Nepal as well
as more distant tropical and subtropical countries including Suriname. In the lat-
ter country, it has presumably been introduced by Hindustani indentured laborers
around the turn of the 20th century. A. marmelos is also called “bhel” or “bill patr,”
meaning “the flavorful fruit with the hard shell” [53], in reference to its globose or
slightly pear-shaped fruit of 5-12 cm in diameter with a hard-wooden, yellow to
gray-greenish shell and an aromatic, pale-orange, sticky, sweet and resinous pulp.
A. marmelos has presumably been cultivated for its fruit since 800 BC that can be
consumed fresh, prepared as lemonade, or processed into candy, toffee, pulp powder,
or nectar after being dried. The leaves and small shoots are eaten as salad greens.
The alkaloid aeéeline in leaf and fruit has been marketed as the dietary supplement
OxyELITE Pro™ for weight loss and muscle building [117]. However, it has been with-
drawn from the market due to its association with potentially fatal liver damage [117].
All parts of A. marmelos—but particularly its fruit and leaf—have a long medical
use in Indian Ayurveda and other traditional medical systems [118, 119]. Some indica-
tions are chronic diarrhea, dysentery, dyspepsia, peptic ulcers, constipation, and
malabsorption; wheezing cough and bronchial spasms; microbial, viral, and parasitic
infections; fever and rheumatism; neurological diseases; and cancer [118, 119].
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Figure 5.
Fruits of the bael tree or bhel Aegle marmelos (L.) Corréa (Rutaceae) (from: https://images.app.goo.gl/
SqaKhRAEja9Se8Rx8.

Scientific studies have validated many of the ethnomedical uses of A. marmelos,
showing antidiarrheal, gastroprotective, bronchospasmolytic, anti-inflammatory,
analgesic, antimicrobial, antiviral, as well as anticancer and chemopreventive effects
[120, 121]. These pharmacological activities could partially be attributed to alkaloids
in the plant other than aegeline, as well as phenolic compounds, flavonoids, tannins,
monoterpenes, and sesquiterpenes, coumarins, saponins, and phytosterols [120, 121].

A. marmelos is also used for the traditional treatment of diabetes in many parts of
the world [122, 123] including Suriname [53]. There is ample pharmacological sup-
port for this use. Aqueous, methanolic, and ethanolic extracts from fruit, leaf, or anin
vitro callus culture from a leaf explant produced marked antidiabetic effects in several
animal models of diabetes, including normalization of fasting blood glucose level, tol-
erance to a glucose load, increased serum insulin levels, decreased insulin resistance,
improved glucose homeostatic enzymes, and improved blood lipid profile [124-127].
The hypoglycemic activities have been associated with marked antioxidant effects
including a decrease in oxidative stress that manifested as a decrease in lipid peroxida-
tion, an increase in the activity of cellular antioxidant mechanisms [128-130], and the
regeneration of pancreatic p-cells [126]. These observations are in accordance with
the notable antioxidant activity of A. marmelos leaf extracts in a DPPH free radical-
scavenging assay and a ferric reducing antioxidant power assay [131, 132] as well as in
HepG2 cells cultured under glucose-rich conditions [132].

The phytochemicals in the plant that may be involved in its antioxidant activities
are the phenolic compound eugenol [133], the furanocoumarin marmesinin
[134, 135], the 7-hydroxycoumarin analog umbelliferone f-D-galactopyranoside
[136], and the cyclic monoterpene limonene [137]. In addition, A. marmelos’ antidia-
betic activity may be related to the stimulation of insulin release from the pancreas,
stimulation of glucose uptake by the skeletal muscles, and lowering of postprandial
blood glucose levels. These suggestions are based on the stimulatory effects of
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A. marmelos preparations on insulin release by cultured pancreatic islet cells [128] and
on glucose uptake by isolated mouse psoas muscle tissue [127], and their substantial
inhibitory effects in in vitro a-amylase and a-glycosidase assays [138]. At least the
a-glycosidase inhibitory activity has been associated with the presence in the leaf of a
series of phenylethyl cinnamides, particularly anhydroaegeline [138].

At this moment, only a few clinical studies have been conducted to explore the
therapeutic efficacy of A. marmelos against diabetes. Leaf preparations given orally to
type 2 diabetic patients reportedly lowered levels of fasting blood glucose [139-141],
postprandial blood glucose [138-142], and HbA1C [141], along with total blood cho-
lesterol and triglycerides while increasing HDL levels [140, 141]. However, a crossover
clinical study evaluating the unripe fruit pulp for 0-21 and 28-49 days with a 7-day
wash-out period, did not find an effect on fasting blood glucose [143].

7. Plants with hypoglycemic properties associated with Surinamese from
Javanese origin

7.1 Acanthaceae: Strobilanthes crispa (L.) Blume

The black face general Strobilanthes crispa (L.) Blume (Acanthaceae) (Figure 6) is
probably native to the Sunda Islands, a group of islands in the Malay Archipelago that
includes the Indonesian island of Java. The plant has spread to many south-eastern
Asian countries and has presumably been brought to Suriname by Javanese inden-
tured laborers at the end of the 19th century and the beginning of the 20th century
[51]. It is a woody spreading shrub that carries yellow-colored flowers, attains a height
of 50 cm to 1 m, and can be found on riverbanks and abandoned fields. S. crispa is
known as “ketji beling” in Surinamese-Javanese, “etji” meaning “very bad” or “vile”

Figure 6.
Leaves and flowers of the black face general or ketji beling Strobilanthes crispa (L.) Blume (Acanthaceae)
(from: https://images.app.goo.gl/AMKPw44x1JPFUgnng).
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and “beling” meaning “broken glass” or “shards” which probably refers to the very
rough texture of both surfaces of the leaves. Nevertheless, this part of the plant is
eaten as a vegetable.

In addition, S. crispa is used in Indonesian and Malaysian traditional medicine
as a diuretic, antilithic, laxative, and anticancer agent [144, 145]. Some of these
folk medicinal uses are supported by data from pharmacological studies with leaf
preparations showing antimicrobial, antioxidant, antiulcerogenic, anticancer, anti-
angiogenic, acetylcholinesterase-inhibitory, and wound healing activity [146-148].
Phytochemical investigations have revealed that S. crispa leaf contains polyphenols,
flavonoids, catechins, alkaloids, caffeine, and tannins, all of which are known to elicit
some of these as well as other pharmacological activities [146-148].

S. crispa has also been used for a long time in particularly Indonesian and
Malaysian folk medicine as an ingredient of popular jamus for lowering elevated
blood sugar levels [149]. As a result, some products prepared from the leaf of the
plant have recently entered the health-food market as antidiabetic nutraceuticals in
the form of sachets containing the raw crude powder (fermented and unfermented)
for preparing a tea, as an additive in coffee, or as capsules for oral intake [150]. So
far, no clinical data are available on the safety and side effects of the long-term use
of these products, but several pharmacological studies reported that they do not
exert acute toxicity [151, 152].

Like Indonesians and other peoples from south-eastern Asian countries,
Surinamese-Javanese use tea from S. crispa leaves (alone or together with those from
certain other plants) to lower elevated blood sugar levels [51]. This traditional use is
supported by the blood-glucose-lowering effects of hot water extracts of fermented
and/or unfermented leaf in both normal and streptozotocin-induced diabetic rats
[150]. Both preparations also improved lipid profile (total cholesterol, triglyceride,
LDL-cholesterol, and HDL-cholesterol) in the animals [150]. S. crispa leaf juice given
together with a basic diet to streptozotocin-induced diabetic and normal rats produced
comparable results, along with significantly increased glutathione peroxidase and
superoxide dismutase activities in both groups of animals [153]. Fresh S. crispa leaf
juice also stimulated the healing of incision wounds on the back of normal and strepto-
zotocin-induced hyperglycemic rats [154]. These observations are in accordance with
the stimulatory effects of a topically applied ethanol extract of S. crispa leaf on excision
wounds in the posterior neck area of normal rats [155] and suggest that this plant may
also be useful for treating poorly healing wounds occurring in diabetics.

As mentioned before, plant antioxidants seem to elicit beneficial effects on various
aspects of diabetes since oxidative stress probably represents an important contributing
factor to the initiation and development of the disease [68, 69]. This is in accordance
with the notable antioxidant effects of S. crispa preparations in several iz vitro models
of diabetes [148, 156] and their positive effects on endogenous antioxidant mechanisms
in diabetic animals such as glutathione peroxidase and superoxide dismutase activities
[153]. These effects might be attributed to the abundance of phenolic compounds with
antioxidant properties in the plant such as p-hydroxybenzoic acid, p-coumaric acid,
caffeic acid, vanillic acid, gentinic acid, ferulic acid, syryngic acid, as well as quercetin,
rutin, catechin, myricetin, apigenin, and luteolin [147, 148, 156, 157].

7.2 Clusiaceae: Garcinia mangostana L.

The mangosteen Garcinia mangostana L. (Clusiaceae) is a tropical evergreen
tree that is believed to be native to south-eastern Asia where it is called “manggis”
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or “manggustan.” The exact origin of G. mangostana is uncertain but it has been
cultivated since ancient times in southern USA, Central America, and north-western
South America. It has probably introduced in Suriname by Javanese indentured
laborers around the beginning of the 20th century [51]. G. mangostana produces
round, slightly sweet and sour, flavorful, juicy fruits consisting of fluid-filled vesicles
with an inedible, deep reddish-purple colored exocarp when ripe (Figure 7). The ripe
fruit is eaten raw, incorporated into desserts, added to salads, or made into jams. It
is rich in carbohydrates, minerals, vitamins, and various other nutrients [158], and
mangosteen-based products are also offered in many parts of the world as “liquid
botanical supplements” [159], although the claims of their invigorating properties are
being disputed [160]. Interestingly, extracts of the peel have been used for centuries
in Indonesia as a natural dye for the brown, dark brown, purple, and red colorings of
the characteristic batik textiles [161].

Preparations from G. mangostana parts are since ancient times extensively used
in traditional south-eastern Asian medicine. A few indications are skin infections,
infected wounds, and suppurating sores; dysentery; cystitis; gonorrhea; chronic
ulcer, abdominal pain, diarrhea, and dysentery; obesity; as well as cancer [161, 162].
Pharmacological studies have provided support for some of these uses, showing that
G. mangostana preparations elicit, among others, anti-inflammatory, antibacterial,
antiviral, antiprotozoal, antioxidant, anti-obesity, anticancer, and chemopreven-
tive activities [163, 164]. Phytochemical studies have suggested that these activities
may particularly be attributed to the high content of polyphenolic compounds in the
plant (particularly in pericarp, whole fruit, heartwood, and leaf) such as xanthones,
prenylated benzophenone derivatives, flavonoids, anthocyanins, and condensed
tannins [163-165]. Xanthones—tricyclic polyphenols consisting of two benzene rings
attached through a carbonyl group and oxygen—are the major bioactive constituents
in G. mangostana and include, among others, a-, -, and y-mangostins [166, 167].

G. mangostana preparations are also used against diabetes in various traditional
systems [161-163] including Surinamese Jamu [51]. Support for this use is provided by

Figure?7.
Fruits of the mangosteen Garcinia mangostana L. (Clusiaceae) (from: https://images.app.goo.gl/6tU39NW2AB
ubRryt7).
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the reduction in blood glucose levels and/or insulin resistance as well as the increase
in insulin levels noted in high-fat diet and streptozotocin-induced type II diabetic
and nephropathic rodents treated with pericarp extracts enriched with xanthones
[168-170]. The G. mangostana preparations also improved, among others, oral glucose
tolerance and the histology of the p-cells [168-170] as well as blood lipid profiles
in the animal models [171, 172]. These effects have been ascribed to a-mangostin
and y-mangostin, which elicited comparable antidiabetic activities as the crude G.
mangostana extracts in vivo [173], stimulated insulin secretion in cultured INS-1 rat
insulinoma cells, and protected the cells from apoptotic damage [174], and decreased
insulin resistance in primary cultures of newly differentiated human adipocytes [175].

The antidiabetic activities of G. mangostana have been associated with the anti-
oxidant properties of the xanthones in the plant, which elicited potent DPPH free
radical-scavenging activity, superoxide dismutase and catalase stimulatory activities,
and notable malondialdehyde inhibitory activity [168-170]. Furthermore, the G.
mangostana preparations inhibited a-amylase and a-glycosidase activities in vitro
[176, 177], which was consistent with the lowering of postprandial blood glucose lev-
els by an ethanol extract of the pericarp in streptozotocin-induced diabetic rats [177].
Candidates for the anti-enzymatic effects are the xanthone garcimangostin A which
displayed acarbose-like a-amylase inhibitory activity in molecular docking studies
[178], and oligomeric proanthocyanidins as well as a-mangostin and y-mangostin that
inhibited a-amylase and a-glucosidase in vitro [170, 176, 177].

Until today, there is only some indirect evidence on the clinical efficacy of
G. mangostana. Thus, a fruit juice herbal blend, either alone or in combination with
parts from other plants, and a fruit extract in a capsule formulation led to a reduction
in body weight, body mass index, and waist circumference of non-diabetic obese
patients [179-181]. Since these positive changes were accompanied by an improve-
ment in insulin sensitivity [181], the data from these studies have merit.

8. Plants with hypoglycemic properties associated with Surinamese from
Chinese origin

8.1 Araliaceae: Panax notoginseng (Burkill) EH.Chen

The Chinese ginseng Panax notoginseng (Burkill) FH.Chen (Araliaceae)

(Figure 8) is probably native to south-eastern China and Vietnam but has spread to
forests from China to the Himalayas and Myanmar. P. notoginseng must not be con-
fused with other Panax species such as the Asian ginseng P, ginseng C.A. Meyer and
the American ginseng P. quinquefolius L., which it superficially resembles. However,
an important distinguishing characteristic of P. notoginseng is the presence of three
petioles with seven leaflets each. This is the reason this plant is referred to in China
as “san-qi,” meaning “the three-seven herb.” P notoginseng is either cultivated or
gathered from the wild, and the interest in this plant is particularly for its root and
rhizome which are used to prepare foods, health products, beauty products, dietary
supplements, and medicines [182].

P, notoginseng dried root and rhizome are very common ingredients of traditional
Chinese medicines including those used by Surinamese-Chinese [183]. A few indica-
tions are arteriosclerosis, high blood pressure, coronary heart disease, and angina
pectoris; internal and external bleedings ranging from nosebleeds to intracerebral
hemorrhages; inflammatory conditions such as osteoarthritis and rheumatoid

21



Basics of Hypoglycemia

Figure 8.

Rhizmes of the Chinese ginseng or san-qi Panax notoginseng (Burkill) F.H.Chen (Araliaceae) (from: https://
images.app.goo.gl/NB2rRHGPbEQyg1id9). In de insert de flower of the plant (from: https://images.app.goo.gl/
HbVFx8SkBDNy2zp37).

arthritis; pains and swellings; liver disease; poor cognitive ability or mood; and
substandard athletic performance and muscle soreness following exercise [184, 185].
Pharmacological studies supported some of these uses, showing, among others,
beneficial effects on the cardiovascular system and cerebrovascular diseases; hemo-
static, wound healing, and angiogenesis-modulating effects; anti-inflammatory,
antioxidant, antimicrobial, and antiviral activities; estrogen-like properties; cogni-
tive enhancing, antidepressant, and anxiolytic activities; as well as performance-
enhancing activities [185-187].

The main active constituents believed to be responsible for these activities are the
unique triterpene saponins in the plant called dammarane saponines, which consist
of a dammarane skeleton (17 carbons in a four-ring structure) with various sugar
moieties attached to the C-3 and C-20 positions [185-187]. The biologically most
important dammarane saponines in P. notoginseng are believed to be the notogin-
senosides [185-187]. This was the rationale for developing and patenting a saponin-
enriched P. notoginseng product as a traditional treatment for cardiovascular disorders
in China [188]. Other phytochemicals in P, notoginseng with pharmacological activity
are polysaccharides such as starch-like glucans and pectin; amino acids and proteins;
volatile oils comprising, among others, sesquiterpenoids; polyacetylenes, phytoster-
ols, and flavonoids, as well as the triacylglycerol trilinolein [186].

P. notoginseng root and rhizome extracts as well as purified notoginsenosides or
notoginsenoside-containing formulations have also been used for thousands of years
in traditional Chinese medicine for treating the symptoms of diabetes [182]. The
results from many pharmacological studies—both in vivo and in vitro—have sup-
ported this use [189, 190]. For instance, the administration of P. notoginseng saponins
led to a decrease in blood glucose in alloxan-induced diabetic mice [191], hyperglyce-
mic and obese KK-Ay mice [192, 193], and high-fat diet-induced diabetic KKAy mice
[194]. These effects were accompanied by an increased synthesis of liver glycogen
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in normal mice [191] and improved serum insulin levels, glucose tolerance, insulin
resistance, glomerular lesions [192], and body weight in diabetic animals [192-195].
The latter observation was consistent with the iz vitro and in vivo anti-obesity effects
of notoginsenosides [195].

These findings were in accordance with the increased (insulin-stimulated)
glucose uptake by a rat liver homogenate [191], 3 T3-L1 murine adipocyte-like cells
[196], and cultured C2C12 skeletal myoblast [197] following exposure to P. notogens-
ing saponins, as well as the concomitant increase in the expression of several ele-
ments of signaling pathways considered important in the pathogenesis of diabetes
including the glucose transporter type 4 GLUT4, p-PI3K, and p-Akt [194, 196].

P, notoginseng saponins treatment also increased intracellular superoxide dismutase
and catalase levels and decreased reactive oxygen species and malondialdehyde
content in rat retinal capillary endothelial cells exposed to high glucose [198]. All
these data taken together suggest that P. notoginseng and its notoginsenosides affect
multiple metabolic pathways involved in glucose homeostasis, including, among oth-
ers, glucose absorption, glucose transport, and/or glucose disposal, as well as insulin
secretion and binding.

A few clinical studies support the antidiabetic efficacy of P. notoginseng in diabetic
patients. For instance, the daily intake of 3 g of P. notoginseng for 3 days lowered post-
prandial glycemia in untrained non-diabetic adults of 20-45 years when compared to
one cycling exercise of 30 min on day 3 prior to the glucose intake by these men [199].
Furthermore, the saponins delayed the progress of diabetic nephropathy [200] and
elicited beneficial effects in type 2 diabetic angiopathy [201]. And a meta-analysis
suggested that some commercial products containing P. notoginseng saponins may well
be beneficial as adjuvant therapy for diabetic kidney disease [200].

8.2. Lauraceae: Cinnamomum cassia (L.) J.Presl

Cinnamomum cassia (L.) J.Presl (Lauraceae) (Figure 9), also called Chinese cassia,
Chinese cinnamon, or “guan gui” in Mandarin (referring to something precious or
valuable), is an evergreen tree that originates from southern China and has spread to
various neighboring countries in southern and south-eastern Asia. C. cassia is, along
with several other Cinnamomum species including the Ceylon cinnamon C. verum,
the Saigon cinnamon C. loureiroi, the Indonesian cinnamon C. burmannii, and the
Malabar cinnamon C. citriodorum (from the Malabar region in India), widely culti-
vated for its aromatic, reddish inner bark that gives the spice cinnamon after drying.
Cinnamon is used as a flavoring agent for confectionery, desserts, pastries, and meat
dishes including many savory curry recipes. One of the several flavoring substances is
coumarin, a benzopyrone that has, however, anticoagulant properties and can cause
liver damage in sensitive individuals if consumed in larger amounts [202].

C. cassia has a long traditional use for treating a wide variety of diseases, particu-
larly in China [203-205] but also in the Chinese community in Suriname. Preparations
from mainly the bark of this plant are used against, among others, microbial and
parasitic infections; the common cold; inflammation; joint pain and hernia; loss
of appetite stomach, spasms, nausea and vomiting, flatulence, and diarrhea; chest
pain; kidney disorders; bed-wetting; erectile dysfunction; menopausal symptoms,
menstrual problems, and to cause abortions; as well as hypertension, cancer, and
diabetes [203-205]. Some of these traditional uses are supported by the many phar-
macological studies carried out with C. cassia preparations, cinnamon spice, and
isolated compounds from the plant showing antimicrobial, antiviral, antioxidant,
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Figure 9.
Leaves, flowers, and fruits of the Chinese cassia or gudn gui Cinnamomum cassia (L.) J.Presl (Lauraceae)
(from: https://images.app.goo.gl/HGEBbvErrXoR43UL9).

anti-inflammatory, gastroprotective, nematicidal, acaricidal, repellent, anti-obesity,
anti-angiogenic, and anticancer activities [203-205]. Phytochemical analyses have
shown the presence in the plant of bioactive phenylpropanoids including cinnamal-
dehyde that is considered its main pharmacologically active ingredient (and that also
contributes to its flavor and aroma), as well as terpenoids, glycosides, lignans, and
lactones in addition to coumarin [203-205].

There is also ample preclinical evidence for hypoglycemic activity of C. cassia.
For instance, aqueous extracts of the bark decreased blood glucose concentration in
streptozotocin-induced diabetic mice [206, 207], type II diabetic C57BIKsj db/db
mice [208, 209], and rats challenged by a glucose load [210]. The C. cassia prepara-
tions were also able to stimulate the release of insulin from the insulin-secreting
rat cell line INS-1 iz vitro [210] and to increase plasma insulin levels in the animal
models [208, 210]. In addition, serum insulin levels and HDL-cholesterol levels
were increased while those of triglycerides, total cholesterol, and LDL were
decreased [208, 209].

The hypoglycemic effects of C. cassia were accompanied by a reduction in
malondialdehye levels [206] and a rise in glutathione levels and glutathione peroxi-
dase activity [211], suggesting the involvement of antioxidant activity in its mecha-
nism of action. This is supported by the abundance of polyphenolic compounds with
considerable antioxidant activity in the plant [204, 205, 212] and by the decrease of
plasma malondialdehyde levels in overweight and obese adults with prediabetes who
had consumed the C. cassia bark-based supplement Cinnulin PF® [213]. In addition,
both in vitro and in vivo studies reported that cinnamon led to a decrease in a-amylase
and a-glycosidase activities [208, 214-216]; an increase in hepatic glycogenesis [217],
and an increase in the consumption of extracellular glucose in both insulin-resistant
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HepG2 and normal HepG2 cells [207]. Thus, C. cassia may alleviate diabetes through
its antioxidant activity, by delaying carbohydrate digestion and lowering postpran-
dial glucose levels, by storing excess glucose in the liver, and by improving insulin
resistance and sensitivity.

In some clinical studies, the consumption of cinnamon spice or a phenolic-enriched
extract of C. cassia bark indeed led to a reduction in fasting [218, 219] and postprandial
blood glucose levels [220-223] as well as an improvement in insulin sensitivity in healthy
[220, 222-224], obese [223, 224], and type 2 diabetic patients [219]. Cinnamon and pow-
dered aqueous C. cassia bark extract also caused a delay in gastric emptying [220], and
enhanced insulin sensitivity [224], as well as improvements in fasting plasma glucose and
HbA1lc along with lipid profiles in type 2 diabetic patients [218]. However, other studies
reported no effect of cinnamon spice or encapsulated C. cassia bark on blood sugar levels,
insulin sensitivity, oral glucose tolerance, blood lipid profile, and/or liver enzymes in
either normal-weight non-diabetic individuals or obese diabetic subjects [225-227].

9. Concluding remarks

Diabetes remains one of the most prevalent diseases of mankind. Despite the
many therapeutic options available, this condition is often treated with a variety
of traditional medicines in many parts of the world. This chapter has extensively
addressed eight plants and plant-derived preparations with hypoglycemic proper-
ties, two of which are traditionally used against diabetes by each of the four largest
ethnic groups in Suriname. R. tuberosa and G. globosa are associated with the Afro-
Surinamese, S. cumini and A. marmelos with the Surinamese Hindustani, S. crispa and
G. mangostana with the Surinamese Javanese, and P. notoginseng and C. cassia with the
Surinamese Chinese. As mentioned above, the prevalence of diabetes and other non-
communicable diseases is relatively high in Suriname [35-39], while most Surinamese
have largely remained true to their cultural customs [28].

However, as summarized in Table 2, despite the availability of many preclinical
observations on antidiabetic/hypoglycemic activity of preparations from the plants,
the scientific evidence to back up these data is disappointingly meager. Notably,
four of the eight plants (R. tuberosa, G. globosa, S. crispa, and G. mangostana) had
not even undergone clinical testing, while the clinical findings of the remaining four
(S. cumini, A. marmelos, P. notoginseng, and C. cassia) were in general inconsistent,
some reporting positive effects in diabetic patients, others mentioning negative
effects. On the bright side, there were in all cases suggestions about the pharmaco-
logically active ingredients and mechanisms that may be involved in the putative
antidiabetic/hypoglycemic activities of the plants (Table 2). Then again, it remains
to be seen whether these findings also apply in the clinic.

These data clearly indicate the shortcomings of the scientific evidence accumulated
so far to support the use of these plants against diabetes. This raises not only the pos-
sibility that patients treat their disease with substances that may be ineffective, but also
that they may run the risk of unknown or unforeseen adverse effects or interactions
with allopathic medicines or food constituents. For these reasons, it is necessary to sub-
ject these plants to systematic and large-scale clinical trials to definitely establish their
roles in the treatment of diabetes. Obviously, these studies must be carried out with
standardized preparations and uniform doses and administration schedules. The results
from these studies are particularly important to countries such as Suriname, where a
large proportion of the population relies on traditional herbal medicinal products.
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Abstract

Glucose provides the necessary fuel to cover the physiological functions of the
organism. In the brain, glucose represents the main energy supply through the
generation of adenosine triphosphate, with oxygen and glucose being the main com-
ponents involved. The imbalance in glucose levels in the central nervous system pro-
duces substantial changes in metabolism. Hypoglycemia, or decreased blood glucose
levels below 50 mg/dl, is accompanied by symptoms such as decreased performance
of cognitive tasks such as verbal fluency, reaction time, arithmetic ability, verbal
memory and visual, in addition to excitotoxicity, oxidative stress, neuroinflammation
and apoptosis. Hyperglycemia participates in some cardiovascular diseases, neuropa-
thy, nephropathy, retinopathy. Changes in glucose metabolism must be regulated and
considered in order to obtain the best treatment for different pathologies, such as
infections, non-infections, traumatic, primary or acquired.

Keywords: hyperglycemia, hypoglycemia, neuroglycopenia, neuroinflammation,
oxidative stress

1. Introduction

The human brain requires a high and continuous input of energy, which is obtained
mainly from glucose, due to its high metabolic rate. Some interesting facts about the
brain are that it accounts for only 2% of body weight, but it also requires 15% of cardiac
output, 20% of total body oxygen and 25% of serum glucose, which means that the
human brain uses up between 5 and 10 g of glucose per hour or 140 g per day on average
[1]. Under normal conditions, serum glucose is around 80-90 mg/dl and may increase
up to 200 mg/dl after meals. On the other hand, serum glucose may decrease up to
54 mg/dl during prolonged fasting. The concept of hypoglycemia refers to a clinical
situation in which patients have a serum glucose value below 50 mg/dl matching with
neuroglycopenic symptoms or serum glucose values below 40 mg/dl without any
symptoms [1]. The high energy requirements of the human brain employ such complex
metabolic strategies to manage energy sources. Glucose enters the central nervous
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system through the Blood-Brain Barrier (BBB), a process that requires a transport
protein located in the cell membrane [2, 3]. There are two systems of glucose and other
monosaccharide transporter proteins: sodium-glucose transporters, also known as
SGLTs (sodium-dependent glucose transport), and glucose transporters, also known

as GLUTs (glucose transporters). There are several types of GLUT transporters in the
human body, but in the central nervous system, there are only two types: GLUT1, which
is found in the BBB, and GLUT3, which is found in neurons. Glucose enters cells via
GLUT transporters in a process composed of four steps; (1) first, glucose binds to the
transporter protein on the outer face of the cell membrane; (2) the transporter protein
changes its conformation and glucose enters into the cell membrane; (3) glucose is
released into the cytoplasm by the transporter; (4) the transporter returns to its original
conformation and its glucose binding site is exteriorized again (Figure 1) [4, 5].

The human brain requires a lot of energy to carry out all its functions, this energy
comes from different pathways in which glucose and oxygen work together to develop
adenosine triphosphate (ATP). The bonds of the ATP molecule are then broken to
obtain stored energy, and most of this energy is used for information processing. For
example, in the human brain, there are about 10 billion neuronal cells communicated
by more than 50 trillion synapses through neurotransmitters that are synthesized in
the cerebral cortex in a process that requires about 3.8 x 1012 molecules of ATP [5, 6].

Neuronal and glial cells have distinct functions and are metabolically different
from each other [6]. In fact, the gray matter of the human brain uses 10 times more
glucose than any other organ in the body. With the known stoichiometry of glucose
oxidation (C¢H;,06 + 60, 6CO, + 6H,0) and its coupled reactions, it is possible to
obtain an estimated flux at different points in the metabolic chain. This allows us to
know how glucose enters into glycolysis and the Krebs cycle, leading to the release of
energy that is then split into small components such as ATP, increasing its molar flux
to 31 molecules of ATP for each molecule of glucose [7].

Oxidation of glucose molecules through the tricarboxylic acid cycle develops small
amounts of lactate, which plays an important role as a precursor to the process of
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Figure 1.
Glucose transport from blood vessels to neuronal cells. GLUT (glucose transporters). Modified from Iatreia:

2002;15(3).
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gluconeogenesis in the nervous system. Lactate becomes an energetic compound for
the nervous system, which is demonstrated in neuronal and glial uptake, improving
ATP synthesis in neurons. Such articles suggest that glucose is stored by the astrocytes
and then released as glucose or lactate, to be used by neurons, when energetic require-
ments increase [8].

2. Cellular and molecular facts of glucose

Glucose is absorbed by GLUT1 protein transporters and can be stored as
glycogen (the most important storage of glycogen is located on astrocytes) or go
into glycolysis (Figure 2) [9].

2.1 Neurons

Glucose represents the main source of energy and its metabolic regulation is so
important for normal nerve cell functions, including ATP synthesis, regulation of
oxidative stress, synthesis of neurotransmitters and neuromodulatory molecules
and many processes such as memory, learning and sensitivity and motor functions
[10, 11]. The overall performance of neurons, astrocytes and endothelial cells is very
important during the transit of energy supplements in the nervous system neces-
sary to cover cellular functions [12]. As mentioned above, neuronal cells require a
high amount of energy which is obtained from glucose; also glucose can be obtained
directly by neurons or indirectly from astrocytes that converted lactate into glucose
previously [13, 14]. In normal conditions, neurons obtain energy from glucose, but
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Figure 2.

Pathway of glucose from food to ATP in the neuron. The blue color is the area outside the blood-brain barrier, the
green color represents only processes in the astrocyte, the yellow color processes in the neuron, and the orange color
represents the intramitochondrial pathways.
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during the synaptic activity, they mainly consume lactate as a product of glucose
metabolism. In both cases, the overall net brain consumption would be sustained by
glucose. Under conditions of glutamatergic synaptic activity, glutamate stimulates
GLUT-1-mediated glucose incorporation and glycolysis in astrocytes, followed by the
release of lactate into the extracellular space and its capture in neurons, the neuron
uptake of glucose is made via the GLUT-3 transporter [9, 15-17].

2.2 Astrocytes

Astrocytes also need the energy to carry out their functions, these cells play such
an important role in brain metabolism by providing lactate as a metabolic substrate
when neuronal energy requirements increase. In astrocyte cells, the GLUT-1 transport
protein is the main glucose uptake protein. Once glucose enters the astrocyte, it is
converted to glucose-6-phosphate (G6P) to undergo glycolysis or be converted to
glycogen. Glucogenic enzymes involved in glycogen metabolism, such as glycogen
synthase, store backup glycogen. Glycogen phosphorylase and the debranching
enzyme metabolize glycogen into G6P to undergo glycolysis when the astrocyte, or
near neurons, require energy sources (Figure 3) [18, 19].

2.3 Hypoglycemia in neurons and astrocytes
It has been described that hypoglycemia actively causes neuronal death. When

glucose concentration decreases below 1 mM (18 mg/dl), causes energy deficit, the
release of excitatory amino acids (aspartate and glutamate) induces the expression of
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Glucose metabolism and energy synthesis in astrocytes and neurons. LDH (lactate dehydrogenase), MCT
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excitatory receptors located in neuronal dendrites that produce calcium fluxes, induc-
ing neuronal necrosis. Hypoglycemia constitutes a metabolic brain injury [20, 21].

During hypoglycemia or periods of intense brain activity, glycogen can be
used to generate lactate, which is translocated to nearby neuronal cells. Thus,
glycogen within astrocytes functions as a backup system in case of hypoglycemia,
ensuring neuronal functions and survival during glucose deprivation [22, 23].

In cases of brain ischemia, astrocytes have shown a high resistance, a situation

that is explained by its glycogen store. Astrocytes also keep glucose synthesis

for longer time periods compared with neuronal cells. Besides, astrocytes lead
glycogen to turn into lactate which is moved within neurons when these cells have
increased energy requirements or during lack of glucose. However, the amount of
mitochondria within astrocyte cells is smaller than the amount of mitochondria
within neuronal cells. A single molecule of lactate can generate 10 mM ATP, which
is equivalent to 17 molecules of ATP [7, 23]. Several papers suggest that glucose
molecules are stored mainly in astrocyte cells and can be released as glucose or lac-
tate to contribute to neuronal metabolism when energy needs increase [8, 22, 23].
Other studies, recently published, suggest that other substrates such as pyruvate,
glycogen, ketone bodies, glutamate, glutamine and aspartate can be metabolized by
neuronal cells in case of glucose deprivation, supporting neuronal functions and
delaying ATP depletion during hypoglycemia [24]. Astrocytes can release purines
made of adenine, specifically adenosine (which plays an important role as a neuro-
protective molecule) and guanosine which can lead to cell repair after a brain injury
(Figure 3) [25].

In situations of low glycogen levels, glycogen can modulate some neurotransmitters
and also serum glucose levels. These facts are explained by the fact that, during periods of
hypoglycemia, glycogen is converted into lactate and reaches nearby neurons and axons
where it is used as an energy source, leading to protection against hypoglycemia-induced
brain injury and ensuring that neuronal functions supplying energy demands [26].

3. Cellular and molecular neuroglycopenia
3.1 Calcium and hypoglycemic damage

As mentioned above, intracellular calcium accumulation promotes lipolysis,
increasing the amount of free fatty acids due to phospholipids metabolism, includ-
ing arachidonic acid, activated by cyclooxygenase enzyme and promoting oxygen
reactive species releasing, platelet aggregation and neutrophil chemotaxis, leading
to inflammation and direct/indirect cell damage. Calcium accumulation can also
activate regulatory mechanisms to keep adequate levels of this ion, such as calse-
questrin and chelation promoted by the endoplasmic reticulum and mitochondria
[27]. When these mechanisms fail, an ionic overcharge takes place in the mitochon-
dria and the cell membrane polarity is dropped. When the membrane potential
is dispelled, the ATP synthase works upside down, metabolizing ATP. Also, it is
impossible to generate ATP by Krebs cycle or oxidative phosphorylation. Serum
calcium levels decrease during isoelectric periods and return to normal levels after
glucose administration. This fact correlates to an increase in intracellular calcium
levels and neuronal injury. Besides, proapoptotic factors are released as cytochrome
C, caspase 3 and apoptosis-inducing factors. A persistent state of oxidative stress
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Example of severe hypoglycemia in the brain.

is induced by a failure in the I and IV complex of the electron transport chain and
release of reactive oxygen species (Figure 4) [28].

3.2 Reactive oxygen species and oxidative stress

Oxygen ions, free radicals and peroxides are very small molecules, which appear as
aresult of oxygen metabolism, and play an important role in the oxidation-reduction
process, activating genes, exchanging ions when their values need to be regulated.
The regulating mechanisms to avoid over synthesis of these small molecules include
important enzymes groups such as catalase and superoxide dismutase. There are
also antioxidant molecules, for example, ascorbic acid, uric acid and glutathione.
Oxidative stress can be defined as a metabolic status with overproduction of oxygen
reactive species and exceeding the antioxidant molecules’ capacity to offset this
process. Some important molecules that can be affected by this situation are cell
membrane lipids, deoxyribonucleic acid (DNA) and proteins. An increase in catalase
and superoxides dismutase enzymes indicate, indirectly, the presence of peroxides
and superoxide, respectively. That is because these enzymes are considered important
indirect markers of oxidative stress [29].

The glutathione tripeptide functions as a chemical synthesis buffer during
oxidation-reduction reactions carried out by the mitochondria. This chemical buffer
is made of glycine, glutamate and cysteine. Another chemical buffer that appears in
cases of oxidative stress is glutathione in its oxidized form, which is formed by two
glutathione molecules linked by a disulfide bond. There is also an increase in nitric
oxide synthase, subsequently, nitric oxide becomes reactive when it is combined with
superoxides, forming peroxynitrite, a highly reactive molecule with a short half-life,
which in addition to oxidizing nearby molecules, can be transformed into nitrotyro-
sine when reacting with tyrosine residues, increasing immunoreactivity. The neuronal
cells located on the Ammon’s horn 1 region (CA1), in the hippocampus, promote an
increase in zinc levels during long times of hypoglycemia. The glucose reintroduction
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to the system promotes zinc vesicles and nitric oxide synthesis that trigger neuronal
damage. Zinc activates the NADPH enzyme oxidase (NOX) and poly-ADP ribose
(PARP-1) after being translocated to postsynaptic neurons, leading to the produc-
tion of reactive oxygen species (ROS), depletion of oxidized nicotinamide adenine
dinucleotide (NAD+) and lead to neuronal death. The production of ROS by NOS and
NOX induces DNA damage and consequent activation of PARP-1, which consumes
the NAD+ which is required for glucose oxidation through the glycolytic pathway,
as well as activating programmed cell death pathways such as calpain [30]. During
hypoglycemia, PARP-1 activation is an important factor involved in neuronal death
(it leads to increased nitrotyrosine and products of this polymerase). On the other
hand, PARP-1 inhibitors can rescue neurons that would otherwise die after severe
hypoglycemia (Figures 4 and 5) [31, 32].

3.3 Apoptosis and inflammatory response

Apoptosis is a type of cell death that depends on energy and various cellular func-
tions in which the membrane retains its integrity. For its activation, specific proteins
are required to avoid inflammatory responses, which are divided into intrinsic and
extrinsic pathways. The intrinsic activation pathway consists of caspases and cal-
pain. Caspases are classified as initiators, such as caspase 9 and executors, including
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caspase 3. The intrinsic pathway starts with the release of cytochrome C from the
mitochondrial inner membrane, which increases its concentration in the cytosol and
binds APAF1 (apoptotic protease-activating factor 1) protein, dATP and procaspase
9 zymogen [29, 32]. Once bound, this complex becomes an active initiator form of
the pathway, caspase 9, which consequently causes the activation of the executioner
pathway, procaspases 3 and 7, responsible for promoting apoptosis.

It has been postulated recently that an inflammatory response also participates in
hypoglycemic cell damage, this is known due to a study that demonstrates microglial
reactivity in the rat of hippocampus 1-7 days after 30 minutes of hypoglycemic
isoelectric, with activation of calpain, xanthine oxidase and phospholipase A2.

Tkacs and cols., demonstrated that three hypoglycemic episodes related to
30-35 mg/dl glucose blood levels increased the number of positive cells to TUNEL
(apoptosis marker in the arcuate nucleus of the hypothalamus). Subsequently, other
authors reported positive degenerative cells to the neuronal death marker Fluoro-Jade
B (FJB) after only 1 week of a single hypoglycemia event, particularly in the cerebral
cortex, although some were also observed in the hippocampus and striatum [33].

In 1880, blood glucose levels were measured for the first time, which made it
possible to understand the different clinical neurological manifestations and their
association with low blood glucose levels [34]. It was in 1938, when the surgeon Allen
Whipple proposed a triad characterized by hypoglycemia symptoms, decreased
venous glucose concentration and the disappearance of these symptoms after the cor-
rection of glycemia. Although this description was proposed as criteria to perform or
not the insulinomas resection, this triad became widely generalized among the medi-
cal community in the face of hypoglycemia events due to any cause. Reversibility of
the clinical syndrome is frequent when treatment is initiated, although there are also
less fortunate scenarios in which sustained damage to the nervous system is produced,
which will depend on the degree of hypoglycemia when treatment is not timely. This
situation is directly related to functional prognosis and mortality [34, 35].

The physician must be able to identify the clinical signs of hypoglycemia since the
first organ to suffer the consequences is the brain, and we must avoid unfavorable
outcomes, such as neuronal damage and death (neuroglycopenia). When the arte-
rial glucose supply is interrupted and the protective mechanisms are overcome, the
previously described alterations occur at the level of ionic gradients, neurotransmitter
release and reuptake, and oxidative stress, culminating in mitochondrial and cellular
dysfunction [36].

There are usually very effective endogenous mechanisms to prevent neuroglycopenia.
The first line of defense against falling blood glucose levels is to decrease endogenous
insulin production, increasing hepatic glucose production and decreasing its utilization
by other peripheral tissues such as muscle and fat tissue [37]. If glucose levels remain
low, there will be glucagon secretion, followed by an increase in adrenaline. These
counterregulatory mechanisms will be as intense as hypoglycemia severity, resulting in
mobilization of glycogen stores, gluconeogenesis and decreased glucose utilization at the
peripheral level [38].

A very particular characteristic of the brain is the high consumption of glucose
and oxygen, with a high tolerance to periods of transient deficit of these substrates,
however, when glucose decreases below 20 mg/dl, there is a cessation of brain electri-
cal activity (hypoglycemic coma). Blood glucose concentrations may decrease to 30%
of the normal value, but this supply must be constant, as neuronal glycogen stores are
limited and depleted in less than 2 minutes. From this point on, the extent of neuronal
damage is directly related to the time the isoelectric period is maintained. Neuronal
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death occurs after a period of approximately 15 minutes of inactivity. Repeated epi-
sodes of hypoglycemia cause irreversible damage, causing the irreversible cognitive
deficit, which correlates to various brain structures, the most sensitive to the damage
being the cortex, hippocampus and striatum [39].

3.4 Excitatory amino acids in hypoglycemic damage

Excitotoxicity refers to the ability of some amino acids (glutamate) to cause
neurodegeneration secondary to prolonged stimulation of postsynaptic receptors.
This type of toxicity was first described in cerebral vascular disease; later evidence
was found in severe hypoglycemia. The mechanism of damage is as follows: extracel-
lular concentrations of glutamate are regulated by reuptake into the synaptic space
by specific transporters located in astrocytes and neurons. This reuptake is mediated
by sodium, regulated by the electrochemical gradient of ATP-dependent Na/K+
pumps. These ionotropic receptors are classified according to their specific agonist:
the N-methyl D-aspartate (NMDA) receptor, permeable to calcium and sodium. The
non-NMDA receptors (kainate receptor and a-amino-3-hydroxy-methyloxazole-
4propionic acid (AMPA) are sensitive to sodium [40].

Under resting conditions, the NMDA receptor ion channel is blocked by magnesium,
which is released during depolarization mediated by non-NMDA aspartate receptor-
dependent ion channels, allowing calcium to enter the intracellular space. Both glutamate
and aspartate have been shown to be associated with neuronal damage in hypoglycemia,
being released in large amounts during the isoelectric trace [41]. In this situation glu-
tamate is used as a metabolic substrate, favoring the release of aspartate by altering the
electrochemical gradient of Na+/K+, promoting the accumulation of intracellular calcium
and with it, the release of vesicles by exocytosis with excitatory neurotransmitters. Even
with the accumulation of excitatory neurotransmitters, the inhibition of their trans-
porters can limit neurological damage; however, when there is an absence of energetic
substrates, neuronal death is induced. As mentioned, neuronal death and cognitive
impairment caused by hypoglycemia suggest that they are involved in excitotoxicity and
DNA damage.

4. Neuroglycopenia secondary to hypoglycemia

To avoid neuronal death during a period of hypoglycemia, the brain sets in motion
two main regulatory mechanisms: increased cerebral blood flow and the use of
alternative substrate pools to glucose [39, 41]. During hypoglycemia, oxygen con-
sumption remains constant, giving rise to the theory that these alternative pools are
able to compensate for the lack of glucose, allowing adequate cellular function during
relatively short periods of hypoglycemia. The brain can use other substrates for
energy, such as lactate, pyruvate and ketone bodies, although the primary substrate
in the first instance appears to be glycogen, which seems to be depleted in more than
5 minutes after the onset of the isoelectric period [42].

The nervous system is very susceptible to changes when serum glycemia value
is low, which leads to protective mechanisms; on the other hand, when there is
hyperglycemia it has a better regulation. The endocrine counterregulatory response
mechanisms that are activated when glucose drops below 70 mg/dl, at the level of
the pancreatic b-cells the first response is initiated, which consists in the cessation
of insulin release and when the glucose level reaches 66 mg/dl, growth hormone and
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cortisol are released, which stimulate lipolysis in adipose tissue, ketogenesis and
gluconeogenesis in the liver. Below 54 mg/dl, glucagon (a hormone produced in pan-
creatic cells, which stimulates hepatic glucose production through glycogenolysis and
gluconeogenesis) and epinephrine are secreted. Epinephrine secreted by the adrenal
glands increases glycogenolysis and gluconeogenesis in the liver, stimulates lipolysis
and decreases insulin secretion while elevating glucagon release (Table 1) [38, 39, 42].

The first modulatory process in hypoglycemia is decreased insulin synthesis. This
is followed by an increase in other involved hormones such as GH, ACTH, glucagon,
and epinephrine, resulting in the activation of metabolic regulatory pathways such as
lipolysis, ketogenesis, and gluconeogenesis.

Recurrent hypoglycemia can cause the loss of these counterregulatory mechanisms
and create a vicious cycle increases the risk of severe hypoglycemia with each event.
Recurrent hypoglycemia reduces the glucose levels necessary to trigger the autonomic
counterregulatory response during a subsequent hypoglycemic period, leading to
patients being unable to recognize sympathoadrenal symptoms, leading to the onset
of neuroglycopenic symptoms (hypoglycemia unawareness). The unawareness of
hypoglycemia and the failure of the autonomic response lead to the so-called hypogly-
cemia-associated autonomic failure, which increases the risk of severe hypoglycemia
by 25 times or more, with high chances of coma, irreversible brain damage and death.
Clinical data suggest that about 25% of diabetic patients suffer hypoglycemia without
realizing it [37, 39, 42]. Hypoglycemia occurs in 25-30% of diabetic patients, with
type 1 diabetics being more affected, followed by type 2 diabetics, although in them
it usually happens in advanced stages of the disease. The incidence of hypoglycemia
episodes depends on the age and duration of the disease. The mortality rate is between
4 and 10% and is attributable to severe hypoglycemia in type 1 diabetic patients with
the long-standing disease (7-30 years), this is because the continuous administra-
tion of insulin or insulin-releasing drugs leads to glucose uptake in fat, muscle and
liver, inhibiting gluconeogenesis and glycogenolysis, as well as lipolysis and glucagon
secretion from pancreatic cells. As a consequence, the first response to hypoglyce-
mia (inhibition of insulin secretion) is lost, glucagon secretion is suppressed, and
epinephrine is secreted at lower glucose levels [37, 38, 42].

4.1 Moderate or severe hypoglycemia

According to histological studies, hypoglycemic coma induces neuronal damage
in the cortex, particularly in the insular cortex, hippocampus, caudate nucleus and
putamen; lesions have also been identified in the thalamus, globus pallidus and a
significant volume decrease in the white matter and gray matter in all cerebral lobes
with occipital and parietal predominance. There is a close correlation between the
duration of the isoelectric period and the spread of neuronal damage. The most

Organ involved Response Effects
Pancreatic a cells Decreased insulin synthesis Blood glucose mobilization is reduced.
Hypophysis Increased GH y ACTH Lipolysis and ketogenesis Glyconeogenesis
Pancreatic f cells Increased glucagon Glycogenolysis
Adrenal glands Increased epinephrine and cortisol

Table 1.

Brain protection mechanisms in neuroglycopenia.
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vulnerable brain regions include superficial layers 2 and 3 of the cerebral cortex, CA1,
the subiculum and crest of the dentate gyrus, as well as neuronal damage in the dorso-
lateral region of the striatum [43].

5. Clinical manifestations in neuroglycopenia

Signs and symptoms for hypoglycemia depend on glucose levels (mild, moderate or
severe), frequency and duration of episodes. Symptomatology can be divided into two
big groups: The first group included sympathoadrenal or neurogenic symptoms due
to the activation of the autonomic nervous system and the release of epinephrine and
norepinephrine, triggered in moderate hypoglycemia. The symptoms can be hunger,
sweating, tingling, tremors, palpitations and anxiety (the initial symptoms that allow
the patient to notice the hypoglycemic state). If glucose levels continue dropping to
moderate or severe, the patient would develop the second group of symptoms (neuro-
glycopenic symptoms) which include blurry vision, confusion, dizziness, irritability,
bradylalia, lipothymia, drowsiness, bradypsychia, seizures and coma. However, they
do not always present the same way, actually, it is one of the first diseases that mimic
brain stroke symptoms, among other acute neurologic diseases (hypoglycemic enceph-
alopathy) [34, 35, 44]. Hypoglycemia recurrence induces the body to adapt, and the
clinical signs can be minimal or absent until the glucose levels decrease deeply, taking
the patient to an impaired consciousness state (Table 2) [29, 44].

Mild hypoglycemia has subtle symptoms which are inconspicuous with cogni-
tive changes. Multiple studies have done experiments on both humans and animals,
finding an association between hypoglycemia and cognitive impairment, affecting
complex abilities more than simple ones, regulated by the hippocampus [45, 46].

After a severe hypoglycemia episode, the cognitive deterioration in different cerebral
domains appears in healthy individuals with glucose blood levels between 2.6 and

3.3 mmol/l [47]. Severe hypoglycemia causes a decrease in the performance of cogni-
tive tasks, such as verbal fluency, reaction time, arithmetic abilities and verbal and
visual memory [48]. The cognitive function drop is seen after the activation of the
counterregulatory response and the presence of neuroglycopenic symptoms in diabetic

Sympathoadrenal Neuroglycopenic Other symptoms of severe
symptoms symptoms neuroglycopenia
Hunger Blurred vision Cognitive changes
Sweating Confusion Difficult memory
Paresthesias Dizziness Troubles with language
Tremor Irritability
Palpitations Bradylalia Bradykinesia
Anxiety Lipothymia

Drowsiness

Bradypsychia

Seizures

Coma

Table 2.

Clinical manifestations of neuroglycopenia.
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patients, however, this response changes in non-diabetic patients in whom the cogni-
tive function is immediately impaired, even before the counterregulatory neuroendo-
crine response starts and senses the neuroglycopenic symptoms (Table 2) [47, 48].

In 1990, Ryan et al., evaluated the cognitive effects after a hypoglycemic event in
children, using the hypoglycemic clamp technique, with a control group with normal
glucose levels. Hypoglycemic values were 3.1-3.6 mmol/l and the euglycemic values were
from 5.5 mmol/l onwards, noticing a significant decrease in the trail-making test (men-
tal flexibility), attention and decision making in the mild hypoglycemic group. Also,
once the glycemic values were restored (>5.5 mmol/l), there was no recovery observed in
the attention or reaction time tests, which suggests a long-term neurological effect [49].

Other studies have documented attention, intelligence and memory disturbances
in children with a history of severe hypoglycemia [48, 49]. Childhood hypoglyce-
mia represents an essential factor that affects specific cognitive capabilities such as
memory, learning, intelligence and attention, being the most vulnerable cognitive
domains to hypoglycemia in children [50, 51]. However, no studies have been made
comparing the history of hypoglycemia with long-term control groups, therefore, the
sequels that may develop are unknown with certainty.

Also, there have been reported mood disorders associated with repeated events of
severe hypoglycemia, especially in depressive disorder until 24 hours after the event.
Acute hypoglycemia changes the state of mind causing the patient to feel exhausted
and reducing the hedonic tone. The consequence of long-term and repetitive periods
of moderate hypoglycemia to neuronal damage and cognitive function is not well
understood, however, prolonged hypoglycemia with the absence of isoelectricity
can also induce neuron death restricted mainly to the cerebral cortex. Glucose blood
concentrations of 30-35 mg/dl for 75 minutes can cause significant neuron damage in
the medial prefrontal cortex, piriform cortex and orbital cortex [52].

5.1 Imaging in neuroglycopenia

Objective damage from repeated hypoglycemia events is difficult to document
because routine imaging studies are not usually performed in this type of patient,
as itis an event that is treated in the emergency room and it usually subsides in a
few minutes. However, some studies have evaluated diabetic patients with recurrent
hypoglycemia events trying to correlate cognitive alterations and imaging findings in
MRI [53]. It has been reported cortical atrophy in type 1 diabetic patients with severe
recurrent hypoglycemia events while in patients who do not have recurrent events
these findings were not present, nevertheless, these findings were not related to the
cognitive alterations. There are also case reports in which the MRI shows a reduction
in the white matter of the hippocampus, thalamus and globus pallidus, correlating
this with memory loss and anterograde amnesia, however, these findings are not com-
mon, which make them statistically insignificant.

6. Neuroglycopenia with and without hypoglycemia in medical scenarios

The physiology of glucose in the human brain has already been discussed thor-
oughly, its’ way through the blood-brain barrier and molecular, cellular, tissue and
systemic conditions, on the other hand, it is important to mention some clinical
scenarios where these events take place even though there are not evident and can
explain part of the symptoms and prognostic in each entity. This section will briefly
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Role of hypoglycemia in neurological disease
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Figure 6.

Hypoglycemia negatively affects diseases of the central nervous system.

describe neuropathologic things that cause glucose levels alterations at the central
nervous system and important treatment aspects (Figure 6).

6.1 Glucose brain concentration in the intensive care unit

The relationship between changes in glucose values and cardiovascular events,
such as stroke and acute myocardial infarction, has been well established. Both
hyperglycemia and hypoglycemia are factors that vary patient prognosis [54]. Glucose
dysregulation is a common situation in neurocritical patients. Since 1849, the asso-
ciation between hyperglycemia and prognosis has been described in patients with
cerebral infarction, a situation that has been repeated in more recent studies [55, 56],
which also include patients with acute brain injury secondary to other situations such
as meningitis and cranioencephalic trauma [57].

From several years, it has been thought that intensive glucose control by continu-
ous infusion, even to near-normal levels, might be beneficial to the patient; however,
the NICE-SUGAR study group conducted a randomized clinical trial comparing
intensive glucose control (from 81 to 108 mg/dl) with a group in which glucose levels
were more permissive (up to 180 mg/dl), with subcutaneous bolus insulin administra-
tion. Glucose below 140 mg/dl was associated with increased hypoglycemia events
and increased cardiovascular mortality, whereas glucose levels above 180 mg/dl were
associated with the worse neurological recovery and increased likelihood of sequelae
[58, 59]. Multiple studies have reached the same conclusion, including the SHINE
study, in which intensive control compared with the standard modality did not make
a significant difference in functional outcome (Rankin scale at 90 days) [60].

Very loose glucose control was associated with worse neurological recovery,
although it does not significantly influence mortality in the neurocritical patient,
some sequelae may impact functionality [61].

6.2 Brain glucose concentrations in cerebral infarction

Several clinical trials have shown that cerebral stroke patients with acute elevation
of glycemia at the onset of the event suffer worse functional outcomes, longer hospi-
tal stay and higher mortality with a higher rate of bleeding after the ischemic event
[62]. The definition of hyperglycemia is debated, the reference cohort for different
authors usually varies according to the results obtained in clinical trials, where the
objective is the correlation between glucose levels and increased mortality, findings
are diverse, finding favorable results with levels of 110-155 mg/dl [63, 64]. It has been
shown that patients with ischemic stroke who are treated with tissue plasminogen
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activator benefit from glucose levels below 140 mg/dl in the first hours of treatment,
which correlates with the benefit of the fibrinolytic drug, since patients with adequate
initial glycemic control had higher reperfusion rates, smaller infarcts, and better
functional prognosis than patients with higher glucose levels, this is independent

of chronic glycemic dyscontrol [65, 66]. Although evidence indicates that intensive
glucose control does not impact mortality, hypoglycemia could have an impact on the
development of neurological damage and long-term sequelae, perpetuating the dam-
age already established by previous injuries in the neurocritical patient [67].

6.3 Brain glucose concentrations in patients with traumatic brain injury

During traumatic brain injury there is a net decrease in glucose in microdialysis,
but an increase in glutamate and lactate/pyruvate in microdialysis, with an adverse
effect on the long-term recovery of neurological function [68]. Care should be
taken in the management of these patients, as it is known that during traumatic
injury there is hyperglycemia, using insulin to control it and decrease brain dam-
age due to hyperglycemia, however, adequate monitoring should be performed,
as lowering glucose levels with insulin may induce and aggravate secondary brain
injury [69].

A hypothesis suggests that post-traumatic reductions in extracellular glucose
levels are not due to ischemia, but are associated with poor neurological outcomes.
Neurosurgical data from the microdialysis catheter in uninjured brain tissue with a
perfusion rate of 2 uL/min suggest that glucose values of 0.5-1 mmol/L and lactate of
0.6-1.1 mmol/L are considered normal. In patients with epilepsy versus non-epileptic
tissue perfused at 2.5 uL/min, mean glucose values of 0.82 + 0.27 mmol/L and mean
lactate levels of 1.3 + 0.49 mmol/L were observed [70]. In minimally injured brain
trauma patients perfused at a rate of 2 uL/min and under conditions of normal intra-
cranial pressure and normal tissue oxygenation, reports of mean glucose values have
ranged from 0.5 to 1.1 mmol/L, demonstrating that glucose variations are not signifi-
cant during direct trauma [71]. The extracellular glucose level is generally reduced
after severe traumatic brain injury and is associated with poor neurological recovery,
but is not associated with ischemia [72].

Due to these findings, blood glucose control in patients with traumatic brain
injury has recently been the subject of much research [68, 72]. A retrospective study
included a total of 228 patients with severe trauma who were treated with insulin. In
the first week (acute stage), a blood glucose target of 90-144 mg/dL (5-8 mmol/L)
was associated with a reduced mortality rate and a decrease in intracranial pressure
(ICP) compared with a blood glucose target of 63-117 mg/dL (3.5-6.5 mmol/L).
However, in the second week, the groups appeared to have the reverse results: com-
pared to the target group of 5-8 mmol/L, the 3.5-6.5 mmol/L group demonstrated a
lower incidence of ICP and a reduction in infectious complications. Therefore, slightly
higher blood glucose (5-8 mmol/L) appears to provide benefits during the first week,
whereas lower blood glucose (3.5-6.5 mmol/L) may be more favorable during the later
stages of recovery [69, 72]. Another study showed that blood glucose < 6-11 mmol/L
could reduce mortality in patients with mild trauma, whereas, in severe cases, the
ideal blood glucose target was 7.77-10.0 mmol/L.

Both hyperglycemia and hypoglycemia are harmful [70, 73]. Therefore, methods
to improve intensive insulin therapy without inducing secondary complications
should be investigated, and attention should also be focused on the prevention of
hypoglycemia in patients with head injury [73]. It can be concluded that, in the first
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few days following traumatic brain injury, patients benefit most from less strict
glucose control, and that, past this acute period, blood glucose targets should be

modified.
6.4 Hypoglycorrhachia without hypoglycemia

An objective way to demonstrate neuroglycopenia without symptoms is by
measuring glucose in the cerebrospinal fluid (CSF). There are multiple etiologies
that lower glucose centrally and are recognized not by the symptomatology of
neuroglycopenia but by the characteristic symptoms of each disease and the presence
of hypoglycorrhachia (there are multiple definitions, however, the most accepted is
CSF glucose/serum glucose ratio < 0.5, and < 40 mg/dl is considered severe) [74, 75].
The etiologies are diverse in both children and adults (Table 3) [74-76]. Treatment is
disease-specific and hypoglycorrhachia is not specifically treated.

6.5 COVID-19

Neuro-COVID has been described for its clinical manifestations and findings in
acute neurological disease, and the data that have caused the most impact when talk-
ing about encephalitis secondary to COVID-19 is hypoglycorrhachia and changes in
the electroencephalogram [77]. Based on the above, our team conducted an investiga-
tion during the current SARS-CoV2 pandemic in 30 patients with a diagnosis and
positive polymerase chain reaction for SARS-CoV2, without any obvious neurological
manifestations, and performed a clinical history, complete physical and neurological
examination, lumbar puncture and electroencephalogram, obtaining the following
results: We found a high prevalence of minor neurological manifestations, such as
headache, anosmia, dysgeusia and hypoaesthesia predominating in the early stages
[78]. Other frequent abnormal findings were in the CSF with hypoglycorrhachia
>70% and less frequently in the electroencephalogram of the scalp with focal and
generalized dysfunction in <20%.

Infectious diseases Non-infectious diseases

Meningitis caused by typical bacteria, atypical bacteria, viruses, Carcinomatous meningitis.
parasites, mycobacteria or fungal etiology.

GLUT-1 deficiency syndrome.

Amebic meningoencephalitis. Leukemia or lymphoma involving
CNS.
Cytomegalovirus. Subarachnoid hemorrhage.

Other causes of hypoglycorrhachia

Malignant atrophic papulosis. Neurosarcoidosis.

Meningitis of rheumatoid etiology.

Cholesterol-induced leptomeningitis. Behcet’s disease.
Rheumatoid meningitis Dermoid cyst.
Granulomatous angiitis of the central nervous system. Systemic lupus erythematous with

CNS involvement.

Table 3.
Diseases with hypoglycorrhachia without neuroglycopenia.
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7. Conclusion

Glucose is the main fuel for the appropriate functioning of the central nervous
system. It has been described the main mechanism of entry and use of glucose at the
molecular and cellular levels. We emphasize that neurons and astrocytes interact to
form common metabolic cooperation generating a neuroprotective effect to avoid
hypoglycemic coma or a major brain injury that leads to cellular death. We cannot
forget that when a patient has already had neuroglycopenia secondary to hypoglyce-
mia, he/she already has a change in his/her metabolism and recurrence becomes more
frequent with each episode, which is why some insulin-dependent diabetics die. The
management of glucose in critically ill patients or at the brain level is different and the
ideal treatment and glucose values at central and serum levels are not clear. Central
nervous system diseases that cause hypoglycorrhachia are treated by etiology and not
by low central glucose. Finally, at the time of writing this chapter we faced with the
fact that the amount of published information is old and repetitive, it is important to
continue research on the damage, prevention and prognosis of glucose levels at the
central level in different scenarios.
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Appendices and nomenclature

AMPA a-amino-3-hydroxy-methyloxazole-4propionic acid
AIF apoptosis inducing factor

ATP adenosine triphosphate

APAF1 apoptotic protease-activating factor 1
BBB blood brain barrier

Ca2+ calcium

CitC cytochrome C

dl deciliters

DNA deoxyribonucleic acid

FJB Fluoro-Jade B

H+ hydrogen

GLUT glucose transporter

G6P glucose-6-phosphate

K+ potassium

LAC (lactate)

LDH lactate dehydrogenase

MCT medium-chain triglycerides

mg milligrams
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Chapter 3

Causes of Hypoglycemia

Ala’ Abu-Odeh, Dalal Alnatour and Leen Fino

Abstract

Blood glucose levels may vary during the day, when this variation goes below a
specific limit, hypoglycemia occurs. Hypoglycemia is often associated with reductions
in quality of life and even the risk of death. Moreover, hypoglycemia is correlated with
physical and/or psychological morbidity. It is usually a result of the complex interac-
tion between hyperinsulinemia and the compromised physiological and behavioral
responses attempting to reduce glucose levels. Nevertheless, several conditions can
cause hypoglycemia, both in diabetic and non-diabetic patients. Mutually, diabetic
and non-diabetic hypoglycemia is common in terms of several medications, alcohol
ingestion, critical illnesses, and non-B cell tumors.

Keywords: hypoglycemia, diabetes, drug-induced hypoglycemia,
nondiabetic hypoglycemia

1. Introduction

Glucose is the main source of energy for your body and brain. It can be synthe-
sized de novo or taken from food. Insulin helps to keep blood glucose at normal levels,
so your body can work efficiently. Insulin’s task is to help glucose to enter your cells
and produce energy. If your glucose level is too low, hypoglycemia may occur [1].

Hypoglycemia is defined as a low plasma glucose level of less than 50 mg/dL, thus
exposing the subject to potential harm. It is associated with several signs—palpita-
tion, sweating, tremors (adrenergic response), dysarthria, confusion, epilepsy, visual
disturbances, and coma (neuroglycopenic response) [2-4]. These affect patients’
quality of life and can even increase the risk of death, particularly in diabetic patients.
Furthermore, hypoglycemia is often associated with physical and psychological mor-
bidity (such as generalized worry and mood disturbance) [3, 5]. In diabetic patients,
the complex interaction between hyperinsulinemia and the compromised physiologi-
cal and behavioral responses to reduced glucose levels can lead to hypoglycemia [6].

Diabetes—particularly with the use of insulin or sulfonylurea, that is, insulin
secretagogue treatment, is the classical cause of hypoglycemia. Moreover, diverse
causes are also common, such as medications, alcoholism, critical illness, cachectic
state, cortisol insufficiency, gastric or bariatric surgery, pancreas transplantation,
glucagon deficiency, dietary toxins, and various conditions (sepsis, starvation, severe
excessive exercise), and insulinoma [3, 7, 8]. Not to mention the non-classical causes
that may include congenital hyperinsulinism, insulin receptor mutation, inborn
errors of metabolism, and non-islet-cell tumor [9].
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The primary cause of hypoglycemia is a complex interaction between hyperinsu-
linemia and compromised physiologic and behavioral responses to reducing glucose
levels (Figure1).

2. Diabetic hypoglycemia

Diabetic hypoglycemia is both a physiologic and a clinical condition that is asso-
ciated with increased mortality and morbidity in both type 1 and type 2 diabetes.
Hypoglycemia has proven to have detrimental complications for diabetic patients
in both the short and long term [10]. There are several causes of hypoglycemia in
diabetic patients, including age, renal insufficiency or end-stage renal disease, preg-
nancy, and polypharmacy of diabetic medications [10, 11], as shown in (Table1).

2.1Etiology
2.1.1 Drug induced
As mentioned before, hypoglycemia is well known to be associated with diabetes.

The risk of hypoglycemia is manifested as a limiting factor and a barrier to optimal
treatment and glucose control of type 1 and type 2 diabetes. Although the risk of
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Drugs Insulin related causes
Insulin or insulin secretagogue Absolute insulin excess
Alcohol Relative insulin excess
ACEi

a. Exogenous glucose

B-blockers delivery is decreased
NSAIDs
Antimalarials b. Insulin sensitivity is
Antibiotics (ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin, increased
antiarrhythmics (like quinine, quinidine)) c. Endogenous glucose
Psychotropic medications production is decreased
Malabsorption Diabetes complications
Celiac disease Gastroparesis
Pancreatic exocrine insufficiency Neuropathy
Hormone deficiency Concurrent illness
Cortisol Renal disease
Growth hormone Hepatic disease
Glucagon Cardiac failure
Epinephrine Sepsis
Hypopituitarism
Non-islet cell tumor Psychological
Fear of hypoglycemia
Depression

Cognitive impairment

Table 1.
Causes of hypoglycemia in diabetic patients.

hypoglycemia is more common in type 1 diabetes, it is prominent in type 2 diabetes
with the use of an insulin secretagogue (such as sulfonylurea and glinides) and
insulin [6, 10, 12]. Other types of antidiabetic medications have a low incidence of
hypoglycemia.

Drug-induced hypoglycemia is not limited to antidiabetic medication use; other
medications can also induce hypoglycemia. The most common non-antihyperglyce-
mic medications that are correlated with hypoglycemia are angiotensin-converting
enzyme inhibitors (ACEi), beta-blockers (BB), non-steroidal anti-inflammatory
drugs (NSAIDs), antimalarials, antiarrhythmics (such as quinine and quinidine),
psychotropic medications antibiotics, for example, (cotrimoxazole, ciprofloxacin,
levofloxacin, gatifloxacin, and moxifloxacin). In addition, Clarithromycin has
also been implicated in many hypoglycemia cases, and the risk of hypoglycemia is
exceptionally high in the concomitant use of repaglinide [3, 11, 13]. A systematic
review conducted in 2008 and included 448 references assessed 164 drugs associated
with hypoglycemia [14], the most commonly mentioned drugs to be linked with
hypoglycemia were—quinolones, pentamidine, quinine, beta-blockers, angiotensin-
converting enzyme inhibitors (ACEI), and IGF.

2.1.2 Insulin-related causes
2.1.2.1 Absolute insulin excess
Both absolute and relative insulin excess is a major cause of hypoglycemia.

Absolute insulin excess occurs due to excessive insulin doses, wrong time of injection,
wrong insulin type, and decreased insulin clearance as in renal failure and ill-timed.
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Therefore, the antidiabetic regimen should be adjusted according to a review of blood
glucose patterns. In addition, understanding the pharmacokinetic profile of different
types of insulin is a key to dosing insulin safely [6, 8, 10, 15].

2.1.2.2 Relative insulin excess
The relative insulin excess occurs due to:
a.Decreased exogenous glucose delivery

The risk of hypoglycemia is increased during overnight fasting and with exer-
cise. A new exercise routine, duration, intensity, and inadequate energy intake
can increase insulin sensitivity and glucose utilization. The glucose utilization/
insulin dose mismatch can increase the risk of hypoglycemia. It is worth men-
tioning that insulin doses on days of planned exercise should be well-controlled.
Patients need to associate the meal with inulin injection and need to understand
how the carbohydrates in their diet affect blood glucose [9, 12, 16]. Inherently,
delayed meals, inadequate carbohydrate intake, and skipping meals or snacks
can increase the risk of hypoglycemia [17].

b.Increased insulin sensitivity

The body’s insulin sensitivity following weight loss or improved glycemic control
often increases during midnight [6, 8].

c.Decreased endogenous glucose production

The effects of alcohol on blood glucose levels depend on the amount of alcohol
consumption and the fed status of the individual. Acute alcohol intake after a
fasting state (3—4 days) can induce severe hypoglycemia even in a healthy indi-
vidual. Alcohol intake has an inhibitory effect on gluconeogenesis [13].

2.1.3 Diabetic complications (gastroparesis, neuropathy)

Gastroparesis, that is, delayed gastric emptying, is common autonomic neu-
ropathy in patients with long-standing diabetes. It results in poor glycemic control
and poor nutrition, and dehydration, resulting in frequent hypoglycemia episodes,
hospitalizations, and poor quality of life [18, 19]. Neuropathy is also associated with
hypoglycemia, particularly hypoglycemia-associated autonomic failure (HAAF).
HAATF is a situation in which there is an absence or reduction of insulin secretion,
enhancement of glucagon secretion, and/or a defective glucose counter-regulation
by epinephrine. These factors induce hypoglycemia by reducing sympathetic neural
activity and neurogenic symptoms [20].

2.1.4 Malabsorption (Celiac disease, pancreatic exocrine insufficiency)

Celiac disease is a chronic autoimmune disorder that destructs the small intestine,
so the patient is unable to take nutrients in. It is prevalent in type 1 diabetes and causes
episodes of hypoglycemia. Pancreatic exocrine insufficiency, which is characterized by a
deficiency of exocrine pancreatic enzymes, is also associated with type I and II diabetes.
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2.1.5 Hormone deficiency (cortisol, growth hormone, hypopituitarism, glucagon,
and epinephrine deficiency in insulin-deficient diabetes)

The hormonal deficiency was found to be associated with hypoglycemia. Cortisol
and growth hormone deficiencies, for instance, cause a reduction in gluconeogenesis
and increased glucose utilization leading to hypoglycemia. Moreover, isolated gluca-
gon deficiency can also result in hypoglycemia if insulin secretion is not suppressed
and the counter-regulatory hormone epinephrine secretion is decreased. Studies also
found that hypopituitarism may present with life-threatening hypoglycemia [21].

2.1.6 Concurrent illness (renal, hepatic, or cardiac failure, sepsis)

Hypoglycemia developing secondary to an underlying illness is associated with
increased nutritional body demand due to increased metabolic response in critically
ill patients. Endogenous glucose production is rapidly reduced in hepatic diseases and
liver cirrhosis [22].

As kidneys play a major role in metabolizing insulin, reabsorption and synthesiz-
ing glucose, and excretion of different metabolites of hypoglycemic medications.
Therefore, kidney impairment will prohibit all these processes leading to hypogly-
cemia. On the other hand, the counter-regulatory response to hypoglycemia may be
defective due to uremia and associated anorexia [21]. On the other hand, in uremia,
gluconeogenesis from the kidney and liver is reduced. Hypoglycemia can also occur
in acute renal failure and end-stage renal disease (ESR), this is due to reduced renal
insulinase-mediated insulin clearance.

Furthermore, severe cardiac failure and hepatic congestion may contribute to
lower glucose output from the liver and reduce its intestinal absorption. While hypo-
glycemia in sepsis and adrenal insufficiency develops due to increased serum cortisol
levels [4]. In literature, hypoglycemia in sepsis is often related to strict glycemic
control protocols for stress hyperglycemia [23-27].

2.1.7 Psychological
2.1.7.1 Fear of hypoglycemia

The fear of hypoglycemia is common in patients with diabetes. It influences
the quality and health outcomes. It can also increase the risk of poor metabolic
control [28].

2.1.7.2 Depression

In diabetic patients with depression, hypoglycemia can occur frequently as a result
of poor adherence to medications, diet, physical activity, smoking cessation, poor
self-care, and blood glucose monitoring [29].

2.1.7.3 Cognitive impairment

Cognitive dysfunction and dementia may increase the risk of hypoglycemia,
especially in elderly patients [30]. Although the association remains unclear, it
is thought that person with cognitive disabilities will have errors in taking his
medication [21].
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3. Non-diabetic hypoglycemia

3.1 Non-diabetic hypoglycemia: overview

3.2 Differential diagnosis

Non-diabetic hypoglycemia (hypoglycemia without diabetes) is a rare condition,
it comes from having too much insulin in the blood, leading to low blood glucose
levels. It can occur in pre-diabetes, sepsis, and critical organ failure including renal or
hepatic failure. It also rarely occurs in cortisol deficiency [8], and -cell tumors due to
endogenous hyperinsulinism [8, 31-33]. Moreover, hypoglycemia can be accidental,
surreptitious, or even malicious [34].

Hypoglycemia can occur post-bariatric surgery, that is, gastric bypass surgery, or
even due to an autoimmune disease [8, 32, 33]. Table 2 demonstrates the causes of
hypoglycemia in nondiabetic patients.

Whipple’s triad (low plasma glucose level, clinical signs or symptoms of hypogly-
cemia, and resolution of signs or symptoms when the plasma glucose level increases)
should be documented prior to initiating an evaluation [35].

When the patient is either looking ill or medicated, the initial diagnosis should
focus on the possibility of drug involvement, critical conditions, hormone deficiency,
or non-islet cell tumor hypoglycemia. If the patient seems well in the absence of any
of the fore-mentioned etiologies, the focus should be on the possibility of having
endogenous hyperinsulinism due to insulinomas, functional p-cell disorders, or insu-
lin autoimmune conditions. In addition to the possibility of accidental, surreptitious,

Drugs
Salicylates
Sulfa drug antibiotics
Pentamidine
Quinine

Hormone deficiency
Cortisol
Growth hormone
Glucagon
Epinephrine
Hypopituitarism

Critical illness
Renal failure
Hepatic failure
Cardiac failure
Sepsis
Inanition

Endogenous hyperinsulinism
Insulinoma
Nesidioblastosis
Post—gastric bypass surgery

Non-islet cell tumor

Insulin autoimmune hypoglycemia

Antibody to insulin
Antibody to the insulin receptor
Intentional/accidental Infancy and childhood
Surreptitious Preterm
Malicious Infants of DM mother
Factitious Maternal drugs-sulphonylureas
Rh incompatibility
Beckwith-Wiedemann syndrome
Exchange transfusions
Enzyme defects-glycogen storage the disease I, III, VI.
Table 2.

Causes of hypoglycemia in nondiabetic patients.
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or malicious hypoglycemia [35, 36]. Hypoglycemia in patients post-bariatric surgery
is increasingly recognized as the frequency of these operations has grown in the last
few decades [36].

3.3 Etiology
3.3.1 Drug-induced

Fasting hypoglycemia is found to be associated with several medications, such as
salicylates pain killers, antibiotic sulfa drugs, pentamidine, and quinine antimalarial
medications [1].

3.3.2 Critical illnesses

Dysglycemia, in the form of hyperglycemia, hypoglycemia, and/or marked glucose
variability, is a characteristic feature of critical illness in both diabetic and non-
diabetic patients [37]. It can increase morbidity and mortality [38]. Among hospital-
ized patients, serious illnesses, such as renal, hepatic, or cardiac failure; sepsis; and
inanition are the only drugs to cause hypoglycemia.

3.3.2.1 Sepsis

Sepsis is one of the main causes of death across the world and is considered the
most familiar cause of death among intensive care unit (ICU) patients [39]. The
mortality rate due to sepsis ranges from 15 to 56% [40]. Not to mention that patients
with sepsis usually report variable types of dysglycemia due to the changes in endo-
crine metabolism in sepsis, which affects the stability of the internal environment and
worsens their general condition [41].

Sepsis patients are often complicated by hypoglycemia as has been approved by
multiple large-scale randomized controlled trials (RCTs). Although such protocols
have not been approved to improve patient mortality, rather they possibly increase
the risk of hypoglycemia [41]. While there is a dearth of studies on the effects of
spontaneous hypoglycemia in patients with sepsis, its occurrence leads to increased
mortality and elevated lactate levels in patients with sepsis [41].

In septic patients, increased glucose utilization is induced by cytokine production
in macrophage-rich tissues, such as the liver, spleen, and lung. Hypoglycemia devel-
ops if glucose production fails to keep pace. Cytokine-induced inhibition of gluconeo-
genesis in the setting of nutritional glycogen depletion, in combination with hepatic
and renal hypoperfusion, may also contribute to hypoglycemia.

3.3.2.2 Hepatic failure

The liver as a metabolic organ plays an important role in glucose metabolism.
It regulates the blood glucose level mainly through glycogenolysis and gluconeo-
genesis. Hepatic impairment is well known to correlate with poor blood glucose
regulation [42]. The presence of liver impairment or hepatocellular damage can
lead to a disturbance of the metabolic function of the liver causing an imbalance
in blood glucose levels. Rapid and extensive hepatic destruction, such as toxic
hepatitis, for example, causes fasting hypoglycemia due to the lack of endogenous
glucose production.
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3.3.2.3 Renal failure

Patients with end-stage kidney disease frequently experience variable glycemic
disturbances, with the common incidence of both hypoglycemia and hypergly-
cemia. The risk of hypoglycemia is increased in critically ill renal patients and
having chronic kidney disease is a known risk factor for developing hypoglycemia
[43, 44]. Multiple mechanisms are involved in hypoglycemia development in
kidney disease patients, including impaired gluconeogenesis process run by the
kidney, impaired insulin clearance by the kidney, and impaired insulin degradation
due to uremia.

Other mechanisms of developing hypoglycemia in kidney disease also include
increased erythrocyte glucose uptake during hemodialysis, impaired counter-regu-
latory hormone responses (cortisol, growth hormone), and nutritional deprivation
[45-49]. Moreover, insulin sensitivity may improve in uremic patients after starting
renal replacement therapy increases the risk of hypoglycemia in renal replacement
patients [50]. In contrast, the risk of hypoglycemia is reduced with starting hemodi-
alysis due to the addition of glucose to the dialysis solution [51].

3.3.2.4 Cardiac failure

Severe heart failure is sometimes associated with hypoglycemia. However,
the exact mechanism is yet to be determined. Several mechanisms have been
suggested including impaired gluconeogenesis due to hepatic congestion and the
reduced glycogen stores from either inadequate intake or reduced gastrointestinal
absorption [52-54].

3.3.2.5 Inanition

Inanition is a well-known cause of hypoglycemia. During starvation, a catabolic
state occurs when the body shifts from predominately carbohydrate metabolism
to that of fat and protein, the brain then starts conversing and utilizing alternative
substrates, such as lactate, pyruvate, and ketone bodies with only a modest counter-
regulatory neuroendocrine and autonomic nervous system response.

The refeeding syndrome (RFS) can occur after starvation and energy replen-
ishment. This can be defined as severe electrolyte and metabolic abnormalities
in undernourished patients after the introduction of nutrients [55-57]. Multiple
organ systems including cardiac, respiratory, neurologic, and hematologic
can be affected by the RFS and are occasionally associated with postprandial
hypoglycemia [55, 58].

3.3.3 Hormone deficiencies

Increased cortisol and growth hormone (GH) secretion are involved in the defense
mechanism against prolonged hypoglycemia. When these defenses fail to refute the
hypoglycemia episode, plasma glucose levels will continue to fall [35].

Chronic cortisol deficiency is typically associated with anorexia and weight
loss, likely leading to glycogen depletion. Cortisol deficiency is also associated
with impaired gluconeogenesis and low levels of gluconeogenic precursors causing
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the substrate limited gluconeogenesis, in the setting of glycogen depletion, which
leads to hypoglycemia.

Growth hormone deficiency can cause hypoglycemia in young children. In
addition to extended fasting, high rates of glucose utilization, such as during
exercise and in pregnancy, or low rates of glucose production, such as post-alcohol
consumption, can precipitate hypoglycemia in adults with previously undiagnosed
hypopituitarism [59].

3.3.4 Non-islet cell tumor hypoglycemia (NICTH)

Hypoglycemia due to non-islet cell tumors abbreviated as NICTH is considered to be
rare [8, 31-33]; it is a rare paraneoplastic syndrome encountered in the setting of a wide
variety of tumors and is most common in tumors of mesenchymal or hepatic origin [60].
Hypoglycemia in this realm is initially attributed to glucose consumption by the tumor
and to tumor secretion of an “insulin-like” factor afterward, this factor is a precursor
of IGF-2, called Big-IGF-2. While secretion of Big-IGF2 is the most common cause of
NICTH, secretion of somatostatin or IGF1 may also be responsible [61]. Usually, IGF-2-
related hypoglycemia manifests when the tumor turns quite large [62, 63].

3.3.5 Endogenous hyperinsulinism

Endogenous hyperinsulinism is a clinical condition that involves excessive insulin
secretion and is related in 55% of cases to insulinoma [64]. Nesidioblastosis and insu-
linoma represent the main cause of endogenous hyperinsulinemic hypoglycemia in
infants and apparently healthy adults, respectively [35]. The main pathophysiological
feature of endogenous hyperinsulinism is the failure of insulin secretion to fall to very
low levels when plasma glucose concentrations fall to hypoglycemic levels; hypoglyce-
mia in this case is a result of low rates of glucose production, rather than high rates of
glucose utilization [65]. Nesidioblastosis is a rare cause of persistent hyperinsulinemic
hypoglycemia in adults. The hypoglycemia in the case of nesidioblastosis is attributed
to B-cell hypertrophy and hyperfunction [66-68].

Post-prandial hypoglycemia can also be observed after bariatric surgeries,
especially the procedures that divert nutrients into the mid-small bowel, such as
Roux-en-Y gastric bypass surgery (RYGB), and not fully restrictive procedures like
adjustable gastric banding [69]. Post-RYGB surgery hypoglycemia (PGBH) usually
occurs between 1 and 8 years after the procedure [70], this might be due to several
causes including late dumping syndrome, nesidioblastosis, and insulinoma [71].

3.3.6 Insulin autoimmune hypoglycemia

Hypoglycemia can also be caused by an antibody to insulin or its receptors, a
condition known as insulin autoimmune syndrome (IAS) and also known as Hirata’s
disease or insulin autoimmune hypoglycemia (IAH). It is essentially a rare autoim-
mune disorder caused by the spontaneous production of anti-insulin and anti-insulin
receptor antibodies which bind insulin/proinsulin and/or insulin receptors and work
as insulin-mimetic leading to predominantly postprandial hyperinsulinemic hypogly-
cemia [9, 72]. Graves’ disease is frequently present in Hirata syndrome and appears to
be particularly prevalent in Japan [73].
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3.3.7 Intentional /accidental

Hypoglycemia can also happen accidentally and can be surreptitious, malicious,
or sometimes fictitious [74]. Pharmacy errors (e.g., substitution of a hypoglycemic
drug for another medication) and medical treatment errors can stand behind some
accidental intake cases [75].

Intentional hypoglycemia can be surreptitious and this is most commonly seen
in people with knowledge of and access to glucose-lowering medications. It can be
malicious which is usually accomplished by the administration of insulin or an insulin
secretagogue [74]. It also can be fictitious in some cases.

3.3.8 Infancy and childhood

Hyperinsulinemic hypoglycemia (HH), which is characterized by unregulated
insulin release, is the most common cause of persistent and severe hypoglycemia
in infants and children [76]. This can be transient (associated with risk factors), or
permanent (linked to genetic mutations). In the majority of cases (60-70%) hypo-
glycemia occurs in the first week of life [77, 78], and it carries a considerable risk
of neurological damage and developmental delays if diagnosis and treatment were
delayed [76].

HH is also classified as primary and secondary HH. The primary HH, which is also
known as congenital HH (CHH), where the hypoglycemia is associated with variants
in several genes involved in pancreatic development and function. The secondary
HH, where hypoglycemia is associated with syndromes, such as intrauterine growth
restriction, maternal diabetes, and birth asphyxia [79].

CHI can be classified according to etiology into two types—acquired and genetic.
In neonates, acquired forms are usually associated with some conditions, such as
perinatal stress or maternal gestational diabetes, and are often transient [80]. Genetic
CHI can be caused by single-gene mutations in the insulin secretory pathway or genes
causing syndromes with multiple associated factors, such as Beckwith-Wiedemann
syndrome or Kabuki syndrome [78].

Hypoglycemia in infants can also be caused by counter-regulatory hormone
deficiencies, such as adrenal insufficiency or GH deficiency [80]. In such cases,
replacement of the deficient hormones yields a complete resolution of hypoglyce-
mia. Some metabolic disorders, such as fatty acid oxidation disorders and certain

glycogen storage disease types, are additional causes of hypoglycemia in infants and
children [81].
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Chapter 4
Blood Glucose Monitoring

Anujka Selea Zivojinovic

Abstract

Glucose monitoring is the integral part of diabetes management. We have over
the years moved from qualifying sugars in urine to identifying glucose alone in
the interstitial tissue. Even more we are anow able to identify and use minute to
minuet glucose fluctuations and use them to avoid the dangers and unpleasantries
of hypoglycemia. We look at the development of glucose monitoring methods. The
development of classic basic glucose monitors as well as the development of continu-
ous glucose monitors. Basic principles of function, advantages, and disadvantages,
as well as areas of actual and projected use are mentioned. We name some of the
patient groups that have proven to get most advantage of glucose monitoring. He need
for individual approach an patient activation as well as for alert diabetes health care
provided is necessary for optimal use of technology for glucose monitoring.

Keywords: glucose, glucose monitor, continuous glucose monitoring (CGM),
intensified insulin treatment, hypoglycemia

1. Introduction

Diabetes mellitus is group of metabolic diseases, resulting from absent or defec-
tive insulin secretion and/or action and manifested by high blood glucose levels. We
think of diabetes as of a chronic long and progressive disease that requires a complex
multifaceted treatment.

At the time of insulin discovery, identification, and quantification of glucose was
a demanding laboratory task. Today, glucose in blood is the most frequently analyzed
parameter in a clinical chemistry laboratory. The value of global blood glucose moni-
toring systems market size in 2021. in the US was estimated at 14.78 billion dollars and
with a projected to grow to over 31 billion dollars by 2029.

While it was the discovery of insulin, 100 years ago, that most profoundly shifted
the perspective of diabetes form a lethal, relatively quickly progressive disease to a
chronic progressive disease which increases risk for micro- and/or macrovascular
complications, it was the availability of simple, easy to use, reliable glucose testing
that has made diabetes, with its acute and chronic events (mostly hyperglycemia but
also hypoglycemia), closer to every patient and living with diabetes more predictable.
Glucose monitoring has, together with development of diabetes education programs,
contributed to aiming the complex diabetes patient at being a “patient centered care”
where “.. patient values guide all clinical decisions”

It is the development of glucose monitoring systems that has made the health
care providers and researchers focus again to the fact that glucose control is a

91 IntechOpen



Basics of Hypoglycemia

continuum- diabetes with glucose swings and inappropriate glucose control is a
disease of deviant homeostasis, where insulin plays the main, but not the only role.
It may be that our approach to hyperglycemia and hypoglycemia will be changed in
future, again, due to the observations got through glucose monitoring systems and
our interventions.
The way to modern glucose monitoring equipment was not short and was not easy.
It was necessary with development of basal natural sciences to get form the intui-
tive to the quantitative and beyond...

1.1 The glucose molecule

The first glucose molecule was isolated from raisins in 1747 by Andreaas Marggraf.
The name (glycos- sweet) was established and used in 1838 by Jean Baptiste Dumas.

Glucose is classified as a monosaccharide- simple sugar. The molecular formula
C6H12 O2.

Glucose qualifies as a hexose, because it contains 6 carbon atoms. It an aldose-
meaning that it contains an aldehyde group that is easily oxidized [1].

Friederich August Kekule proposed also the name dextrose, being aware of the
ability of glucose water solution to turn the plane of polarized light to the right. The
metabolically active glucose is D (+) glucose.

In 1902 the Nobel Prize for chemistry was given to Emil Fisher who explained the
cyclic structure of glucose: Biologically active glucose is mostly in cyclic structure.

A few chemical properties are of significance when defining glucose, but the
most important is borne by the aldehyde group. That redox capacity can translate in
a subset of reactions leading to formation of colored substrates or electrochemical
reaction.

1.2 Glucose, laboratory identification

It was in 1838, that George Rees, a physician at Guy’s Hospital, London, isolated
sugar and in excess from blood of a diabetic patient [2].

Monitoring of glucose was at first done through monitoring of glucose in the
urine. That was not an easy task and it was of little clinical significance: the finding of
glucose in the urine signified advanced disease. Hypoglycemia could not be verified.
The technique was complicated. The method was at most semiquantitative. Basis for
use lies in the classical Fehling and Benedict reaction:

In 1848. The German chemist Herman Von Fehling developed a test that was able
to differentiate reducing (sugars with aldehyde group) from nonreducing (sugars
with keto group). Reducing sugar (such as glucose is) would be reducing a cuprous
ion that than changes color and precipitates. The reaction requires a temperature of
almost 60°C.

Stanley Benedict developed a modified copper reagent urine glucose test in 1908.
The test uses the same principle as Fehling 's test but was easier to perform. The
test was the basic glucose-monitoring test for almost 50 years. Urinary test based on
Benedict reaction was introduced for home use in 1925. Test tube was given at the
doctor’s office, with the required reagents measured and dispensed by the physician.
But it was basically the first test that the patients could use at home [3].

Benedict test, as a semiquantitative method, was a cornerstone of glucose moni-
toring in over 50 years and can be thought of the ground self-monitoring test.
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In 1925, 26-year-old Danish botanist Detlev Muller discovered glucose oxidase [4].
The discovery was overshadowed by the work of Otto Warburg og Christian Walter
who in 1932-1933 discovered glucose 6 phosphate dehydrogenase, the first discovered
flavoenzyme. That the reaction produces color is of significance for further develop-
ment of analytics. Warburg got, else, the Nobel prize for discovery of the nature and
mode of action of respiratory enzyme).

Today’s glucose monitoring techniques, quantitative, are mostly based on enzy-
matic reactions- glucose oxidase, hexokinase, or glucose dehydrogenase. The enzyme
changes (oxidizes) glucose, and the transfer of electrons causes chromogenic reac-
tion. The change in color is detected photometrically. The electron flow can also be
measured electrochemically [5]. The methods are quantitative.

None of these methods, that we, regardless of many analytical problems, think of
as an acceptable and reliable (also accurate and precise) reflection of blood glucose
[6], would be in use had it not been for the basic chemical and physicochemical
research done from the 1800.

2. Glucose monitoring: moving towards the patient

Benedict’s reaction was developed in 1908. In 1925. we had a test for elf testing of
glucose in the urine. It was a test that could be done home, but it was long from practi-
cal and it was necessary that the doctor gives the necessary equipment. In 1945, Ames
(Elkhart, IN) developed a tablet with modified copper reagent, Clinitest. The method
was also based on Benedicts reaction, but it was easier to perform. The method was
semiquantitative and estimated the level of urinary glucose by comparison to the
color chart.

By the late €1940 ies Hellen Fee (Mile’s laboratories — which was known for pro-
ducing Alca Selzer) developed the “dip and read” urine test — known as Clinistix. This
was a huge step forward in clinical laboratory — the reagents for complete oxidative
chain of reactions were set on a filter paper strip and could instantly identify glucose.

In 1957 Kohn showed that Clinistix could also give approximate results for blood
glucose [7].

Dry chemistry came in to stay. In 1964, Boehringer Ingelheim introduced first
Combur test that could identify glucose, protein, pH in the urine, and later Ketostix
that could also identify ketones.

The first test strip for blood glucose was introduced in 1964: Ames -Mile’s labora-
tories presented Dextrostix. Earnest C Adams was the developer. The test was based
on glucose oxidase reaction. It included a semipermeable membrane that allowed
glucose, but not the red blood cells to get to the reagent. The method was semiquan-
titative. It was meant for use at the doctor’ office. The strips were widely used by the
health care personnel at different points of health care, regardless that there were too
many steps in the procedure ant too many steps that could lead to an inaccurate result.
Stix limitations have been the trigger to develop automatic electronic glucose test strip
reader, with standardized precision and quantitative results.

2.1 Glucose monitoring- glucometers come

Therefore, the first glucometer came. It was in 1970. It used Dextrostix. High
cost, weight at 1,2 kg and only available at the doctor’s office. Even the lighter and
improved version produced by the Japanese in 1972, was a long way from what we
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think of as glucometer. It required repeated calibration, operator training and con-
tinuing practice, but with imminent insecurity about precision and variability.

It was developed further to a Glucometer 1, that came in 1981, as a first portable
lightweight glucometer. It used again Dextrostix, and it was recommended for bedside
monitoring of blood glucose. Glucometer 1 used a hexokinase-based glucose method.

In 1987. Came also the first blood glucose biosensor system. It used glucose oxidase
strip. The electron transfer, stepwise, generated a current detected by amperometic
sensor. It was the third generation of blood glucose monitoring systems. This was the
final step that enabled the development of improved and easily used precise blood
glucose monitoring instruments.

By the 1990 we have so moved from large instruments that required many ana-
lytical steps and the required blood volume for analysis was significantly reduced.
Analytical time was reduced. High requirements for accuracy and precision are well
met - while the first tests had variability of up to 40%, todays requirements today
are less than 5% between meters and laboratory methods [8]. The development of
software allows for keeping the measurements and eventually can make them avail-
able for analysis.

As much as chemistry and technology advanced, it is also the knowledge about
diabetes that was pushing to test that would be reliable easy to use and available.

3. Continuous glucose monitoring (CGM): the principle

Continuous glucose measurement systems measure glucose in the interstitial fluid
by a device that is inserted subcutaneously. The CGM system contains the sensor, a
transmitter and a receiver or monitor.

The components have undergone significant changes from the first presented
CGM system.

The first ever CGM system was approved by the FDA in 1999. It was produced by
Medtronic (Medtronic guardian RT).

The device was measuring glucose in the interstitial fluid every 5 minutes. Glucose
sensing electrode was inserted subcutaneously in the abdomen or in the arm. Glucose
was measured electrochemically. The sensor lasted for 3 days. The results were stored
and could be analyzed at the doctor’s office. The data was not real time data ant the
patient did not have access to data self. The patient could not get information about
imminent hypoglycemia/hyperglycemia. The system needed calibration by fingerstick
glucose measurements every 6-12 hours. The sensor and the receiver were physically
connected by a cable that transmitted the measurements. The CGM could collect data
in a three-day period [9]. Also, far away from the CGM systems that we know today.

The revolutionary, however, was that the glucose was measured often (1-5 min-
utes). The number of fingerstick was reduced - to calibration and eventually to check
the results. The first generations of CGMS were basically only for professional use: the
patients did not have insight into the glucose levels in the observation period. The first
CGMs had an exceptionally large glucose variability, something that, naturally, was
not wanted.

3.1 Continuous glucose monitoring (CGM): some important steps

The first real time CGM was the Glucowatch biographer (Cygnos, Redwood CA),
The device used reversed iontophoresis for measuring interstitial glucose. It was
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noninvasive, worn as a wristwatch. However, it caused a lot of local irritation and was
not a commercial success.

In 2004, Medtronic introduced wireless transmitting from sensor to receiver. It
was possible to give alerts on high low glucose: that was significant improvement and
became industry standard.

In 2006 Medtronic comes with Guardian REAL time CGM system with alerts on
high and low glucose. By 2006 integrated pump and sensor was released.

Dexcom introduced its first real time sensor STS in 2006. The device needs
calibration. The device needed calibration. The sensor lasted for 72 hours. It could
be programmed to alert high and low values. The results could, however, not be used
for clinical decisions- dvs that every result had to be checked by usual SBGM before
change In insulin dosage.

In 2008 Abbott came with Free Style Navigator. The main advantage was longevity
of the sensor — up to 5 days. But the equilibration (warm-up) time was up to 10 hours.
The receiver had also a function as a glucometer: it was again necessary to check the
result before changing the treatment.

In 2012 Dexcom G4 was available, now with a 7-day wear period. In 2015 it got
FDA approval for use as aa CGM in patients ages 2-17. The same year A Dexcom G5
mobile platform was launched. That allowed for the CGM data to be transmitted to a
compatible mobile device — users cell phone.

The last generation Dexcom G6 is a device that does not need calibration, lasts
for 10 days and requires no confirmatory finger sticks. In 2018. Dexcom 6 became
the first CGM to be approved by the FDA for integration in automated insulin dosing
systems.

In 2016, Abbott introduced a new GCM device, Free Style Libre Pro Flash CGM,
the first that does not require calibration. Initially, the system was indicated only for
use by health care professionals and for use in the adult patients. The sensor could
store the glucose data for up to 14 days. Glucose measurements were registered at
15 min intervals. But the system could not give real time data. The system was further
upgraded to Free Style Libre 1 and 2, such that the patient can scan and get to know
glucose levels. The system is allowed fro use in children older tah 4 years and in
pregnant women.

In May 2016, Eversense introduced a CGM that included the only implantable
glucose sensor with a 90 day lifespan. In 2017, Eversense XL was launched — with a
lifespan of 180 days. To this day it is the CGM with the long- lasting glucose sensor
available on the market.

Medtronic works in this period more on the integration of glucose sensor and insulin
pump. In 2013 came MiniMed 530G sensor, the first pump with threshold suspends
for hypoglycemia. Integration of CGM and insulin pump required also significant
advantage in software, insulin algorithms and mobile technology. Today, integration of
CGM with insulin infusion pumps includes both threshold and predictive low glucose
suspend, as well as hybrid- and fully automated closed loop systems using either insulin
alone or insulin and glucagon. The goal is to make an insulin pump that delivers insulin
in accordance to sensed glucose, with truly little need for manual control of the device.

4. Glucose monitoring - what we do

Glucose monitoring is of proven clinical benefit in diabetes patients and it is
the standard of diabetes medical care [10-12]. The possibility to move to capillary
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glucose measurement was significant for patient understanding of glucose variations,
response to daily activities and effect of choices they make.

To summarize, we have several options that the health care provider and, more
important, the patient can choose to follow with blood glucose levels.

* Glucometers-measure capillary blood glucose using fingerstick.

* Flash glucose monitors- measure interstitial fluid glucose by scanning of sensing
device, intermittently.

* Continuous glucose monitors- a sensing device is continuously registering inter-
stitial glucose levels. The data is sent to a device with real time check for viewing.
Such devices can be integrated into insulin pumps.

We are aware of the classic glucose laboratory test is also in use and most used tests
in modern laboratory medicine and are reference to accuracy, reproducibility and
reliability of other methods.

It is also good to remember of some laboratory finesses that can be of significance
if not observant in diagnosing diabetes.

Glucose can be measured in the whole blood, plasma or serum samples.
Concentration of glucose is approximately 15% lower than in plasma or serum. Blood
glucose cannot be decided accurately on postmortem specimens. Glucometers use
capillary blood - also full blood that has a lower concentration of glucose than plasma.
However, capillary blood has a higher concentration (up to 20%) than venous blood.
Glucose concentration in samples that wait long for analysis are lower -because of
glycolysis (and of course if not properly stored).

None of the devices is perfect and we must be aware of their limits. Not all the new
devices are appropriate for all diabetes patients.

4.1 Blood glucose monitoring (BMG): self-blood glucose monitoring (SBGM)

Self-blood glucose monitoring is performed buy a glucometer. Capillary blood
glucose is analyzed, using glucose oxidase or hexokinase methods.

It is the standard recommended glucose monitoring for most diabetes patients
today.

Regular blood glucose monitoring (BGM) has been associated with improved
glycemic control in T1D patients [10, 13]. Higher frequency of measurements is
associated with lower HbAlc [14]. Evidence on the role of BGM in achieving optimal
glucose control in patients with type 2 diabetes (especially the patients that are not
using insulin) is limited [15-17]. It does, however, give BGM a significant new role in
empowering the patient to live with diabetes.

4.2 Blood glucose monitoring: glucometers - glucose monitors

Glucose measuring devices analyze capillary blood glucose. The devices we use
today give a reliable insight in glucose levels. Although great improvements since the
first one that was in use, one must be aware that there are some analytical limitations
of the devices (and not being sensitive enough in the low glucose range, is one of the
most significant).
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The accuracy of a glucometer is the parameter that is most important when decid-
ing which ne to recommend and use. The question of accuracy and standardization is
ongoing [18].

The highest standards are given by ISO and FDA. Standards vary depending on
whether the device will be used by a professional or at home.

Marketed monitors in Europe must meet the following standard to be certified as
accurate (dvs that the results can be used to make a therapeutic decision):

95% of the results must be within 15% of the reference method for blood glucose
>100 mg/dl.

95% must be within 15 mg/dl for blood glucose <100 mg/dl.

For a glucometer to be certified by FDA, for use in diabetes patients, it is necessary
that 95% of the results should be within 15% of the comparator method and 99% of
results should be within +/—20% of the comparator across the entire claimed measur-
ing range.

It is also necessary to perform adequately in the low glucose range: professional
devices (used in the hospital) should achieve 95% of results within +/—12% of the
comparator method for blood glucose levels >75 mg/dl (4,1 mmol/l) and within
+/—12 mg/dl for levels under 75 mg/dl, they should achieve 98% of values within
+/—15% of the comparator method for blood glucose levels >75 mg/dl and +/—15 mg/
dl for levels <75 mg/dl across the entire claimed measuring range [19, 20].

BGM today is performed through a few simple steps. No matter how easy the steps
may seem and no matter how accurate the system is, it is still possible to get a result
that is inaccurate, because of the pre- or postanalytical errors. Some of the preanalyti-
cal errors are — poor skin preparation (having lotion or food rests on the skin, feks)
or use of test strips that are incorrectly stored or expired. Postanalytical errors are
mostly connected to registration of results, missing the values in the log, use of incor-
rect glucose units etc.

It is also estimated that only 7-13% of errors may occur during the analytical
phase — if the patient is taking ascorbic acid or acetaminophen that will influence the
results. Monitors that use glucose oxidase strips can give unreliable results when used
bedside in patients that have oxygenation problems: low oxygen saturation will lead
to false higher glycemia, while higher oxygen tensions in pat using oxygen may result
I false ow glycemia. Monitors have also optimal range of working temperature. Test
strips are most sensitive (again) to oxidation during improper or too long storage.

4.3 Blood glucose monitoring: the patient

One of the great changes in modern medicine, is moving from doctor- and medi-
cine centered follow up of chronic diseases, towards patient empowered and disease
mastering patient treatment. BGM is essential in such treatment concept in diabetes.

BGM is a standard of care and basic necessity for all patients with diabetes [21-23].

The significance of BGM is different in different groups of diabetes patients.

Also, the significance that BGM has for a patient is completely individual and are
depending mostly on patient’s motivation to integrate BGM in diabetes treatment plan.

4.3.1 Insulin treated diabetes type 1 patients

T1D patients on intensified insulin (multiple daily injections or CSII) treat-
ment have, as previously mentioned, the greatest use of BGM based on their insulin
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regimen. It is recommended with monitoring in context of insulin dosage, post-
prandial, in mistaken hypoglycemia or hypoglycemia unawareness, after treating
hypoglycemia, prior to exercise, prior to activity that requires normoglycemia (such
as driving) or in the context of acute illness.

BGM with multiple daily monitoring in children and adolescents has special
significance [24].

4.3.2 Gestational diabetes mellitus

Pregestational and gestational BGM is reduces HbA1lc, but also the complications
of diabetes pregnancies [25]. The recommendations ad requirements here are high:

Patients with known diabetes should plan pregnancy. In the pregestational period
it is recommended that glucose monitoring be intense: pre breakfast, 2 h after all
meals and at Bedtime.

Insulin dose should be titrated to achieve blood glucose.

4,0-5,8 mmol/l before breakfast.

>7,8 mmol/l post meal.

And 6-8 mmol/l at bedtime.

Once pregnancy is diagnosed intensive blood glucose monitoring is started, with
the same glucose levels wanted): treatment is changed accordingly.

Pregnancy is surely the only glucose monitoring chapter with low tolerance for
inconsistency.

How many times a day and in what order glucose should be monitored, is variable
and has to be individualized also depending on what the goal is. In T'1D patients on
intensified insulin regime it is mainly insulin dosage that is the result of such monitor-
ing. The intensity of BGM can also differ at different times, depending on patients
specific needs at the time and patients goals at the time.

4.3.3 Diabetes type 2

Recommendations for patients that have T2D are a bit different: patients that use
intensified insulin treatment should follow the recommendations as T1D patients.

Patients that use conventional treatment with basal insulin only can use BGM to
titrate insulin dosage, but do, generally, not need intensified BGM.

Patients that do not use hypoglycemic drugs can have some help av. BGM, espe-
cially when adjusting diet, medications, level of activity or as a part of (introductory)
diabetes treatment program.

Patients with prediabetes do not require self-blood glucose monitoring.

4.3.4 High accuracy

It is important to insist on devices with high accuracy (point of care requirements)
glucose monitor in patients who [26].

1. Have a history of severe hypoglycemia or hypoglycemia unawareness
2. Are pregnant

3.Receive insulin therapy
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4. Are otherwise at risk for hypoglycemia (feks use sulphonylureas).

5.Have occupations that enhance possible risks from hypoglycemia (fex driving or
operating hazardous machinery).

6. Are using CGM device that uses calibration.

Its is necessary that all patients get god information and be educated to optimally
use glucose meters, having in mind the major causes o eventually unreliable result.

4.4 Glucose monitoring: glucose monitors: what more is needed

Individual approach to every patient is important so that the recommendation on
BGM (most of all structure of the measurements) leads to improved glucose control,
but also improved feeling of diabetes control in patient self. It is important that the
glucose value can be related to insulin dosage, meals, activity, illness, stress, new
condition and that the patient/health care provider can get insight in glucose/diabetes
dynamics, but also that they be able to conclude with a reasonable change. All the
diabetes associations give some guidelines on number of necessary glucose measure-
ments. But the number of required measurements must be in relation to patients
needs. Gestational diabetes is maybe the only type of diabetes where the demand for
BGM must be uncompromised.

But we must mention that it is often that the patient cannot follow with the
requirements with BGM- it is not unusual to have patients that do not check blood
glucose or do inconsequently. There are also patients who are not able to take appro-
priate self-management actions based on acquired data.

To motivate the patient for use of BGM can be a very complex and not always a
successful job: although finger sticking can be the most intuitive hinder to multiple
daily glucose measurements, it is not the main problem- BGM is a behavior and
behavior is difficult to change without a structured plan and motivation [27-29].

BGM is the cornerstone of optimal diabetes management. It is important because
it gives the patient direct insight into glycemia. It helps relate the symptoms to the
number (hyper or hypoglycemia). It helps identifies hypoglycemia. The patterns and
effects of different daily choices is obvious for the patient and health care provider.
But, BGM gives us at discontinuous glycemic picture- there are periods of time that
we do know nothing about blood glucose movements, periods with hypoglycemia
or short postprandial hyperglycemia etc. That is an obstacle and hidden reason for
patients’ symptoms, daily function and obviously parameters of glucose control.

We hope that that is overcome today by the continuous glucose monitors.

5. Continuous glucose monitoring (CGM): significance

Continuous glucose monitor is, as previously mentioned, a device that can
register interstitial glucose at short intervals. The results are sent o the receiver and
are further used - stored or/and displayed for the patient. The device is a system of
glucose sensor, transmitter, and receiver.

The use of CGM has brought the (patho) physiological glucose continuum in focus -
there where it belongs. CGM today can provide real time glucose data 24 h/day, give
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alerts on imminent hypo- and hyperglycemia, show the rate of glucose level change.
With help av. different algorithms the glucose levels can be used to show glucose change
dynamics, periods with hypoglycemia TIR and so on.

From the first study where real time CGM was proved to reduce HbAlc and time
spent in hypoglycemia [30], data is consistent. The use of CGM in patients on intensi-
fied insulin regime (with MII or insulin pumps) is associated with better HbA1, less
time spent in hypoglycemia, less acute hypoglycemic events, and generally better
satisfaction of patients. That covers many patient groups, also including diabetes
type, gender, and age differences [30-35].

From the basic concept of CGM and first study it was clear that the CGM is most
sensitive and useful in detecting and preventing hypoglycemia and time in hypoglycemic/
near hypoglycemic range.

5.1 Continuous glucose monitoring - types

CGM devices can display real time data (CGM measures in short periods of time,
presents real time data on the monitor, but also continuously stores data). Or CGM
can continuously measure and store data, but gives the glucose level upon request, dvs
when scanning the sensor.

CGM can be owned/used continuously by the patient intended for personal use.
CGM can also be used by a professional- meaning that the CGM system is owned by
the health care institution/provider: the patient gets the CGM over a period of time
(7-14 days). The results may or may not be available for the patient at the time of use:
the data are sent and stored at the doctor’s office and analyzed retrospectively. Such
short CGM periods can be useful for detecting daily patterns, vulnerable periods with
hyper—/hypoglycemia.

The CGM measures glucose in the interstitial fluid. That means that the results we
get are estimates- the numbers we get are somewhat “late” compared to the blood glu-
cose. The greater rate of glucose level change in the circulation the greater “time lag”,
meaning also greater difference I the glucose level we get from CGM and BGM taken
at the same time. That discrepancy is ameliorated by calibration or by integrated
CGM algorithm. Not all the systems require calibration. But still, all the patients that
have and use CGM, should have a blood glucose monitor available at all times- for
eventual check on the CGM results (warm up periods, suspect hypoglycemia, lack of
clinical correlation to hypo- alarm, fast change in glucose levels, lack of contact with
the sensor etc..).

Some of the CGM (Dexcom G6- real time CGM and Free style Libre 2 - intermit-
tently scanned CGM) can be integrated into insulin pumps. These CGM require no
calibration.

5.2 Continuous glucose monitoring: some technicalities we have to consider

The sensitivity and accuracy of the CGMs is the subject of continuous improving.
The mean absolute relative difference (MARD) is currently the most common metric
used to assess the performance of CGM systems. MARD is the average of the absolute
error between all CGM values and matched reference values. A small percentage
indicates that the CGM readings are close to the reference glucose value, whereas a
larger MARD percentage indicates greater discrepancies between the CGM and refer-
ence glucose values. MARD of <10% is considered sufficient to allow for therapeutic
decision (insulin dose change).
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CGM systems are sophisticated but it is not only the technical part that is respon-
sible for eventual dysfunction. We are aware that the CGM is a foreign material that
can cause allergic reactions. CGM must be inserter into the connective tissue. The
actual connective tissue can be of different biological quality, variably circulated,
the insertion is rarely the same etc. A sensor/glucose electrode can cause host
response - irritation, immune reaction or inflammatory reaction or infection — the
local process, no matter how complex, can change the sensitivity of the sensor.
Sometimes it is only press on the sensor while sleeping that can provoke false alarm/
unreliable result.

Clinical situations that are associated with large body fluid shifts — dehydration,
hypotension, hyperosmolality states, ketosis are not good ground for CGM function.

One must also be observant on substances that influence the glucose oxidase/
dehydrogenase systems.

The use of CGM should also be registered before major radiographic diagnostics.

CGM are expensive instruments and not evenly reimbursed. Optimal use of CGM
requires a good educated health provider, a motivated and good educated patient and
that of course implies a lot of time, not always available at the local doctor’s office.
Technical support, analyzing av. stored data (the need for compatible software, prob-
lems with personal safety when transmitting data etc. can also be a challenge [36, 37].

Patient motivation to understand the benefits and accept to wear CGM is also one
of the critical factors for optimal use of CGM.

All this maybe explains that high quality CGMs are in use in about 50-75 pediatric
endocrine practices and 35-50% in adult endocrine practices for individuals with
T1DM [38].

5.3 CGM: The patient “who is capable of using devices safely”

The amount of data gathered on CGM was such that the ADA, in its Standards of
care I 2020. states:

“when used properly, real time and intermittently scanned continuous glucose
monitors in conjunction with insulin therapy are useful tools to lower Alc level and/or
reduce hypoglycemia in adults with T1D who are not meeting glycemic targets, have
hypoglycemia unawareness, and/or have episodes of hypoglycemia—and in conjunc-
tion to insulin therapy .. to lower A1C levels and/or reduce hypoglycemia in adults
with type 2 diabetes who are not meeting glycemic targets” [39].

The 2022. Standards of Care recommend the use of real time continuous glucose
monitoring (evidence level A) intermittently scanned continuous glucose monitoring
(B) should be offered for diabetes management

* In adult patients with diabetes managed with multiple daily injections or CSII,
who can use devices safely

* Inyouth with type 1 diabetes on multiple daily injections or CSII who are able to
use the device safely 8 either alone or with a caregiver).

* Inyouth with diabetes type 2 on multiple daily injections or CSII who are capable
of using the devices safely.

CGM, real time can be used for diabetes management in adults with diabetes on
basal insulin who are capable on using the device safely.
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Continuous glucose monitoring in adjunct to pre- and postprandial glucose
monitoring can help achieve HBAIc targets in gestational diabetes.

Real time CGM should be used “as close to daily as possible” in patients using
multiple daily injections or CSII for maximal benefit. Intermittent scanned CGMs
should be scanned frequently, at least every 8 h.

The choice of CGM should be made based on patents “circumstances, desires and
needs”.

5.3.1 Gestational diabetes

The latest NICE guidelines do not differ significantly [40]. However, realtime CGM
should be offered to all pregnant women with type 1 diabetes, to help them meet
pregnancy glucose targets an improve neonatal outcomes.

RT CGM should be considered for pregnant women that are on insulin therapy,
not diabetes type 1, but have sever hypoglycemia (with or without impaired aware-
ness of hypoglycemia). Or if they have unstable blood glucose levels. If CGM is
already in use furthermore education and support should be provided by the antena-
tal/diabetes team [41].

As previously mentioned, the patient using CGM should always have a BGM available.

A large group of diabetes patients that have the need and desire for better glucose
control can benefit for CGM. The patients who are, because of comorbidities, age etc.,
at increased risk for hypoglycemia or have poorly managed diabetes are candidates
for real time or intermittent CGM, even periodically. But both the patient and the
health care provider should be educated in use of CGM and both must be clear about
the goals of CGM use. The patient (or, as nicely defined by the standards of care,
caregiver) must be motivated to follow the message that CGM is sending and be able
to respond properly. That would be the basis of GCM safety [42].

Of notice when considering safety is that the most advanced CGM are approved
for use in children older than 2 years (Dexcom G6).

5.4 Continuous glucose monitoring: new glucose control parameters

Traditional methods of describing glucose control (HbAlc, BGM) are, now that
we have a large amount of data from CGMs, not quite enough to fully describe glucose
control and in most patients on intensified insulin regimes [43], not always enough to
choose a proper therapeutic strategy.

5.4.1 Hypoglycemia

Hypoglycemia prevention and reduction of hypoglycemic episodes is one of the
main advantages CGM can provide. But hypoglycemia in diabetes patient is some-
times difficult to define. The level of glucose, the rate of glucose level change and the
duration of event is of significance. Originating form, the classic definition of hypo-
glycemia, CGMs register hypoglycemic events through two major intervals:

1.3,9-3,0 (<70-54 mg/dl) mmol/l; That would be Level 1 hypoglycemia-
hypoglycemia alert).

2. < 3,0mmoL/l (<54 mg/dl); that would be Level 2 hypoglycemia-clinically
significant hypoglycemia, requiring immediate attention.
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When defining hypoglycemia under CGM use, one should register the percentage
of values below the named threshold (dvs percent of time with glycemia <3,9 mmol/l
and percent of time spent under 3 mmol/, the later weighing heavier for the esti-
mate); or the number of minutes/hours below the threshold. The number of such
event should be reported. A significant event must last at least 15 minutes. Time spent
in hypoglycemia should not exceed 1% for levels <3 mmol/l in adults with T1D, 4% for
levels under 3,9 mmol/l.

In older adults time with hypoglycemia under 3,9 mmol/l should not exceed 1%.

5.4.2 Glucose variability

CGM has given us insight into different glucose patterns. Glycemic variability
which reflects the amplitude frequency and duration of glucose fluctuation, is also
a parameter that indicates the level of glucose control and is associated also with
increased mortality in the ICU [44-46].

5.4.3 Time in range

Time in range is the time glucose measurements are in individual’s target
(“wanted”) glucose range. TIR is giving some orientation about the time in eventual
significant hyperglycemia or hypoglycemia. Such periods cannot be seen through
HbA1c and discontinued capillary blood glucose measurements. Acceptable TIR for
adults with type 1 diabetes is >70%, in older and high-risk patients >50%. Clinical
benefits come with every 5% increment in TIR [47].

So, for complete insight in level of glucose control, optimal use av. data from CGM
and right therapeutic decision we need to analyze far more parameters than HbAlc
and the results of self-blood glucose monitoring, if any presented. Sufficient data is
the data is 70-80% of possible CGM readings obtained for 2 weeks.

Here is a consensus on the parameters we should be aware of/analyze when analyz-
ing CGM data.

(From: Battelino T, DanneT, Begenstal RM et al. Clinical targets for continuous
glucose monitoring data interpretation: recommendations from the international
Consensus on time in range: Diabetes care 2019; 42 [8]:1593-1603)

Standardized CGM metrics

1. Number of days CGM worn

2. Percentage of time CGM is active
3.Mean glucose

4.Estimated A1C

5. Glycemic variability (%CV or SD)
6. Time > 250 mg/dL (>13.9 mmol/L)
7.Time > 180 mg/dL (>10.0 mmol/L)

8.Time 70-180 mg/dL (3.9-10.0 mmol/L)
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9.Time < 70 mg/dL (<3.9 mmol/L)
10. Time < 54 mg/dL (<3.0 mmol/L)
11.LBGI and HBGI (risk indices)
12. Episodes (hypoglycemia and hyperglycemia) 15 min
13. Area under the curve

14. Time blocks (24-h, day, night)

Use of Ambulatory Glucose Profile (AGP) for CGM report.

CV, coefficient of variation; LBGI, low blood glucose index; HBGI, high blood
glucose index.

We believe that with such range of data to be considered, will the estimate of glu-
cose control in diabetes patient is more adequate. If such analysis and, consequently
estimate will be easier to get a therapeutic decision on, it is something that has to be
seen. It is probably on the the next important mission, on GCMs integration with
insulin pumps that the answer awaits.

6. Conclusion

It is difficult to imagine modern diabetes management without glucose monitor-
ing. A number of devices help us get insight into diabetes of each and every patient
and makes us intervene accordingly, for the short term and long-term benefit of the
patient. It is only to expect that with constant improvement, glucose monitoring will
continue to connect the patient, diabetes health care provider, but also the army of
researchers, hardware and software developers, investors and people with great cour-
age and ideas.

Although the advantages of glucose monitoring are beyond doubt, and are recom-
mended clinical practice, there are still some obstacles to the broad and universal
use of the different devices (lately the CGM devices). One of the main obstacles is
certainly the cost of the devices. The reimbursement is variable. Availability is differ-
ent in different parts of the world. The cost benefit is probably not considered from all
levels of healthcare.

To optimally use glucose monitoring is not enough only to have the newest device.
The educated health care provider (the choice and performances of devices, the
analysis of data feks) and motivated and educated patient are also necessary to choose
optimal way to use glucose monitoring. Enough time to educate, to obtain the data, to
do the adequate analysis can be difficult to find in a busy practice and with an impa-
tient patient.

Blood glucose monitoring is a daily task: although the devices and necessary rou-
tines are trending towards small, simple to use, easy to wear, easy to manipulate, easy
to understand, “does it itself”, it is necessary that the patient possesses a certain level
of literacy and numeracy as well as knowledge on the method, so that the message
on the monitor is understood and applied. Training in understanding and using the
results to optimize glycemic management is necessary.
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But, despite these impediments, the fact is that glucose monitoring has evolved
and so has our understanding of diabetes and diabetes treatment. Technical advances
are impressive.

There is a large diabetes population that expects to become free from multiple
daily injections, bolus insulin dosage, fear for hypoglycemia and hypoglycemia.
Integrating CGM in fully automated closed loop system, with insulin or combination
with glucagon is maybe a way to open a new chapter in diabetes understanding and
treatment. The high initial cost of implementing technology in everyday life of a dia-
betes patient and diabetes healthcare provider is still incomparable to the liberty such
technology can give to the patient and to the satisfaction precisely tailored individual-
ized successful treatment gives to both.
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Chapter 5

Hypoglycemia Detection in
Diabetes

James M. Richardson and Rimma Shaginian

Abstract

Hypoglycemia, once detected in a timely manner, is commonly treated by
administration of glucose or glucagon in accordance with HCP advice, however,
identifying the hypoglycemic event or need to treat is of initial paramount impor-
tance. The definition of hypoglycemia is provided, together with the implications of
such an event on clinical and economic outcomes. The current accuracy standards
are discussed and how they are applied to the low blood glucose range and current
technologies.

Keywords: accuracy standards, blood glucose monitoring, continuous glucose
monitoring, diabetes, hypoglycemia

1. Introduction

Diabetes is a lifelong, chronic disease characterized by episodes of hyperglycemia
[1, 2]. Treatment of diabetes, in order to be effective, must lower glucose concentra-
tion to a euglycemic level, however, the key barrier to optimal glycemic control is
hypoglycemia (low blood glucose levels) despite ongoing improvements in therapies
and technology [3].

Hypoglycemia is one of the most impactful adverse events in diabetes and is a common
problem for people with both type one (T1D) and type two (T2D) diabetes [4]. Too much
insulin or, insulin-producing medications are commonly related to a hypoglycemic event,
however other factors such as delayed, missed, or reduced meals other than what was
planned, unanticipated strenuous exercise, alcohol consumption or interactions with other
drugs are also known contributors. Additionally, individual patient factors such as older
age, nutritional status, duration of diabetes, renal or hepatic disease, history of hypoglyce-
mic episodes [5], and hypoglycemic unawareness may increase the risk of events [6].

2. The size of the problem
2.1 Hypoglycemia is the key problem in diabetes management
Despite recent advances in diabetes technology, hypoglycemia remains a key

obstacle to achieving adequate glycemic control [3, 7, 8]. Even though the issue is well
accepted, the size of the issue varies depending on how hypoglycemia is defined,
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measured, and reported. The incidence of hypoglycemia reported between random-
ized controlled trials vs. observational studies vs. patient-reported outcomes was
found to differ by a factor of over 100 in one review [9].

2.2 Hypoglycemia is common problem for both T1D and T2D

The frequency of hypoglycemia varies from 42 to 91 events per patient year for
adults with Type 1 diabetes (T1D) and from 20.3-44.4 events per patient year for
adults with Type 2 diabetes (T2D) [10]. Severe hypoglycemia is not only a problem
for insulin-treated patients but is also common among older adults with T2D across
all levels of glycemic control. The risk tends to be higher in patients with either near-
normal glycemia or very poor glycemic control [4]. Additionally, frequent episodes
of mild hypoglycemia may compromise the hormonal counterregulatory response to
produce adrenaline and subsequent autonomic warning symptoms such as trembling
and sweating leading to hypo-unawareness increasing the risk of severe hypoglyce-
mia further [6].

2.3 Clinical consequences of hypoglycemia are significant

With the general exception of diabetic ketoacidosis (DKA) and hyperosmolar
hyperglycemic syndrome (HHS), the clinical consequences of prolonged hyperglyce-
mia are long-term. These long-term risks were demonstrated in the Diabetes Control
and Complications Trial (DCCT) [11] and the United Kingdom Prospective Diabetes
Study (UKPDS) [12] for T1 and T2 diabetes respectively and are the result of
neuropathy, retinopathy, and/or nephropathic complications.

The clinical consequences of severe hypoglycemia on the other hand can be imme-
diately associated with the event and include acute cerebrovascular disease, myocar-
dial infarction, neurocognitive dysfunction, and loss of vision [13]. If left untreated,
severe hypoglycemia can result in significant morbidity and mortality [14, 15].

2.4 Economic consequences and human impact of hypoglycemia are significant

All levels of hypoglycemia are associated with significant indirect costs, not only
on employers but also on individuals with diabetes [16]. A recent study showed a clear
link between severe hypoglycemia and the costs of lost productivity, with the highest
loss in productivity attributed to non-severe nocturnal hypoglycemic events [17].
Numerous studies have shown that hypoglycemia negatively impacts patients’ ability
to concentrate and participate in daily activities, thereby negatively impacting the
quality of life (QoL) [17]. Even non-severe hypoglycemia, which occurs in 24-60%
of patients with diabetes, can adversely affect QoL [18]. The greatest reductions in
QoL are seen among those participants reporting a higher frequency of non-severe
hypoglycemia [18]. As reported by Geelhoed-Duijvestijn et al., it takes an average of
50.4 min to return to normal functioning following a daytime non-severe hypoglyce-
mic event, but negative feelings persisted for an average of 5.4 hours [19]. Following
a nocturnal non-severe hypoglycemic event, functionality was diminished for an
average of 80.5 min while negative feelings persisted for 12.2 hours [19].

Severe hypoglycemic episodes not only significantly affect the individual but are
associated with long-term cost implications to the health system. One cohort study
assessed the costs between a population requiring hospitalization due to severe hypo-
glycemia and a matched control. The results demonstrated that the group suffering
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from the severe hypoglycemic episode incurred an additional $10,873 (p < 0.001) in
direct and indirect costs vs. the control for that event year [20].

Hypoglycemia detection and management remain the cornerstone of modern
diabetes management and it is important that patients and their healthcare providers
(HCPs) understand the strengths and limitations of various blood glucose monitor-
ing systems (BGMS) in order to select the most appropriate system that meets their
individual needs [13].

3. Hypoglycemia definition and current threshold
3.1 Current classification of hypoglycemia

A joint position statement of the International Hypoglycemia Study Group of ADA
and EASD has proposed three glucose severity levels when reporting hypoglycemia
in clinical trials of glucose-lowering drugs for the treatment of diabetes (Table 1).
The Group recommends that the frequency of detection of a glucose concentra-
tion < 3.0 mmol/l (<54 mg/dl), which it considers to be clinically significant bio-
chemical hypoglycemia, should be included in clinical trial reports [21]. These levels
are further aligned by the most recent version of the ADA’ Standards of Medical Care
in Diabetes 2022 (Table1).

ADA - Standards of Care 2022 International Hypoglycaemia

Study Group., 2017

Level 1 < 70-54 mg/dL Considered clinically important This need not be reported routinely

(3.9-3.0 mmol/L) with (independent of the severity of acute in clinical studies, although this

or without symptoms hypoglycemic symptoms) would depend on the purpose of
the study

Level 2 < 54 mg/dL The threshold at which neuroglycopenic Sufficiently low to indicate serious,

(3.0 mmol/L) with or symptoms begin to occur and require clinically important hypoglycemia

without symptoms immediate action to resolve the

hypoglycemic event

Level 3 Severe Defined as a severe event characterized Severe cognitive impairment
hypoglycemia not by altered mental and/or physical requiring external assistance for
defined by a specific functioning that requires assistance from recovery
glucose level another person for recovery

Table1.

Levels of hypoglycemia proposed when reporting in clinical trials and as defined by the ADA.

4. Benefits and limitations of diabetes technologies assessing glucose
levels

4.1BGMS

4.1.1 Limitations of current ISO 2013 and FDA 2020 accuracy requivements for
blood glucose monitoring systems in diabetes management

According to current ISO 15197:2013 accuracy requirements, >95% of BG results
should be demonstrated to be within +15% of the reference method for samples
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with BG concentrations >100 mg/dL, and + 15 mg/dL when BG concentrations are
<100 mg/dL. (International Organization for Standardization.)

The FDA guidance 2020 recommends that >95% of all BGMS results should
be within +15%, and > 99% of all BGMS results should be within +20% of the
reference laboratory method across the entire claimed to measure range of the
BGMS. (US Department of Health and Human Services [22]. Food and Drug
Administration.)

These more stringent guidelines recognized the limitations of evaluating BG
samples at the extreme ends of the measuring range, especially in the low range
where very few samples are available [23]. Recognizing the clinical importance of
the accuracy of BG measurements for hypo- and hyperglycemic blood samples, both
European and US authorities have requested that accuracy data be reported separately
for low, normal, and high BG ranges [23]. This issue is however complicated by system
accuracy requirements being applied to measurement results from the whole glycemic
range. If a BGMS shows 100% accurate results at BG concentrations >80 mg/dL
(4.44 mmol/L) (80% of results, following ISO 15197:2013) [24], this results in 25%
of the samples in the low-glucose range being allowed outside the accuracy limits
(5% “results outside of accuracy limits” divided by 20% “results <80 mg/dL
[4.44 mmol/L]”) [23].

4.1.2 Difference of accuracy in hypoglycemic range of BGMS compliant with ISO
2013 standards and/or FDA 2020 guidelines

Despite the boundaries of ISO 2013 standards and/or FDA 2020 guidance,
(International Organization for Standardization., US Department of Health and
Human Services [22]. Food and Drug Administration) considerable differences exist
in the performance of commercially available BGMS [25]. Such error patterns over the
operating range of BGMS may lead to relevant differences in clinical and economic
outcomes. These differences can potentially increase the risk of not detecting hypogly-
cemic events when they occur, and, therefore, inadequately identifying and treating
them [25].

Thus, if a patient’s true BG concentration is 60 mg/dL (3.33 mmol/L), acceptably
accurate results range from 45 to 75 mg/dL (2.50 to 4.16 mmol/L) according to the
ISO limits and from 51 to 69 mg/dL (2.83 to 3.83 mmol/L) according to FDA criteria.
This can make it difficult for a patient to detect and manage their hypoglycemia.

If a BGMS cannot reliably differentiate between 50, 60, and 70 mg/dL (2.77, 3.33,
and 3.88 mmol/L), the utility of predefined hypoglycemia thresholds comes into
question [23].

4.1.3 Evidence shows that the accuracy of different BGMS (compliant with ISO
2013) is not the same in the low-BG range

Multiple post-market studies of BGMS have failed to replicate the accuracy nor-
mally required to gain market approval by the regulatory authorities [26-30]. Many
of these products remain on the market today.

Whilst it is not difficult to obtain BG samples in the normal range it is more of
a challenge to obtain and subsequently assess the accuracy of devices outside of
this range. It may be unethical and potentially dangerous to purposefully cause
hypoglycemia in a patient simply for the purposes of testing device accuracy. The
remaining choices to assess accuracy at this level is either to accept the smaller
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sample size, modify the sample prior to testing, or to create a statistical model.
These concepts have further been explored in the low blood glucose range and
evidence shows that the accuracy of different BGMS (that were approved under
ISO 2013 standards) are not the same at these critical levels and some would appear
non-compliant [29, 31]. Recently a methodology was developed to demonstrate the
differences in accuracy in the low blood glucose range among several BGMSs as
demonstrated in Figure 1 [32-35]. The differences in accuracy between devices was
clinically meaningful.

4.2 Continuous glucose monitoring technologies

Continuous glucose monitoring (CGM) devices have become more widespread
over the past decade. They generally fall into two categories, real-time (rt-CGM) and
intermittently scanned (is-CGM) devices. rt-CGM has shown positive improvements
in improving HbAlc and reducing hypoglycemia in insulin users in RCTs [36-38]
whereas is-CGM generally relies on observational data to support its use [39]. They
predominantly differ from BGMS by measuring glucose concentration in the intersti-
tial fluid, several times per hour, whereas BGMS measure blood (normally capillary)
glucose once per test, up to around 10 times per day, depending on individual patient
needs [1].

Unlike BGMS that have well-defined FDA and ISO accuracy criteria that must
be met prior to obtaining marketing authorization, there remains no such standard-
ized metrics for CGM accuracy requirements. In spite of this, it is commonplace
for manufacturers to describe the accuracy of a CGM using Mean Absolute Relative
Difference (MARD). This is calculated by averaging the absolute values of relative
difference from the comparison method and does not account for positive or negative
bias, i.e. all differences are made positive [40]. The MARD of some CGM systems has
been reported to be in the 10-12% range whereas some BGMS has demonstrated to be
below 5% [40].

One reason for the difference in MARD between some CGMs and BGMS could
be attributed to measuring glucose in different compartments of the body. There is
an inherent delay between glucose levels in each compartment with one study sug-
gesting that to be between 6 and 10 minutes [41]. This makes it very difficult for a
CGM to be as accurate, particularly at times of rapid glucose change. A further study
demonstrated that MARD could change considerably throughout the day, approxi-
mately doubling between fasting periods and after food (8.0-16.3% and 9.1-16.3%
depending on the device) [42]. This brings into question the value of such a metric if
it can vary so much. Table 2 provides some examples of when BGM is needed in CGM
users.

Additionally, the detection of hypoglycemia by a CGM device is dependent on
the duration of the hypoglycemic event. A recent study showed that two-thirds of all
patients reported hypoglycemic events required minimum duration of 15 minutes in
order to be by the CGM device [43].

A low ISF glucose reading below 3.9 mmol/L can prompt corrective actions
that may be unnecessary if actual blood glucose, as measured by SMBG, is
significantly higher. For instance, a user may develop hypoglycemia and take
corrective action. Due to the time lag between blood glucose and ISF glucose, if
the user continues to rely only on ISF glucose readings, there may be a lag in the
rise of ISF over blood glucose, resulting in further and unnecessary treatment of
hypoglycemia.
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Figure 1.
Probability curves for real-world BGMSs (all meeting ISO 15197:2013 criteria) (adapted from [32]).
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* During the first 24 h following sensor application when differences between blood glucose and ISF glucose
are reportedly higher. This is hypothesized to be due to temporary local trauma at the site of application
that affects ISF glucose concentration. The application of a new sensor 24 h before the old sensor “runs out”
represents a potential solution to this issue.

When a sensor glucose reading and trend arrow indicates a possible hypoglycemic episode or when
symptoms suggest a hypoglycemic episode but the reader does not.

.

Driving: To comply with both EU and UK legislation, the UK Driving and Vehicle Licensing Authority
(DVLA) does not consider ISF glucose readings to be sufficient on their own and drivers must also monitor
their blood glucose levels using a traditional blood glucose test. Naturally, this may change once there is
more confidence in the accuracy of modern CGM and flash monitoring systems.

Device-dependent interferences: When taking medications that have reported interference with ISF
glucose values, for example, acetaminophen (paracetamol) or vitamin C (although this only applies to
some ISF sensors).

ISF: interstitial fluid; CGM: continuous glucose monitoring; EU: European Union; and UK: United Kingdom.

Table 2.
Some examples for adjunct blood glucose testing in CGM users.

Similarly, experienced users may become less concerned with ISF low glucose
readings than they would be with SMBG readings and take no immediate action. Each
of these scenarios potentially creates unwanted risks [44].

The use of a CGM, particularly for the management of T1D, is preferred; however,
all patients should learn how to use a BGMS for backup and monitoring if CGM is not
available and/or desired [39]. This was further confirmed by the American Diabetes
Association [1] which stated, “Every patient using a CGM must have a BGM.” The
reasoning for using a BGM when using a CGM includes whenever there is suspicion
that the CGM is inaccurate, while waiting for warm-up, for calibration (some sen-
sors) or if a warning message appears, and in any clinical setting where glucose levels
are changing rapidly (>2 mg/dL/min), which could cause a discrepancy between
CGM and BGM readings.

The definition of hypoglycemia is based on blood glucose readings, therefore the
use of BGM in CGM users remains an essential part of their diabetes management.

5. Implications of hypoglycemia

5.1 Which diabetes patient needs the most accurate technology for hypoglycemia
detection?

The American Association of Clinical Endocrinologists and American College
of Endocrinology 2016 outpatient glucose monitoring consensus statement
provided clinical situations and patients groups requiring the highest possible
accuracy in glucose monitoring for detection of hypoglycemia [45]. These include
those with a history of severe hypoglycemia; hypoglycemia unawareness; infants
and children receiving insulin therapy; patients at risk for hypoglycemia, includ-
ing patients receiving basal insulin or basal/bolus insulin therapy, patients with
irregular schedules, skipped or small meals, vigorous exercise, travel between time
zones, disrupted sleep schedules, shift work, and people with occupational risks
that enhance possible risk from hypoglycemia (e.g., driving or operating hazardous
machinery) [45].
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Other patient groups include those receiving sulfonylurea or glinides [46], and
people with diabetes with comorbidities such as hyperlipidemia or chronic renal
disease who may also be taking multiple medications [47]. Age is also an important
factor, as risk factors for hypoglycemia such as renal impairment, cardiovascular dis-
ease, and polypharmacy all increase with advancing age in adults with T2D [48-50].

The high accuracy in the low blood glucose range is also necessary for diabetes
management during pregnancy, therefore CGM use in this patient population remains
adjunctive use only [45, 51]. Blood glucose monitoring remains a cornerstone of
glucose management during pregnancy [1].

6. Conclusions

In order to make correct therapy decisions, a correct glucose reading is essential
[52]. In order to obtain a correct glucose reading, the correct device must be used.
This selection spans both device types, i.e. CGM/BGM, and also specific device within
the type. Accuracy variation within both system types is proven to be significant,
therefore understanding the importance of education for HCP and patients to make
an informed choice based on individual needs.
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Chapter 6
Treatment of Hypoglycemia

Yasin Simsek and Emre Urhan

Abstract

Hypoglycemia is an important condition that can be seen in everyone, more often
in those with diabetes mellitus, and can sometimes be life-threatening. Hypoglycemia
is a condition that can be prevented with simple precautions. It is a simple procedure
that can be done mostly by ordinary people when the treatment is known. The most
important step in the treatment is the education of those at risk of hypoglycemia and
their relatives. The first step in treatment is to measure blood glucose, if possible. If
blood sugar is below 70 mg/dl, hypoglycemia is diagnosed; if it is below 50 mg/dl, it
is called severe hypoglycemia. The first approach in a conscious patient is to give the
patient 15 mg of carbohydrate and measure the blood glucose again after 15 minutes.
If the measured value is <70 mg/dl, the procedure should be repeated. If possible,
glucagon should be administered to unconscious, out-of-hospital hypoglycemic
patients until emergency help arrives. If glucagon is not available, glucose gel can be
applied to the buccal mucosa. 50 ml of 50% glucose IV is administered to an uncon-
scious hypoglycemic patient in the hospital. If the blood sugar does not rise above
70 mg/dl, the procedure is repeated.

Keywords: hypoglycemia, glucagon, glucose gel

1. Introduction

Hypoglycemia is generally considered to be a plasma blood glucose level of
less than 4 mmol/L (70 mg/dL) in patients with diabetes mellitus. In general, the
‘Whipple triad’ (glycemia <50 mg/dL, symptoms suitable with low glycemia and
these symptoms improve with a treatment that increases low glycemia) is sufficient
for the diagnosis of hypoglycemia in persons with nondiabetics, although the plasma
glucose level is above 50 mg/dL, most diabetic patients need treatment because of the
symptoms of hypoglycemia [1].

2. Symptoms of acute hypoglycemia

It is divided into two main groups: adrenergic (neurogenic, autonomic) and
neuroglycopenic [2]:
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2.1 Adrenergic signs and symptoms

It develops due to the activation of the autonomic nervous system and the adrenal
medulla.

¢ Shaking.
* Cold sweats.
* Anxiety.
* Nausea.
* Palpitations.
* Numbness.
2.2 Neuroglycopenic signs and symptoms
It develops due to decreased glucose delivery to the cerebral cortex.
* Dizziness.
* Headache.
* Inability to concentrate.
* Difficulty speaking.
* Fatigue.

¢ Confusion.

3. Classification of hypoglycemia

Dividing symptomatic hypoglycemia into three according to the following clinical
criteria is beneficial in terms of managing hypoglycemia;

3.1 Mild hypoglycemia

A condition in which the patient can detect and treat hypoglycemia ownself. Blood
glucose is less than 70 mg/dL but is 54 mg/dL or higher.
Symptoms:

Sweating.
Shaking.
Nausea.
Extreme hunger.
Nervousness.
Dizziness.
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3.2 Moderate hypoglycemia

It is the situation when the patient has to go to someone else’s aid, but treatment is
possible orally. Blood glucose is less than 54 mg/dL.
Symptoms:

Difficulty concentrating or speaking.
Confusion.

Weakness.

Vision changes.

Mood swings.

3.3 Severe hypoglycemia

When the patient is unconscious or unable to take oral glucose due to excessive
disorientation and the treatment has to be administered parenterally as glucagon
injection or intravenous glucose [3, 4].

Symptoms:

Confusion.

Dizziness.

Nausea or vomiting.
Shortness of breath.

Tremors or chills.

Extreme anxiety.

Irritability and changes in behavior.
Profuse sweating.

Pale, clammy skin.

Rapid heartbeat.

Extreme fatigue or sleepiness.
Loss of consciousness.
Seizures.

4. Treatment of hypoglycemia
4.1 Mild and moderate hypoglycemia

Mild hypoglycemic episodes can be prevented if a patient maintains a healthy
diet and blood sugar levels are monitored regularly. For example, eating frequent
small meals and having a few small snacks throughout the day will work in
preventing hypoglycemia and keeping the patient’s blood sugar under control.

A good general rule is to eat six small meals each day, enough to meet your total
daily carbohydrate needs. You should also drink plenty of water throughout the
day. Treatment of mild hypoglycemia usually involves taking glucose tablets
and/or foods containing simple sugars in case of hypoglycemia. However, this
type of treatment is usually only necessary when you have no other choice. If
patients continue to experience hypoglycemia despite following appropriate
treatment and a healthy lifestyle, they should talk to their physician to revisal of
their treatment [5].
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Studies have shown that the glycemic response to oral glucose is transient, typi-
cally less than 2 hours. It was concluded that in the case of persistent or recurrent
hypoglycemia, although oral glucose is effective, this is a temporary measure and may
require a more substantial snack or meal followed by a meal. There is a “rules of 15”
that recommends treating blood sugar <70 mg/dL by eating or drinking, a popular
treatment strategy for mild hypoglycemia. 15 g carbs and repeat this treatment if
symptoms persist after 15 minutes [6].

4.2 Severe hypoglycemia

Out of hospital: It is recommended that immediate administration of glucagon,
if available, for the treatment of hypoglycemia in an unconscious person and in
whom IV treatment is not possible. Administration of glucagon (subcutaneous,
intramuscular, or nasal) will usually result in recovery of consciousness within
about 15 minutes, although this may be followed by marked nausea and even
vomiting. Therefore, the dose of glucagon should be followed by oral intake of con-
centrated carbohydrates just before the patient regains consciousness and nausea
develops [7]. In the absence of glucagon, there are no conclusive data to guide the
management of severe hypoglycaemia in patients with impaired consciousness who

Management of Hypoglycemia
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Figure 1.
Treatment of Hypoglycemia.
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do not have immediate access to glucagon or intravenously (IV) dextrose (while
emergency personnel are waiting). In a study on normoglycemic volunteers, buccal
absorption of glucose was shown to be minimal. However, due to the lack of other
options for such patients, some authors suggest that while awaiting emergency
personnel, family members may apply a glucose gel (e.g., teeth and buccal mucosa)
with the patient’s head tilted slightly to the side [8]. If a glucose gel or pastry cream
is not available There is some data showing that sprinkling table sugar under the
tongue may be effective [9].

In hospital: Patients currently in the hospital can usually be treated quickly by
administering 25 g of 50% glucose (dextrose) IV. Capillary blood glucose measure-
ment must be repeated after 10 minutes. If it is still less than 70 mg/dL repeat IV
glucose administration (Figure 1) [7].

5. Glucagon therapy

Glucagon exerts its hyperglycemic effects mainly by stimulating hepatic glyco-
genolysis. Unlike insulin, glucagon promotes catabolism and releases glucose [10].
Unlike other peptide hormones (e.g., insulin), glucagon does not show a clear dose-
response relationship, suggesting that the glycemic response to glucagon is saturable.
Increasing doses of glucagon do not result in a dose-dependent increase in glucose.
Therefore, fixed doses are usually used. This situation has recently paved the way
for the use of mini-doses of glucagon administered in doses of 100-150 pg instead of
1 mg to prevent or treat mild hypoglycemia [11].

5.1 Intranasal glucagon

Intranasal glucagon is a simple system that inserts the tip of the device into one
nostril and empties the powder into the nostril. In a randomized trial compar-
ing intranasal (3 mg) and intramuscular (1 mg) glucagon in patients with type
1 diabetes (T1DM) and hypoglycemia, hypoglycemia was successfully corrected
in 98.7% and 100% of patients. The time taken for glucose values to rise above
70 mg/dL was 16 min for intranasal administration and 13 min for intramuscular
administration [12].

5.2 Stable, liquid glucagon

Glucagon (or its glucagon analog) can be administered using a syringe kit as a
pre-filled syringe containing a single-dose vial, all containing a fixed-dose, stable
liquid glucagon preparation (dilution is not required) [13]. In studies in patients with
type 1 diabetes, the improvement effects of hypoglycemia were similar in patients
receiving 1 mg of stable liquid glucagon, 1 mg of reconstituted glucagon, or 0.6 mg of
a glucagon receptor agonist (daciglucagon) [14].

5.3 Reconstituted glucagon
Glucagon lyophilized powder requires reconstitution just before use. It is adminis-

tered subcutaneously or intramuscularly (1 mg). In an emergency, the dilution work
may force the helpers into the environment [15].
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6. Treatment of hypoglycemia in special cases
6.1 Strick glycemic control

In the treatment of diabetes, tight control is an important strategy in the preven-
tion of microvascular complications. However, the morbidity and potential mortality
of hypoglycemia are proven downsides of intensive glycemic management of diabetes
[16]. There is strong evidence that tight glycemic control with insulin, sulfonylurea
and glinide increases hypoglycemic morbidity and mortality in T1IDM and type 2
diabetes (T2DM) [17, 18]. Therefore, alternative drugs with low hypoglycemic effect
should be preferred if regulation can be achieved.

6.2 Lipohyperthyrophy at injection sites

Lipohyperthyrophy is an area of thickened subcutaneous fat tissue which is become
due to the administering of continuous injection of insulin to the same area and
incorrect rotation. When injecting insulin into the lipohypertrophic area, absorption is
irregular, the rate of absorption is unpredictable and may cause glycemic fluctuations
such as hypoglycemia [19]. Development of lipohypertrophy is preventable by chang-
ing the injection site (rotation) and not using insulin needles more than once [20].

6.3 Hypoglycaemia unawareness

Hypoglycemia unawareness (HU) refers to the occurrence of neuroglycopenia before
the onset of warning symptoms in response to hypoglycemia. It is a condition that pre-
vents strict diabetes regulation and reduces the quality of life, occurs in approximately
40% of people with TIDM and less frequently in T2DM [21]. Blood glucose monitoring,
individualized goals and educational programs are important for the prevention and
management of HU. Glycemic targets should be individualized, targeting less stringent
regulation, especially for patients with long-standing diabetes, patients at high risk of
HU and severe hypoglycemia, and/or patients with multiple comorbidities [22].

6.4 Severe hepatic dysfunctions

Hypoglycemia occurs when gluconeogenesis fails, especially in severe conditions
such as liver failure where liver glycogen stores are reduced. The liver is one of the
most important organs of glucose balance. Any disorders of its metabolism, structural
integrity, or cellular functioning may impair the liver’s ability to maintain normal
glucose homeostasis. If such a disruption affects hepatic glucose output and gluco-
neogenesis, hypoglycemia may be occurred [23]. For patients with active liver disease,
restrictive diets can often worsen protein-calorie malnutrition [24]. Most oral antidia-
betic drugs are metabolized in the liver, and decreased glycogen stores are a risk factor
for insulin-induced hypoglycemia, therefore strict monitoring of blood glucose levels
should be performed during treatment in diabetic patients [25].

6.5 Impaired renal functions

Chronic kidney disease (CKD) can increase the risk of hypoglycemia. Decreased
GFR is associated with decreased renal gluconeogenesis and clearance of insulin
and other glucose-lowering drugs, and attenuation of the efficacy of regulatory
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mechanisms against hypoglycemia. Therefore, an individualized approach to diabetes
management is essential, especially for patients with advanced CKD [26].

7. Prevention of hypoglycemia

Patient education, appropriate diet and exercise regimens, blood glucose monitor-
ing, appropriate antidiabetic drug selection, and close clinical follow-up are necessary
to prevent hypoglycemia [7].

7.1 Patient education

Patients and those around them should be educated about recognizing the symp-
toms of hypoglycemia and giving appropriate treatment for hypoglycemia as soon as
possible. It is important to explain to patients the potential dangers of hypoglycemia
and how it should be treated in patients treated with insulin, a sulfonylurea or glinide.
Any documented hypoglycemia should be investigated with the patient to try to
identify the causes, e.g., skipped meals/prolonged fasting, physical exertion, alcohol
consumption, and injection of high insulin dose.

Diabetic patients at high risk of hypoglycemia are instructed to always carry
glucagon with them. Family members and people around the patients with diabetes
should be educated about the administration of glucagon to the patient; they also
need to know where the glucagon is being held. There are subcutaneous, intramuscu-
lar injections, and intranasal forms of glucagon in the market.

7.2 Diet regulation

Dietary adjustment includes information about the amount of carbohydrates in
meals and its effect on blood sugar concentration, and creating a personalized regular
meal plan. The importance of administering insulin with the appropriate dose and
timing regarding meals should be emphasized in patients receiving insulin therapy.
Patients at risk of hypoglycemia should be advised to keep foods containing glucose
or carbohydrates with them or in an accessible place. In some patients, especially
those with TIDM or at high risk of nocturnal hypoglycemia, a bedtime snack may be
recommended to prevent nocturnal hypoglycemia.

7.3 Recommendations on physical exercise

Physical exercise increases the risk of hypoglycemia by increasing glucose consump-
tion. If necessary, early action can be taken to prevent hypoglycemia by measuring blood
glucose before and after physical exercise. If there is a decrease in glucose level to the level
of hypoglycemia, small meals should be eaten before physical exercise. Patients should
be carried fast-acting carbohydrates with them during physical exercise. When planning
physical exercise, it is important to adjust the insulin dose according to the exercise.
Insulin doses should be reduced, more in heavy exercise and less in light exercise.

7.4 Medication adjustment

In patients receiving diabetes treatment, episodes of hypoglycemia may be
associated with the treatment itself; therefore, it is important to use drugs with
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the low risk of hypoglycemia in such patients. Metformin, dipeptidyl peptidase-4
(DPP-4) inhibitors, glucagon-like peptide-1 (GLP-1) analogs, sodium-glucose
cotransporter-2 (SGLT-2) inhibitors and pioglitazone are drugs with a low risk of
hypoglycemia. In contrast, sulfonylureas and glinides are associated with a higher
risk of hypoglycemia; Therefore, if treatment-related hypoglycemia occurs, it is
recommended to consider reducing or discontinuing the dose of these drugs and
switching to a different treatment [27].

With the transition to the use of long-acting basal insulin analogues (such as
Detemir and Glargine U100), a significant reduction in nocturnal hypoglycemia
attacks was achieved compared to Neutral Protamine Hagedorn (NPH) insulin [28].
The new ultra-long basal insulins Glargine U300 and Degludec have recently led to a
significant additional reduction in the rate of nocturnal hypoglycemia [29]. The use
of short-acting insulin analogs has resulted in a significant reduction in the rates of
severe hypoglycemia compared to conventional human insulin [30].
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