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Chapter 1

Hypoglycemia in the Hospitalized 
Patient: Interventions and 
Opportunities
Chelsea Giroir and Helen Calmes

Abstract

Hypoglycemia occurs frequently in hospitalized patients and can lead to cardiac 
arrhythmia/ischemia, seizures, or death. The Louisiana Hospital Improvement 
Innovation Network (HIIN) requires hospitals to report incidents of hypoglycemia as a 
quality measure. The purpose of this study is to evaluate the incidence of hypoglycemic 
events and identify precipitating factors at our institution. This is an IRB-approved 
single-center, retrospective chart review conducted from January to December of 2022 
at an academic medical center. All admitted patients who received an antihyperglyce-
mic agent and experienced a hypoglycemic event, defined as blood glucose <50 mg/
dL (2.8 mmol/L), within 24 hours were included. The primary outcome assessed the 
incidence of hypoglycemic events. A total of 2455 patients received insulin during their 
admission, of which 91 (3.7%) had a hypoglycemic event that met inclusion criteria. 
Patients were predominately male (58%) with a median age of 53 years old. A diagnosis 
of Type I or Type II Diabetes Mellitus was reported in 73% of patients. Basal or basal-
bolus insulin was ordered in 70.3% of patients. Our institution’s yearly incidence of 
3.7% is above the HIIN standard of 3%. Optimization of guidelines and order sets are 
proposed to help lower the incidence of hypoglycemic events.

Keywords: hypoglycemia, insulin, order entry, hospital, complications

1. Introduction

The occurrence of hypoglycemia, defined as a blood glucose reading of less than 
70 mg/dL (3.9 mmol/L), in hospitalized patients has been associated with increased 
cost, length of stay, and most importantly, morbidity and mortality. Recently, data 
suggested that more than 25% of all inpatient days are incurred by people with diabe-
tes [1]. Management of glucose proposes a challenge as patient-specific factors must 
be taken into account. For example, critically ill or elderly patients may not be treated 
as conservatively as a stable or younger patient would be treated [1]. The NICE-
SUGAR trial showed that strict glycemic control can result in increased morbidity 
and mortality [2]. Other risk factors for developing hypoglycemia while inpatient can 
include severe comorbid diseases (sepsis, impaired renal function, malignancy, liver 
failure, and heart failure), other endocrine disorders, types and duration of diabetes, 
pregnancy, low body mass index, and improvement in patient’s clinical status [3].
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Symptomatic hypoglycemia is defined as a blood glucose level less than 70 mg/dL 
(3.9 mmol/L) accompanied by symptoms of hypoglycemia. Symptoms can include 
anxiety, irritability, dizziness, diaphoresis, pallor, tachycardia, headache, shakiness, 
and hunger. Symptoms such as malaise, lethargy, and slurred speech can occur due 
to effects on the central nervous system [4]. Because of this accredited organizations 
around the world, including the American Diabetes Association (ADA), all suggest 
that healthcare providers be notified when blood glucose levels are less than or equal 
to 70 mg/dL (3.9 mmol/L) [1] and should be the threshold to initiate treatment.

1.1 Treatment

According to the Endocrine Society Clinical Practice Guidelines, hypoglycemia can 
be classified into three separate levels [5]. The first level is defined as blood glucose 
54–70 mg/dL (3.0–3.9 mmol/L). These patients may not experience symptoms and 
can ingest carbohydrates to prevent progression. If the patient is listed as ‘nothing by 
mouth’ (NPO) alternative sources may be given (I.e., dextrose 50% in water) Level two 
is defined as blood glucose less than 54 mg/dL (3.0 mmol/L), and places patient at an 
increased risk for cognitive dysfunction and mortality. Lastly, level three is classified as 
the occurrence of a severe event (altered mental status and/or physical status). These 
patients should be treated with glucagon or an alternative carbohydrate source [6].

Asymptomatic or symptomatic patients who are conscious, orientated, and can 
tolerate oral treatment should receive a rapid-acting carbohydrate. Examples of rapid-
acting carbohydrates include 15–20 mg chewable glucose tablets or 150–200 ml of 
orange juice, and the effect should be seen within 20 minutes [7]. Blood glucose levels 
can be retested every 15–20 minutes, and if still less than 70 mg/dL (3.9 mmol/L), oral 
treatment can be repeated up to three times. For patients who are disoriented and/or 
unable to take it by mouth, 15 g of glucose gel, 1 mg of intramuscular glucagon, or 10 
or 50% intravenous dextrose should be administered [7].

1.2 Financial impact

In addition to patient safety, the incidence of hypoglycemia also has an impact 
on cost. Between January 2007 and December 2011, hospital visits from Medicare 
beneficiaries, because of hypoglycemia, were more than $600 million in spending, 
and excess medical costs increased from $8417 to $9601 [8]. Studies have revealed 
that the cost to the hospital is $1161 direct costs per episode with a range of $242–$579 
added for indirect costs: or non-medical interventions. No matter the severity of the 
hypoglycemic episodes, the economic burden remains. The short-term costs (e.g., 
emergency room visits) and the long-term costs (e.g., cardiovascular events, cogni-
tive issues) contribute to the total treatment costs. One study by Curkendall, et al. set 
out to assess the clinical and economic impact of hypoglycemia that develops during 
hospitalization in patients who have diabetes. This study found that patients who 
experienced a hypoglycemic event had higher charges up to 38.9% [9]. The cost of the 
hospital is not the only thing that should be taken into consideration.

1.3 University Medical Center New Orleans

University Medical Center New Orleans (UMCNO) is a 446-bed non-profit, 
public, research, and academic hospital located in the central business district of 
New Orleans, Louisiana, providing tertiary care for the southern Louisiana region 
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and beyond. UMCNO is one of the region’s only university-level academic medical 
centers. UMCNO is also an ACS (American College of Surgeons) designated level-I 
trauma center. The hospital is operated by the LCMC (Louisiana Children’s Medical 
Center) Health System, accredited by the Joint Commission (TJC), and is the largest 
hospital in the system. UMCNO is affiliated with numerous colleges of medicine and 
pharmacy. UMCNO is New Orleans’ largest teaching hospital and training facility for 
many of the state’s physicians. Meaning that our institution plays an integral role in 
shaping the future of healthcare for the region.

UMCNO’s Post Graduate Year 1 (PGY1) pharmacy practice residency helps residents 
develop the necessary clinical pharmacy skills to help patients in their care. Part of this 
training includes involvement in patient safety and quality improvement initiatives. 
This includes training in Quality Reporting and Assessment Drug evaluation. Best 
practices are used to assess, improve, and make changes to medication practices at the 
hospital. Addressing hypoglycemia incidence at our institution is one such project.

1.4 Quality measure reporting

Adverse drug events (ADEs) in hospitals can be caused by medication errors, 
such as accidental overdoses providing a drug to the wrong patient, or adverse 
drug reactions [10]. ADEs place hospitalized patients at an increased risk of harm. 
Voluntary reporting and tracking of errors have served as the traditional method to 
detect ADEs. However, public health researchers have established that only 10–20% 
of errors are ever reported, and, of those, 90–95% cause no harm to patients [11]. 
Hypoglycemia has been identified as one of the top three preventable adverse drug 
reactions by the US Department of Health and Human Services [6].

The Hospital Improvement and Innovation Network (HIIN) was a national 
initiative from 2016 to 2022 that aimed to prevent patient harm due to adverse drug 
events and improve care in hospitals across the United States. The HIIN also served 
as precursors for the Centers for Medicare and Medicaid Services (CMS)-enacted 
guidelines. The HIIN had developed routine, required reporting by healthcare organi-
zations on a statewide level for ADEs an injury resulting from the use of medication.

UMCNO has participated in the monitoring and reporting of the HIIN data for 
over 5 years. A benchmark of 3% or less of hypoglycemic events per 100 patients 
who received insulin was established. The equation used to calculate incidence can be 
found below.

( ) =%

Totalnumber of hypoglycemic eventsin
patientsreceiving anantihyperglycemicagent

Incidence
Totalnumber of patientsreceiving anantihyperglycemicagent

 (1)

The HIIN requires patients who have a blood glucose level of less than 50 mg/dL 
(2.8 mmol/L).

Over the course of the last 3 years, numerous changes have been made to insulin 
order sets, admission orders, and diet insulin administration requirements for nursing 
staff. The benchmark at the target hospital has decreased from highs of 10 to 14% 
to the current range of 3–4%. The hospital should continue to implement changes 
that will further impact the hypoglycemia incidents; therefore, the purpose of this 
research is to define the yearly incidence of hypoglycemia at UMCNO and identify 
precipitating factors that may be contributing.
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2. Methods

An Institutional Review Board-approved, single-centered, retrospective chart 
review was conducted at UMCNO from January to December 2022. Admitted adult 
patients, defined as at least 18 years of age, who received an antihyperglycemic agent 
were included. Antihyperglycemic agents included were insulin glargine, insulin 
regular, insulin lispro, and sulfonylureas. Patients were excluded if they did not have 
a hypoglycemic event (defined as blood glucose ≥50 mg/dL [2.8 mmol/L]), the event 
happened more than 24 hours after administration, or if the blood glucose recheck 
was ≥80 mg/dL (4.4 mmol/L) within 5 minutes of the original reading. A list was 
generated from the electronic medical record (EMR) of all patients who received an 
antihyperglycemic agent while admitted to UMCNO.

The primary outcome was to assess the annual incidence of hypoglycemic events at 
our institution during 2022. Secondary outcomes measured were patient-specific risk 
factors for hypoglycemia, insulin type ordered, dextrose administration, and docu-
mentation of symptomatic hypoglycemia. Symptomatic hypoglycemia was identified 
in the medical record through documentation within an hour of the hypoglycemic 
event occurring. Additional data points included baseline demographics, patient dis-
position, and mortality. This was a retrospective study and descriptive statistics were 
used to evaluate both primary and secondary endpoints. Therefore, no endpoints 
were calculated for statistical significance.

3. Results

There were 2451 patients who received an antihyperglycemic agent while  admitted 
to UMCNO during the year 2022. After the application of exclusion criteria, 91 
patients were eligible for analysis (Figure 1). Patients were predominately African 
American (n = 60, 65.9%) and male (n = 53, 58.2%) with a median age of 53 (inter-
quartile range: 47–69.9) years old. A diagnosis of Type I or Type II Diabetes Mellitus 
was reported in 72.5% (n = 66) of patients. Incidence of hypoglycemia occurred most 
frequently on medical-surgical floors or units (n = 53, 58.2%). Most patients were 
discharged home (n = 47, 51.6%); however, 15.3% (n = 14) of patients died during 
admission, 26.4% (n = 24) were discharged to a medical facility (defined as either a 
rehabilitation, hospice, long-term acute care, or skilled nursing facility), and 6.7% 
(n = 6) left against medical advice (AMA) (Table 1).

The average yearly hypoglycemia incidence was 3.7% at UMCNO (incidence per 
month can be found in Figure 2). A total of 57.2% (n = 52) patients had a risk factor 
for hypoglycemia, including kidney/liver impairment (n = 26, 28.6%), sepsis (n = 9, 
9.9%), or had multiple risk factors (n = 17, 18.6%) (Table 1). Symptomatic hypogly-
cemia was documented in 9.9% (n = 9) of patients. Basal or basal-bolus insulin was 
ordered in 70.3% (n = 63) of patients, bolus insulin in 23.1% (n = 22), 4.5% (n = 4) 
were initiated on an insulin drip, and 2.1% (n = 2) received a sulfonylurea (Figure 3). 
Insulin glargine was ordered through the institutional order set 23.8% (n = 15) of the 
time. Thirteen percent (n = 12) of hypoglycemic events occurred in patients receiving 
bolus insulin for hyperkalemia.

Home insulin regimens were restarted in 38.4% (n = 35) of patients, with only 
65.7% (n = 23) of those regimens having a dose reduction. Patient education was 
documented in 25.2% (n = 23) of patients. A diet was ordered in 68.1% (n = 62) of 
patients, while 10.9% (n = 10) had no diet ordered, and 21% (n = 19) were “nothing 
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Figure 1. 
Screening and inclusion.

Baseline characteristics (n = 91)

Race, n (%)
African American
White
Other
Asian

60 (65.9)
22 (24.2)

8 (8.8)
1 (1.1)

Gender, n (%)
Male
Female

53 (58.2)
38 (41.8)

Median age (years) (IQR) 58 (47–69.5)

Median weight (kg) (IQR) 73.3 (66.9–86.1)

Type 1 or 2 diabetes mellitus, n (%)
Type 1
Type 2
Not diabetic

12 (13.2)
54 (59.3)
25 (27.5)

Location of event, n (%)
Floor
Medical intensive care unit
Surgical/Trauma intensive care unit
Other

53 (58.2)
19 (20.9)
13 (14.3)
6 (6.6)

Patient disposition, n (%)
Home
Medical facility
Died
AMA

47 (51.6)
24 (26.4)
14 (15.4)
6 (6.6)

Risk factors, n (%)
None
Liver/Kidney impairment
Sepsis
Multiple

39 (42.9)
26 (28.6)

9 (9.9)
17 (18.6)

Table 1. 
Baseline characteristics including secondary endpoint of patient risk factors for hypoglycemia.
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by mouth” (NPO). Dextrose was documented as administered to 41.8% (n = 38) of 
patients. Of the patients who were NPO, only 47.4% (n = 9) received dextrose. 

  4. Discussion 

 In this study, the incidence of hypoglycemia at University Medical Center New 
Orleans was 3.7% for the year 2022. The benchmark for hypoglycemic incidence 
for quality reporting is 3%. Hypoglycemic events lead to an increase in morbidity, 
mortality, length of stay, and cost [ 12 ], thus improvements in various areas must be 
made to decrease this incidence. 

 At our institution, clinical pharmacists evaluate every patient that is admitted to 
the hospital. Deferrals are implemented by our EMR system to assist the pharmacist in 
what needs to be addressed in monitoring including but not limited to patients’ labs, 
anticoagulation, antibiotic regimens, and order optimizations (IV to PO interchange) 

  Figure 2.
  Incidence of hypoglycemia; hypoglycemic events per 100 patients receiving an antihyperglycemic agent.          

  Figure 3.
  Break down of insulin type ordered (n = 91). Basal-bolus includes basal corrective scale orders and/or scheduled 
insulin with meals. “None” includes the two patients who received sulfonylurea.          
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[ 13 ,  14 ]. Our institution currently has a deferral for hyperglycemia (  Figure 4  ); how-
ever, previous studies have shown the implementation of best practice alerts (BPAs) 
and daily automated reports can decrease the incidence of hypoglycemia in the inpa-
tient setting. Goldstein et al. conducted a study that implemented BPAs in patients 
who were deemed “at risk” for having a hypoglycemic episode. This study found that 
BPAs lowered hypoglycemia from 22.91 events/1000 patient days to 18.27 events/1000 
patient days (p < 0.001). However severe hypoglycemia was not reduced [ 15 ].  

 After completion of the study, deferrals have been added to include a deferral for 
the pharmacist to review a patient’s insulin regimen if there is a blood glucose reading 
≤70 mg/dL (3.9 mmol/L). We identified that around 30% of patients did not have a 
diet ordered or were NPO at the time of the event; therefore, we also included a defer-
ral for patients who were NPO or did not have a diet ordered while having an active 
order for insulin. 

 Originally, insulin glargine could be ordered without an order set through an 
individual drug order number (eRx). The eRx did not have administration instruc-
tions that were included in the order set, “DO NOT HOLD basal insulin when the 
patient is NPO unless MD is notified. CALL MD prior to administering scheduled 
basal insulin if BG prior to administration is less than 90 mg/dL (5.0 mmol/L).” 
Also ordering insulin glargine outside of the order set did not require point-of-care 
glucose checks to be obtained. To address this, the insulin glargine eRx was removed 
from the providers’ list, allowing insulin glargine to only be ordered through the 
order set. 

 After the review of the order set was done, a forced stop was made so that a 
point-of-care test had to be selected (  Figure 5  ). It was reported that home insulin 
regimens were restarted in 38.4% (n = 35) of patients, with only 65.7% (n = 23) of 
those regimens having a dose reduction. In our order set, there are areas of text space 

  Figure 4.
  Example of a pharmacist deferral for a patient who has had a glucose reading greater than 200 mg/dL 
(11.1 mmol/L) for 2 readings or 300 mg/dL (16.7 mmol/L) for one reading.          

  Figure 5.
  The red stop sign with the exclamation mark allows the prescriber to know they will not be able to continue unless 
they select a point of care.          
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that can be utilized to help guide the provider to choose the right medication and/or 
dose. We decided to utilize function and add “If restarting home medication, consider 
a dose reduction by 25–52%.”

Our study did not directly measure the costs of hypoglycemic incidents in the hos-
pital setting. Accounting for and estimating costs attributed to diabetes and hypogly-
cemia is a health behavior that affects both the presence of diabetes and the presence 
of other comorbidities is difficult. However, we estimate that post-interventions the 
number of incidents will be lowered. Thus, the cost will be less.

While only 13% of events occurred in patients receiving insulin regularly for 
hyperkalemia treatment, a review of the hyperkalemia order set was also done. A 
study by Tran et al. looked to determine the frequency of iatrogenic hypoglycemia 
and develop an electronic order set to decrease the risk of hypoglycemia. This study 
identified lower pretreatment capillary blood glucose levels, previous history of 
hypoglycemic events, older age, lower body weight, and chronic kidney disease 
(CKD) as risk factors for hypoglycemia. They also found that about 92% of events 
occurred 3 hours after insulin administration [16]. Our previous hyperkalemia order 
set did not require a point of care to be taken after administration, only before. 
Therefore, we included an order for mandatory glucose checks before and 2 hours 
after administration.

One major limitation of this study is reliance on documentation in the patient’s 
EMR for symptomatic hypoglycemia, if the patient received dextrose or patient-
specific risk factors. Therefore, some of these could have been underreported in the 
study. Another limitation is that this is a single-centered retrospective chart review 
that could limit generalizability. While this was single-centered, the changes made 
to the order sets are implemented in other hospitals within the LCMC health system. 
This means that while our findings are institutional-specific, an impact will still be 
made with the changes implemented to help lower the incidence of hypoglycemia at 
other institutions.

5. Conclusion

The yearly hypoglycemia incidence of 3.7% is above the HIIN benchmark of 3%. 
Optimization to order sets has been established to lower this incidence. As mentioned 
previously, both the insulin and hyperkalemia order sets are system-wide. While the 
incidence of hypoglycemia is unknown for other hospitals in the system, changes 
implemented are likely to impact incidence at other institutions in the system as well. 
Provider and nursing education will also be established to minimize ordering and 
administration errors.
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Chapter 2

Hypoglycemia in Type 1 Diabetes 
Mellitus
Kenan Sakar and Nese Cinar

Abstract

Hypoglycemia is a common problem in patients with type 1 diabetes and can be 
asymptomatic, mild, and severe. Despite therapeutic approaches and technologi-
cal advances, hypoglycemia continues to be an important cause of morbidity and 
mortality in patients. Impairment in counterregulatory defense mechanisms and 
unawareness of hypoglycemia are the main risk factors for hypoglycemia. Recurrent 
episodes of hypoglycemia cause an awareness of hypoglycemia and defective counter-
regulation, resulting in hypoglycemia-associated autonomic deficiency (HAAF) syn-
drome. Efforts are needed to prevent hypoglycemia, and approaches include glucose 
monitoring, patient education, and medication adjustment. Advances in technology, 
such as insulin pumps and devices that allow continuous glucose monitoring, can 
significantly reduce the risk of hypoglycemia in patients when used appropriately.

Keywords: hypoglycemia, neuropathy, insulin pump, hypoglycemia unawareness, 
continuous glucose monitoring

1. Introduction

Type 1 diabetes mellitus (T1DM) is a disease that occurs as a result of the destruc-
tion of pancreatic beta-cells due to autoimmunity or different reasons and is char-
acterized by absolute insulin deficiency and hyperglycemia. It is mostly prevalent in 
children between the ages of 7–15 and can also occur in adulthood. The fact that the 
disease can occur at any age and the annual rate of increase of 3% leads to a rise in the 
number of individuals with T1DM.

All individuals diagnosed with T1DM should undergo an intensive diabetes 
management regimen, which has emerged as the prevailing standard for the majority 
of patients. Intensive diabetes treatment involves the implementation of an insulin 
regimen closely mirroring physiological release patterns strategically integrated with 
lifestyle modifications, dietary considerations, and regular physical exercise. Vigilant 
blood sugar monitoring is strongly advised. Customized glycemic targets should 
be discerned individually, taking into account the dual objective of averting both 
macrovascular and microvascular complications, all while judiciously considering the 
potential risks associated with hypoglycemia.

Vigorous management of hyperglycemia holds significant significance, particu-
larly in light of recent findings indicating an elevated risk of cardiovascular morbid-
ity among individuals with elevated but still within normal range HbA1C values. 
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Consequently, the prevailing objective of care for individuals with diabetes is the 
achievement of normalized or near-normalized blood glucose levels. While lifestyle 
modifications retain their value in managing individuals with T1DM, it is imperative 
to acknowledge that optimal glycemic control is unattainable without the incorpora-
tion of insulin therapy. The administration of insulin, however, is not without its 
challenges, as iatrogenic hypoglycemia emerges as a complicating factor, posing 
limitations on the feasibility of achieving intensive glycemic control.

1.1 Epidemiology of type 1 diabetes mellitus

The incidence of T1DM shows variability across age groups, with a peak typically 
observed around 10–14 years. Nevertheless, T1DM can manifest at any age. According 
to recent studies, the global incidence of T1DM has risen over the past few decades, 
with an average annual increase of approximately 3–4%. In China and other Asian 
and South American countries, the annual incidence ranges from 1 to 3 per 100,000. 
Meanwhile, South European countries and the USA demonstrate rates of approxi-
mately 10–20 per 100,000. In Scandinavia, the incidence is higher, ranging from 30 to 
60 per 100,000 [1, 2].

1.2 Pathophysiology of type 1 diabetes mellitus

T1DM is characterized by the persistent immune-mediated destruction of pancre-
atic beta-cells, resulting in a complete deficiency of insulin. The exact mechanisms 
triggering autoimmunity remain elusive; however, it is widely acknowledged that 
various environmental factors, within the context of genetic susceptibility, likely play 
a role. The destruction of beta-cells occurs at a variable pace and becomes clinically 
evident when at least 70% of beta-cells are either inactive or destroyed [3, 4]. The 
evolving risk of T1DM associated with migration underscores the significant influ-
ence of environmental factors in the pathogenesis of T1DM. This phenomenon has 
been observed in certain countries but not universally across all regions. Genetic 
susceptibility to T1DM is intricate, with approximately 40–50% of familial clustering 
attributed to polymorphisms in class II HLA genes encoding DQ and DR. The most 
high-risk haplotypes, DR3 and DR4, are present in 90–95% of young children with 
T1DM. However, less than 5% of individuals with HLA-conferred genetic susceptibil-
ity actually develop T1DM. Furthermore, there exists a diverse array of other genes 
that contribute to the overall risk. Children with a sibling affected by T1DM face a 5% 
probability of developing T1DM by the age of 20 years, compared to the 0.3% risk 
observed in the general population. Identical twins exhibit a 65% concordance rate 
when followed by 60 years of age. The risk for children of fathers with T1DM is higher 
(6%) than when the mother has T1DM, particularly if she gives birth before the age of 
25 (4%), decreasing to 1% after that, akin to the general population. Remarkably, over 
90% of individuals with T1DM have no discernible family history of the condition, 
although there might be a prevalence of other autoimmune diseases within the family, 
such as coeliac disease or autoimmune thyroid disease. The influence of genetic risk is 
more pronounced in individuals diagnosed at a young age and diminishes as the age 
of diagnosis increases. Conversely, patients with adolescent- and adult-onset T1DM 
exhibit lower twin concordance and decreased genetic risk scores [2, 5].

Childhood infections have demonstrated an association with an increased risk 
of islet autoimmunity and T1DM. In the TEDDY study, the incidence of respiratory 
infections and islet autoimmunity displayed a correlation in children under 4 years of 
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age, reaching a peak between 6 and 9 months [6]. Enteroviruses, primarily, have been 
implicated as the predominant pathogens, and a meta-analysis revealed significant 
associations between infection and T1DM [7].

Moreover, some studies suggest that parental obesity, vitamin D deficiency, and 
dietary factors may increase the risk of T1DM [8–10]; however, the evidence is insuf-
ficient or weakly associated with the risk.

2. Hypoglycemia in type 1 diabetes

From a clinical perspective, hypoglycemia is categorized into mild or severe epi-
sodes. Mild occurrences of hypoglycemia do not induce alterations in mentation and 
can be readily rectified with straightforward measures. Conversely, severe hypoglyce-
mia (SH) results in altered mental status, seizure, or coma and often requires external 
intervention (e.g., intravenous dextrose and glucagon injection).

In individuals with diabetes, pinpointing a precise plasma glucose concentration 
for diagnosing hypoglycemia poses a challenge, as the threshold for symptom onset 
varies among patients. Recurrent hypoglycemic episodes lower this threshold, while 
uncontrolled diabetes elevates it.

The contemporary classification of hypoglycemic episodes in diabetes encom-
passes three severity levels [11]:

Level 1 hypoglycemia is characterized by a plasma glucose concentra-
tion < 70 mg/dL but >54 mg/dL. The threshold concentration of 70 mg/dL is signifi-
cant because it is below this level that neuroendocrine responses to hypoglycemia 
typically manifest in individuals without diabetes. In the context of individuals with 
diabetes, a significant number may exhibit compromised defense mechanisms against 
hypoglycemia or a lack of awareness regarding it. Consequently, plasma glucose 
concentrations below 70 mg/dL are deemed clinically significant in diabetes, mandat-
ing intervention irrespective of the severity of accompanying symptoms.

Level 2 hypoglycemia is characterized by a plasma glucose concentration below 
54 mg/dL, necessitating immediate action to correct the hypoglycemia.

Level 3 hypoglycemia is characterized by a significant event characterized by 
alterations in mental status or a decline in the individual’s physical capacity to per-
form tasks. This degree of hypoglycemia necessitates external intervention by another 
person to rectify the glucose concentration.

2.1 Clinical significance of hypoglycemia

Hypoglycemia poses a challenge to achieving optimal glycemic control in 
individuals with diabetes. Although the ADA Standards of Care [12] emphasize a 
patient-centered approach to glycemic targets, the overall recommendations lean 
toward rigorous, intensive glycemic control, aiming for an HbA1C level below 7% 
when the risk of hypoglycemia is low. This is due to the extensive literature [13] that 
tight glycemic control is associated with significantly reduced rates of microvascular 
complications. However, the goal of intensive control has also led to an increase in 
hypoglycemia rates, contributing to morbidity and mortality in certain patients 
[14]. Severe hypoglycemia is a common problem during intensive insulin therapy in 
patients with T1DM. The annual incidence of severe hypoglycemia among patients 
with type 1DM has been reported to range from 3.3 to 13.5% [15]. Severe hypoglyce-
mia is reported to be the cause of death in 4–10% of the patients [16]. Because of the 
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apprehension associated with acute hypoglycemia, individuals with diabetes might 
prioritize averting immediate risks over contemplating the long-term consequences of 
chronic hyperglycemia. Consequently, many diabetes patients may tolerate elevated 
glycemic levels as a strategy to prevent episodes of acute hypoglycemia.

The Diabetes Control and Complications Trial (DCCT) in 1997 revealed a substan-
tial prevalence of severe hypoglycemia. Specifically, the incidence of hypoglycemia 
requiring treatment assistance was documented at 61.2 per 100 patient-years among 
individuals undergoing intensive treatment, compared to 18.7 per 100 patient-years in 
those subjected to conventional treatment [17]. Nevertheless, the incidence of severe 
hypoglycemia has exhibited a declining trend over time. An Italian study conducted in 
29 diabetes centers during 2011–2012 reported a lower incidence of 7.7 per 100 patient-
years [18]. Similar decreasing trends were observed in children and adolescents in 
Germany, Australia, and Japan [19, 20]. In contrast, the HAT study in 2016, which 
included 24 countries, showed a high incidence of hypoglycemia in T1DM patients. 
Rates of any, nocturnal and severe hypoglycemia were 73.3, 11.3, and 4.9 events/
patient-year for T1DM, respectively. The highest rates of hypoglycemia were observed 
in Latin America for T1DM [21]. Although advancements in treatment regimens may 
contribute to the decrease in severe hypoglycemia incidence, it remains a pertinent 
risk and ongoing threat for individuals with type 1 diabetes and their families.

Hypoglycemia may be associated with permanent brain damage and abnormalities 
in brain structure, particularly in young children with T1DM. Many studies con-
ducted among children, adolescents, and older adults with T1DM have consistently 
demonstrated an association between severe hypoglycemia and a decline in cognitive 
function, particularly affecting tasks related to executive function and memory [22].

Hypoglycemia is associated with increased cardiovascular morbidity in patients 
with T2DM and T1DM [23]. The counter-regulatory release of epinephrine triggered 
by hypoglycemia increases heart rate and cardiac output. This response is also associ-
ated with hypokalemia, which has the potential to cause QT prolongation and other 
cardiac arrhythmias. Additionally, counter-regulatory hormones induce platelet 
coagulation and the release of proinflammatory cytokines, both of which impact 
vascular flow. When combined with the pre-existing vascular disease often observed 
in patients with diabetes, these factors create significant stress on the heart and 
contribute to cardiac morbidity.

Studies have shown that hypoglycemia is associated with an increased risk of 
fracture in patients with T1DM [24]. Compared to the general population, people 
with T1DM have more than twice the risk of fracture. Episodes of hypoglycemia 
increase fracture risk by more than 50%. Insulin treatment does not change the risk of 
fracture [25].

Hypoglycemia has a profound negative effect on the quality of life for individuals 
with diabetes. Patients who experience frequent episodes of symptomatic hypogly-
cemia within a year reported making significant lifestyle adjustments. These adjust-
ments include avoiding social settings and structuring daily activities around meal 
and medication schedules [26]. Consequently, individuals with a history of severe 
hypoglycemia demonstrate lower scores on assessments of overall health and well-
being, including the EQ-5D Visual Analog Scale, World Health Organization Five 
Well-Being Index, Problem Areas in Diabetes Scale, and Food Habits Questionnaire. 
Additionally, the fear of hypoglycemia becomes a self-perpetuating concern. 
Experiencing one or more severe hypoglycemic episodes within a year doubles 
the likelihood of scoring within the highest tertile of the Fear of Hypoglycemia 
Questionnaire [27].
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2.2 Pathophysiology of hypoglycemia

2.2.1 Risk factors for hypoglycemia

Hypoglycemia may arise from an excess of therapeutic insulin or a failure in 
defense mechanisms against a decrease in plasma glucose concentration. Common 
risk factors for iatrogenic hypoglycemia (Table 1) include missed or insufficient 
meals in relation to insulin therapy, unaccustomed physical exertion without addi-
tional caloric intake, overall improvements in fitness and insulin sensitivity without 
adjusting the insulin dosage, and other instances of inadvertent or misguided insulin 
overdosage. Other contributing factors comprise alcohol consumption, which inhibits 
gluconeogenesis; drug interactions; systemic illnesses linked to malnutrition or 
poor food intake; chronic liver disease (resulting in impaired glucose production); 
and renal failure (accompanied by decreases in renal gluconeogenesis and insulin 
clearance).

In individuals without diabetes, a decrease in plasma glucose prompts a swift 
reduction in insulin secretion. This diminished insulin secretion limits peripheral 
glucose disposal, initiates lipolysis (thus providing gluconeogenic substrates), and 
enables two essential hepatic processes: glycogenolysis and gluconeogenesis. The 
reduction in insulin secretion is a crucial physiological response designed to elevate 
plasma glucose back to the normal range. However, individuals with T1DM, lacking 
the capacity for autoregulation of insulin secretion, experience unavoidable fluctua-
tions in exogenous insulin administration and caloric intake. Those with insulin 
deficiency (C-peptide negative) lack endogenous insulin that can be suppressed in 
reaction to declining plasma glucose levels. Paradoxically, the insulin deficiency that 
underlies hyperglycemia in T1DM patients becomes a primary risk factor for iatro-
genic hypoglycemia [28].

In individuals with T1DM who are incapable of suppressing circulating (exog-
enous) insulin levels, pharmacokinetic factors serve as the sole mechanism for 
eliminating administered insulin during evolving hypoglycemia. To put it succinctly, 
there are presently no strategies to directly hinder the action or expedite the removal 
of injected insulin. Furthermore, conditions that impair insulin clearance (such as 
renal failure) increase the risk of prolonged hypoglycemia.

2.2.2 Other risk factors for hypoglycemia

Additional risk factors for hypoglycemia in individuals with T1DM encompass a 
history of severe hypoglycemia, the pursuit of intensive glycemic control, hypogly-
cemia unawareness, and low levels of HbA1C. Deficiencies in glucocorticoids, such 
as those seen in Addison’s disease, heighten insulin sensitivity, escalating the risk of 
severe or recurrent insulin-induced hypoglycemia. Furthermore, polymorphisms 

Inadequate caloric consumption Increased insulin sensitivity Impaired glucose production

Skipped meals
Delayed meals
Malnutrition
Intercurrent illness

Weight loss
Exercise
Improved fitness
Medications

Alcohol intake
Liver disease
Renal failure

Table 1. 
Common risk factors for hypoglycemia in T1DM [28].
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in the angiotensin-converting enzyme (ACE) gene have been proposed as potential 
contributors to the risk of severe hypoglycemia in individuals with T1DM [29]. 
Genotypes at two variants of ADRB2 (Adrenoceptor Beta 2) are associated with 
impaired awareness of hypoglycemia [30].

2.2.3 Impairment in counter-regulatory responses to hypoglycemia

A reduction in plasma glucose concentration typically elicits two primary 
responses in the body under normal circumstances: [1] Elevated endogenous glucose 
production through processes such as glycogenolysis and gluconeogenesis and [2] 
Behavioral changes, including sensations of hunger and a tendency to seek food.

In individuals without diabetes, the initial response to a decline in glucose con-
centration involves a reduction in insulin secretion, occurring while the glucose 
concentration is still within the lower physiological range. As the glucose concentra-
tion approaches or falls just below the physiological range, other counter-regulatory 
hormones are released. Glucagon, discharged by pancreatic alpha cells into the 
hepatic portal circulation, experiences an approximate increase within 15 minutes 
once the glycemic threshold is reached. Its hyperglycemic effects are realized through 
the stimulation of glycogenolysis, gluconeogenesis, and lipolysis, resulting in an 
augmentation of hepatic glucose production. Glucagon is released at a glucose thresh-
old of around 68 mg/dl (3.7 mmol/L) and plays a pivotal role in promptly rectifying 
hypoglycemia. It is indispensable for achieving complete restoration of normoglyce-
mia subsequent to insulin administration.

When plasma glucose levels reach approximately 69–70 mg/dl (3.8 mmol/L), the 
release of epinephrine can occur, typically increasing around 20 minutes after reach-
ing this threshold. Epinephrine exerts its effects by stimulating hepatic glycogenolysis 
and gluconeogenesis, enhancing glycolysis in muscles, and promoting lipolysis in 
adipose tissue. Additionally, it restricts glucose utilization by reducing insulin secre-
tion and diminishing glucose uptake.

The function of secondary counterregulatory hormones, such as cortisol and 
growth hormone, is relatively modest and not crucial. Interestingly, hypercorti-
solemia appears to weaken symptomatic, autonomic, and neuroendocrine responses 
to subsequent hypoglycemia. Due to the underlying destruction of pancreatic β-cells 
in patients with T1DM, autoregulation of insulin secretion is not feasible during 
decreasing plasma glucose levels. However, the other counterregulatory responses 
occur to varying extents. Counterregulatory responses, especially sympathetic 
activation, are accountable for the autonomic warning symptoms of impending 
hypoglycemia. In this context, counter-regulation and awareness are physiologically 
intertwined in the earliest stages of defense against emerging hypoglycemia. Patients 
with impaired glucose counter-regulation may experience a decrease in counterregu-
latory hormone secretion during hypoglycemia, resulting in the absence of typical 
warning symptoms that accompany milder degrees of hypoglycemia.

The mentioned defense mechanisms are often compromised in patients with 
diabetes, and significant beta-cell failure is associated with the absence of an initial 
response to a decline in insulin. This leads to a delay in glucose secretion from the 
liver during hypoglycemia. The frequency of hypoglycemic episodes increases with 
the duration of diabetes, possibly due to the gradual decline in endogenous insulin. 
This decline occurs more rapidly in patients with T1DM and at a slower pace in those 
with T2DM. Additionally, although it is normal in the initial stages of diabetes, the 
glucagon reaction to hypoglycemia deteriorates over time in T1DM and more slowly in 
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T2DM. For unclear reasons, glucagon-releasing responses to hypoglycemia disappear 
within approximately 5 years of T1DM diagnosis, leaving epinephrine responses as 
the only early defense against hypoglycemia. Interestingly, epinephrine responses to 
hypoglycemia are attenuated by ~50% in patients with T1DM compared with healthy 
subjects. Epinephrine and other counterregulatory responses can be blunted by a 
single episode of hypoglycemia, worsened by recurrent episodes of hypoglycemia, 
and reversed by rigorous avoidance of iatrogenic hypoglycemia.

Essentially, iatrogenic hypoglycemia is the outcome of the interaction between 
insulin excess and impaired glucose counter-regulation in patients with T1DM.

2.2.4 Hypoglycemia unawareness

Hypoglycemia unawareness in diabetes is characterized by the inability to rec-
ognize the symptoms of impending hypoglycemia by a patient. This condition is 
particularly associated with effective glycemic control.

Recurrent hypoglycemia may arise due to a diminished autonomic response to 
hypoglycemia, leading to a reduction in autonomic warning symptoms. The impaired 
brain response is marked by increased GLUT1 activity, aiming to preserve brain 
function and modifying glucose sensing in the ventromedial hypothalamus through 
elevated levels of gamma-aminobutyric acid.

Partial or complete hypoglycemia unawareness is observed in 25–50% of patients 
with T1DM and is strongly correlated with a prolonged duration of diabetes, typically 
exceeding 20 years. This state has been defined by Cryer as hypoglycemia-associated 
autonomic failure (HAAF) [31].

HAAF and impaired awareness of hypoglycemia (IAH) are clinical concepts that 
describe frequent and recent exposure to iatrogenic hypoglycemia in patients with 
T1DM. This exposure leads to a defective counter-regulatory hormonal response, 
especially the epinephrine response, as well as hypoglycemia unawareness. Intensive 
glycemic therapy with tight glycemic control has been associated with an increased 
risk of developing HAAF [32]. Moreover, individuals with HAAF face a sixfold 
elevated risk of iatrogenic hypoglycemia [33]. Additionally, both exercise and sleep 
can enhance the diminished autonomic response [34].

Multiple theories have been postulated, including: [1] the systemic–mediator 
hypothesis, suggesting that elevated circulating cortisol during hypoglycemia dimin-
ishes the sympathoadrenal and symptomatic response to subsequent hypoglycemia; 
[2] the brain fuel–transport hypothesis, proposing that recent hypoglycemia leads to 
increased blood-to-brain transport of glucose or alternative fuels, thereby attenuating 
sympathoadrenal and symptomatic responses to subsequent hypoglycemia; [3] the 
brain–metabolism hypothesis, stating that recent hypoglycemia alters CNS metabolic 
regulation, resulting in subdued sympathoadrenal responses; and [4] the cerebral 
network hypothesis, which posits that recent hypoglycemia acts through a network of 
interconnected brain regions mediated through the thalamus to inhibit hypothalamic 
activation, thus attenuating the sympatho-adrenal and symptomatic responses to 
subsequent hypoglycemia [35]. Hence, a complex interplay exists between central and 
peripheral mechanisms to sense and respond appropriately to declining blood glucose 
levels. Figure 1 shows the mechanisms associated with HAAF in patients with T1DM.

The hyperinsulinemic hypoglycemic clamp technique is considered the gold 
standard for evaluating impaired awareness of hypoglycemia (IAH). This method 
involves measuring hypoglycemic symptoms at specified intervals during the clamp 
procedure as plasma glucose levels are systematically lowered. Individuals who do not 
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exhibit significant hypoglycemic symptoms, even around glucose levels of 50–54 mg/
dl, are classified as having IAH. While this technique is an objective and well-estab-
lished approach for assessing hypoglycemia and counter-regulation mechanisms, its 
application is primarily confined to research studies.

Numerous questionnaires have been formulated and extensively employed, 
primarily for research endeavors, to evaluate IAH. These include the Gold, Clarke, 
Pedersen-Bjergaard, Hypo or Ryan, DAFNE IAH, and HypoA-Q scores [36]. Self-
reported hypoglycemia awareness questionnaires are relatively inexpensive and 
easy to administer. However, they are susceptible to recall and reporting biases, and 
their incorporation into research studies or clinical care has not been standardized. 
Combining clinical questionnaires with continuous glucose monitoring (CGM) 
data in diabetes mellitus management has demonstrated an improved specificity for 
identifying individuals with longstanding T1DM and a lack of autonomic symptom 
recognition in response to insulin-induced hypoglycemia [36, 37].

2.3 Clinical manifestations of hypoglycemia

The clinical manifestations of hypoglycemia include asymptomatic, mild, and 
severe episodes. Asymptomatic episodes of hypoglycemia manifest in patients with 
IAH and are most effectively diagnosed through self-blood glucose monitoring 

Figure 1. 
Mechanisms associated with HAAF in patients with T1DM.
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(SMBG) data. Unreported incidents of mild and severe hypoglycemia commonly 
occur during sleep in individuals with T1DM [28]. Nocturnal hypoglycemia is preva-
lent due to the fact that individuals in a sleep state are typically in a post-absorptive or 
fasting condition and are often deprived of calories [28].

Mild episodes of hypoglycemia respond promptly to appropriate measures and 
seem not to leave clinically detectable sequelae. However, even milder degrees of 
hypoglycemia have been reported to induce measurable impairments in brain stem 
function. Severe hypoglycemia has the potential to induce seizures, physical harm, 
or coma. Depending on the context (e.g., in traffic or while operating machinery), 
secondary damage may also occur. Recurrent, severe, or prolonged hypoglycemia can 
lead to permanent cognitive impairment or death. To mitigate the risk of nocturnal 
hypoglycemia, it is advisable for individuals undergoing intensive therapy to incorpo-
rate occasional nocturnal time points (between 2 and 5 am) into their SMBG protocol. 
Other predictable periods characterized by an elevated frequency of iatrogenic 
hypoglycemia include interprandial intervals and the post-exercise period [28].

2.3.1 Symptoms of hypoglycemia

Symptoms of hypoglycemia encompass autonomic symptoms and neuroglyco-
penic symptoms, exhibiting variation among patients based on age and diabetes 
duration. In the case of children, emotional and behavioral changes may manifest 
alongside classic autonomic and neuroglycopenic symptoms. Autonomic symp-
toms entail sweating, palpitations, tremulousness, hunger, and nervousness, while 
neuroglycopenic symptoms comprise impaired concentration, tiredness, dizzi-
ness/faintness, confusion, convulsions, seizures, tingling, and blurred vision [28]. 
Neuroglycopenic symptoms arise from the deprivation of glucose to brain neurons. 
The glycemic threshold for the onset of neuroglycopenic symptoms is typically 
around 54 mg/dL. [11, 38].

3. The management of hypoglycemia in type 1 diabetes mellitus

Previous experience of hypoglycemia and fear of hypoglycemia are the key bar-
riers that prevent patients with T1DM from using their medical treatment properly 
in the optimization of glycemic control. For minimizing the risk of hypoglycemia, 
patient education, reducing the conventional risk factors for hypoglycemia, and 
minimizing the risk factors indicative of HAAF are the main steps.

3.1 Patient education

The anticipation, recognition, and treatment of hypoglycemia by patients with 
T1DM is fundamentally important. They should recognize their most commonly 
encountered symptoms of hypoglycemia, learn how to manage hypoglycemia 
and learn the predisposing risk factors for hypoglycemia. The patient should be 
educated about SMBG (including nocturnal testing) and counting carbohydrates 
to permit a flexible diet. There are many studies in the literature evaluating the 
effect of patient education on hypoglycemia [39–42]. In some studies, participa-
tion in the diabetes teaching and treatment program (DTTP) improved HbA1C 
while reducing severe hypoglycemia by approximately 50% [39–41]. Hopkins et al. 
reported improved awareness of hypoglycemia in up to 43% of participants at 
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1 year follow-up with DTTP [41], and the rate of IAH decreased from 39.9–33%, 
with improvement in psychological distress and well-being up to 1 year follow-
ing DTTP [41]. In the HypoCOMPaSS trial, a half-day education about reducing 
episodes of hypoglycemia was given to all participants [42]. At 6 months, all 
groups reached great improvement in IAH, and rates of severe hypoglycemia fell 
from 77–20% at the end of the 6-month trial (8.9 ± 13.4 vs. 0.8 ± 1.8 episodes per 
person per year; p = 0.0001) [42]. All these studies show that structured education 
(defined as insulin self-management and/or specific training for the avoidance of 
hypoglycemia) is effective in decreasing the rates of severe hypoglycemia in T1DM 
with improvement in glycemic control. In every documented hypoglycemia, the 
conditions of the event should be evaluated together with the patient to try to find 
out the etiology of hypoglycemia, for example, a skipped meal/prolonged fast-
ing, physical exertion, alcohol consumption, and injection of a high insulin dose. 
Patient support should be provided by a team including professionals trained in 
glycemic management, and caregivers should work with each individual patient 
over time to find the best methods to prevent hypoglycemia.

3.2 Dietary intervention

Dietary intervention includes information about the amount of carbohydrates 
at meals and their influence on blood glucose levels and forming an individualized 
regular meal plan. The patients using insulin should be educated about the appro-
priate dosage and time of insulin in relation to meals. Patients at risk of hypoglyce-
mia should be notified always to keep glucose or foods containing carbohydrates at 
hand.

3.3 Frequent SMBG

Patients should be educated about how to apply SMBG in their daily practice. 
Patients with T1DM should perform SMBG regularly and whenever they suspect 
hypoglycemia. Especially before performing a critical task such as driving, it is crucial 
to check their glucose level. SMBG documents hypo/hyperglycemia and allows 
patients to correlate their symptoms and glucose levels. Moreover, patients adjust 
their regimen according to the provided data from SMBG to prevent hypoglycemia. 
Paired glucose testing before and 2 hours after meals should be measured during 
SMBG. Normally, the difference between the premeal and 2-hour postprandial 
glucose should be <50 mg/dL. If the difference between these values is negative at 
2 hours, the patient is likely to become hypoglycemic by 3 hours after eating, so the 
patient should be advised to check their blood glucose level again.

3.4 Individualized glycemic goals

To achieve a target a HbA1C level of 6.5%, fasting plasma glucose (FPG) should be 
kept at <110 mg/dL and 2-hour postprandial glucose (PPG) <140 mg/dL [43]. It is not 
always possible to achieve that level without hypoglycemia. If a patient has limited 
life expectancy, a history of severe hypoglycemia and/or hypoglycemia unawareness, 
advanced renal disease or other severe comorbid conditions with a high risk for CVD 
events and prohibitive cognitive and/or psychological status, it is not necessary to 
control strictly blood glucose levels. Instead, a less stringent A1C target (e.g., 7–8%) 
becomes reasonable [43].
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3.5 Newer insulins

The use of a long-acting basal insulin analog (glargine, detemir) rather than NPH 
insulin in an MDI regimen is reported to reduce hypoglycemia including nocturnal 
hypoglycemia in patients with T1DM [44, 45]. Rapid-acting analogs (lispro, aspart, 
and glulisine) with faster onset and shortened duration of action are found to be asso-
ciated with a 20% reduction in the risk of severe hypoglycemia and nocturnal hypo-
glycemia compared to regular insulin in patients with T1DM [44, 45]. A randomized 
trial including patients with IAH demonstrated a 29% reduction in the number of epi-
sodes of severe hypoglycemia per person-year with an insulin analog-based regimen 
when compared to a regimen of regular insulin and NPH [46]. Recently introduced 
ultra-fast-acting analogs may reduce this risk further [47]. They have faster onset of 
action and shorter exposure times. The PRONTO-T1D study compared the ultra-rapid 
lispro (URLi) with lispro in 269 patients with T1DM and found that both mealtime 
URLi and URLi given after the meal were associated with significant reductions in 
nocturnal hypoglycemia and decreased time spent in hypoglycemia compared with 
mealtime lispro [48]. Moreover, longer-acting basal insulins with less day-to-day 
variability (insulin degludec four times↓ day-to-day variability vs. U-100 glargine) 
and reduced nocturnal peak action (insulin degludec and U-300 glargine) have been 
associated with a reduced risk of nocturnal and severe hypoglycemia [49, 50].

3.6 Minimizing the conventional risk factors for hypoglycemia

Ill-timed insulin is a major problem in the glycemic control management. Patients 
should be educated about the proper timing of insulin dosing in relation to meals. 
Insulin analogs should be injected 5–15 minutes prior to meal time. If the preprandial 
glucose is <80 mg/dL, the injection should be done at the beginning of the meal. 
Patients with T1DM should be aware of “insulin stacking,” a condition whereby 
patients inject bolus insulin prior to complete absorption of prior insulin dose. The 
general rule for insulin analogs is that 90, 60, and 40% of the insulin remain on board 
after 1, 2, and 3 hours following a bolus of the insulin, respectively.

3.7 Reducing the risk factors indicative of HAAF

Patients with HAAF should have higher targeted fasting and postprandial glucose 
values as well as HbA1C levels >7%. With a history of HA, a 2- to 3-week trial of 
scrupulous avoidance of hypoglycemia is advised to restore awareness. These patients 
should also be initiated on glucose sensors, notifying them with an alarm system.

3.8 Insulin pump therapy

Continuous subcutaneous insulin infusion (CSII) via an insulin pump allows insu-
lin delivery, supplying variable doses according to the time of the day. Insulin pumps 
comprise four parts: [1] the infusion site, [2] the reservoir, [3] the pump, and [4] the 
control and interface (with sensor-augmented pump and hybrid closed-loop pumps). 
There is controversial data about the benefit of CSII in the prevention of hypogly-
cemia in the literature. In a meta-analysis including 19 studies comparing MDI with 
CSII, comparable rates of severe hypoglycemia between the groups were reported 
[51]. On the other hand, another meta-analysis demonstrated a 4.2-fold reduction 
in SH incidence in CSII users rather than MDI users [52]. The Relative Effectiveness 
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of Pumps Over MDI and Structured Education (REPOSE) trial, which is the largest 
and the longest randomized controlled trial (RCT) of CSII in T1DM, compared the 
patients receiving insulin by either CSII or MDI after structured education [53]. In 
both groups, improvement in HbA1C and severe hypoglycemia (50%↓) was achieved, 
and structured education is advocated in flexible insulin self-management before 
progression to CSII for hypoglycemia [53].

3.9 CGM

Continuous glucose monitoring (CGM) has provided a major advance in the treat-
ment of persons with all forms of DM to reach goals safely. The first CGM system was 
released by Medtronic in 1999 [CGMS Gold, Medtronic, Inc., North-ridge, CA [54]]. 
These systems measure the glucose levels in interstitial fluid space in 1- or 5-minute 
increments with a lag of 4–10 min. The device has three components: a disposable 
sensor measuring the current glucose, a transmitter attached to the sensor, and a 
receiver displaying and storing glucose information. A sensor wire (size: 21G to 26G) 
is inserted under the skin using an applicator or insertion device. The transmitter 
sends a radio frequency signal to the receiver, where it is translated into a glucose 
value. The accuracy of the sensor is checked by periodic calibration using capillary 
blood glucose obtained from a fingerstick in 3-, 5-, or 7-day intervals, depending on 
the system.

CGM can be categorized into two classes: blinded retrospective CGM and real-
time CGM. In blinded type CGM, glucose measurement is done intermittently to col-
lect data on glucose excursion and facilitate changes in therapy, while real-time CGM 
displays current glucose value with alerts and alarms to intervene and manage their 
diabetes in response to impending hypo/hyperglycemia. In many countries, CGM 
is approved for use in all persons with DM on multiple-dose insulin (3 injections/
day) or an insulin pump as well as those who have frequent or severe hypoglycemia, 
nocturnal hypoglycemia, or hypoglycemia unawareness. At present, three types of 
CGM systems are available: retrospective CGM (r-CGM), real-time glucose monitor-
ing (rt-CGM), and intermittent scanning CGM (isCGM). Rt-CGM devices in which 
readers, either stand-alone devices or integrated into insulin pumps or mobile phones, 
show transmitted interstitial glucose readings in real-time, whereas isCGM devices 
demonstrate glucose values on demand when the sensor is scanned with a reading 
device. Rt-CGM or isCGM including alarms or alerts is recommended particularly for 
persons with hypoglycemia who would benefit from these warnings. Table 2 summa-
rizes the main characteristics of currently available CGM sensor devices.

CGM can be used independently to guide therapy or integrated with an insulin 
pump called sensor-augmented pump (SAP) therapy. SAP therapy with a glucose 
suspend (LGS) property automatically stops insulin delivery in response to hypogly-
cemia for up to 2 hr. and restarts it upon recovery (e.g., MiniMed 640G SAP system, 
Medtronic. Inc.). The Food and Drug Administration approved using the first closed-
loop system, the MiniMed 670G System (Medtronic), for patients 14 years or older in 
the United States in 2016.

A hybrid closed-loop system (HCL) is like an artificial pancreas. It manages an 
insulin delivery automatically without patient intervention. The system calculates 
insulin dosages continually related to CGM levels by using a proprietary proportional-
integral-derivative controller. Many studies evaluating the effect of closed-loop 
systems on glycemic control have shown that the rate of hypoglycemia and severe 
hypoglycemia is decreased in both adults and children, especially at nighttime [55, 56].  
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In an open-label, randomized, crossover study, the use of a closed-loop system signifi-
cantly increased the time in range (TIR), whereas the time spent in hypoglycemic 
range significantly decreased during both daytime and nighttime in adolescents with 
T1DM [56]. It is one of the most promising technologies to attain optimal glycemic 
control, minimizing the episodes of hypoglycemia and severe hypoglycemia, par-
ticularly at nighttime. Although the majority of the systems include single-hormone 
insulin, dual-hormone systems, which infuse both insulin and glucagon, have also 
been in the research phase [57, 58].

There are many randomized controlled trials (RCTs) evaluating the potential 
benefit of CGM in the management of T1DM and the prevention of problematic 
hypoglycemia. Table 3 shows the summary of these RCTs.

These studies showed that continuous use and high compliance are very necessary 
to achieve maximum glucose-lowering effect with CGM. Moreover, the DIAMOND 
and GOLD studies show that CGM is also beneficial for patients on conventional MDI 
treatment [61, 62]. A recent meta-analysis evaluating the effectiveness of GCM in the 
regulation of diabetes mellitus included 21 studies involving 2149 individuals [77]. In 
this meta-analysis, it is found that CGM significantly decreased HbA1C levels com-
pared with SMBG (mean difference −2.46 mmol/mol, p: 0.0005) and is especially 
effective in Type 1 diabetic patients with uncontrolled glycemia (HbA1C > 8%) [77]. 
On the other hand, CGM was reported to have no influence on the number of severe 
hypoglycemia cases (p: 0.13) in this meta-analysis [77]. Maiorino et al. reported a 
meta-analysis of 15 RCTs, including 2461 patients, comparing CGM with usual care 
in both type 1 and type 2 diabetes mellitus on the effect of glycemic control [78]. In 
this study, it is shown that CGM was associated with a modest reduction in HbA1C 
(−0.17%, 95% CI -0.29 to −0.06, I2: 96.2%), increase in TIR (70.74 min, 95% CI 
46.73–94.76, I2: 66.3%), and lower time above range (TIR) and time below range 
(TBR) with heterogeneity between studies [78]. In subgroup analyses, rt-CGM led to 
a higher improvement in mean HbA1C (−0.23%, 95% CI -0.36 to −0.10, p < 0.001), 
TIR (83.49 min, 95% CI 52.68–114.30, P < 0.001), and TAR, whereas both is-CGM 
and SAP were associated with the greater decline in TBR [78]. In another meta-analy-
sis by Wang et al., 10 RCTs and 5 crossover design trials, with a total of 2071 patients 
were included [79]. In this meta-analysis, it is demonstrated that CGM is effective in 
reducing HbA1C levels (−2.69%, 95% CI (−4.25 to −1.14), p < 0.001) and decreasing 
the incidence of SH events (RR: 0.52, 95% CI 0.35–0.77; p: 0:001) [79].

The impact of CGM on quality of life is studied in many studies in the literature. 
The GOLD study reported a significant improvement in QoL in CGM-treated 
patients when compared to controls [61]. In this study, a significant improvement in 
patient well-being assessed using the WHO-5 questionnaire (66.1 vs. 62.7, p: 0.02) 
and in treatment satisfaction assessed using the Diabetes Treatment Satisfaction 
Questionnaire (DTSQ ) (30.21 vs. 26.62, P < 0.001) with less hypoglycemia fear 
assessed using the Hypoglycemia Confidence Questionnaire (HCQ ) scale (3.40 vs. 
3.27, p < 0.001) was shown with CGM use [61]. Klak et al. compared the emotional 
well-being of adults with T1DM between CGM users and SMBG users in a meta-
analysis including 11 studies involving 1228 patients with T1DM [80]. This meta-
analysis showed that CGM systems reduced fear of hypoglycemia (Cohen d = −0.24; 
95% CI, −0.41 to −0.07; p: 0.005) and increased patient satisfaction with improved 
quality of life [80].

In many studies, it has been emphasized that >80% compliance is needed to reach 
optimum benefit with CGM [61–63, 81]. However, compliance is a great problem 
while using CGM. A major problem is discomfort while wearing the CGM (42%), 



25

Hypoglycemia in Type 1 Diabetes Mellitus
DOI: http://dx.doi.org/10.5772/intechopen.1004108

St
ud

y
In

te
rv

en
tio

n
Pa

rt
ic

ip
an

ts
 (N

)
Im

pa
ct

 o
n 

hy
po

gl
yc

em
ia

H
bA

1C
 ch

an
ge

D
ur

at
io

n 
of

 
fo

llo
w

-u
p

A
dh

er
en

ce
 to

 
C

G
M

 (%
)

JD
RF

 st
ud

y 
[5

9]
CG

M
 v

s. 
SM

BG
32

2 
pa

rt
ic

ip
an

ts
Ch

ild
re

n 
8–

14
 y

rs
.

Yo
un

g 
ad

ul
ts

 1
5–

24
 y

rs
.

A
du

lts
>2

5 y
rs

N
o 

di
ff

er
en

ce
 in

 S
H

 ev
en

ts
0.

5%
↓-

A
du

lts
N

o 
ch

an
ge

 in
 th

e 
yo

un
g 

gr
ou

p

26
 w

ee
ks

Th
e y

ou
ng

 
gr

ou
p-

50
%

↓

Ba
tte

lin
o 

et
 a

l. 
[6

0]
CG

M
 v

s. 
SM

BG
12

0 
pa

tie
nt

s (
H

bA
1C

 
<7

.5
%

)
↓T

im
e s

pe
nt

 in
 h

yp
og

ly
ce

m
ia

 
(0

.4
8–

0.
57

 v
s. 

0.
97

–1
.5

5 h
/d

ay
) 

(p
 =

 0
.0

3)

0.
21

%
↓ 

(p
: 0

.0
08

)
26

 w
ee

ks

G
O

LD
 st

ud
y 

[6
1]

CG
M

 v
s. 

SM
BG

 
(D

ex
co

m
 G

4 
Pl

at
in

um
)

16
1 p

at
ie

nt
s (

H
bA

1C
 

≥
7.5

%
 o

n 
M

D
I)

↓H
yp

og
ly

ce
m

ia
 (2

.7
9 

vs
. 4

.7
9%

). 
↓ 

SH
 ev

en
ts

 (5
 v

s. 
1)

7.9
2%

 (7
.7

9 
to

 8
.0

5)
 v

s. 
8.

35
%

 (8
.19

 to
 8

.5
1)

 
(p

 <
 0

.0
01

)

26
 w

ee
ks

87
.8

%

D
IA

M
O

N
D

 st
ud

y 
[6

2]
CG

M
 v

s. 
SM

BG
 

(D
ex

co
m

 G
4 

Pl
at

in
um

)

15
8 

pa
tie

nt
s (

H
bA

1C
 

7.5
–9

.9
%

 o
n 

M
D

I)
↓T

im
e s

pe
nt

 in
 h

yp
og

ly
ce

m
ia

 
(4

3 
m

in
/d

ay
 v

s. 
80

 m
in

/d
ay

) 
(p

 =
 0

.0
02

) N
o 

di
ff

er
en

ce
 in

 S
H

 
ev

en
ts

 (2
 v

s. 
2)

1.1
%

 v
s.0

.5
↓-

 1
2 w

ks
 

1.
0%

 v
s. 

0.
4↓

- 2
4 

w
ks

 
(p

 <
 0

.0
1)

24
 w

ee
ks

93
%

IM
PA

C
T 

st
ud

y 
[6

3]
FG

M
 v

s. 
SM

BG
32

8 
pa

tie
nt

s 
(H

bA
1C

 ≤
 7.

5%
)

38
%

 ↓
 in

 ti
m

e i
n 

hy
po

gl
yc

em
ia

N
o 

di
ff

er
en

ce
 in

 
H

bA
1C

6 
m

on
th

s

JD
RF

<7
 st

ud
y 

[6
4]

CG
M

 v
s. 

SM
BG

12
9 

ad
ul

ts
 an

d 
ch

ild
re

n 
(a

ge
 ra

ng
e 8

–6
9 

ye
ar

s)
 

H
bA

1C
 <

 7.
0%

M
ed

ia
n 

tim
e w

ith
 a 

gl
uc

os
e 

le
ve

l ≤
 6

0 
m

g/
dl

(1
8 

vs
. 3

5 m
in

/d
ay

, p
 =

 0
.0

5)
Ti

m
e o

ut
 o

f r
an

ge
(3

77
 v

s. 
49

1 m
in

/d
ay

, p
 =

 0
.0

03
)

N
o 

di
ff

er
en

ce
 in

 S
H

 ev
en

ts
(p

 =
 1.

0)

6.
4 

± 
0.

5 v
s.6

.8
 ±

 0
.5

 
(p

 <
 0

.0
01

)
26

 w
ee

ks
67

%
↓ 

in
 fi

na
l 

4 
w

ee
ks

IN
 C

O
N

TR
O

L 
st

ud
y 

[6
5]

CG
M

 v
s. 

SM
BG

52
 p

at
ie

nt
s w

ith
 IA

H
 

(G
ol

d 
sc

or
e >

 4
)

↓T
im

e s
pe

nt
 in

 h
yp

og
ly

ce
m

ia
(6

.8
%

 v
s. 

11
.4

%
)

↓S
H

 ev
en

ts
(1

4 
vs

. 3
4 

ev
en

ts
, P

 =
 0

.0
33

)

−
0·

1%
 v

s. 
-0

.1%
 (p

: 
0.

44
9)

16
 w

ks
 

-C
G

M
 1

2 w
ks

 
-w

as
h-

ou
t



Glucose and Insulin Homeostasis

26

St
ud

y
In

te
rv

en
tio

n
Pa

rt
ic

ip
an

ts
 (N

)
Im

pa
ct

 o
n 

hy
po

gl
yc

em
ia

H
bA

1C
 ch

an
ge

D
ur

at
io

n 
of

 
fo

llo
w

-u
p

A
dh

er
en

ce
 to

 
C

G
M

 (%
)

Th
e R

ea
l T

re
nd

 
st

ud
y 

[6
6]

rt
-C

G
M

 (S
A

P)
 v

s. 
SM

BG
13

2 
ad

ul
ts

 a
nd

 ch
ild

re
n 

(H
bA

1C
 ≥

8%
)

N
o 

di
ff

er
en

ce
 in

 h
yp

og
ly

ce
m

ia
In

 fu
lly

 co
m

pl
ia

nt
 

pa
tie

nt
s

CG
M

 g
ro

up
 

-↓
0.

96
%

– 
0.

93
%

CS
II 

gr
ou

p 
- ↓

0.
55

%
– 

0.
93

%
,

(P
 <

 0
.0

04
)

6 
m

on
th

s
>2

5 y
rs

.
74

.9
%

5–
14

 y
rs

. 
68

.4
%

15
–2

5 y
rs

. 
52

.4
%

SM
IL

E 
st

ud
y 

[6
7]

rt
-C

G
M

 (S
A

P)
 v

s. 
SM

BG
15

3 
pa

tie
nt

s
(H

bA
1C

 5·
8–

10
·0

%
 an

d 
G

ol
d 

sc
or

e >
 4

)

↓H
yp

og
ly

ce
m

ic
 ev

en
ts

 p
er

 w
ee

k
(−

2·
9 

[9
5%

 C
I -

3·
5 t

o 
−

2·
3]

)
(p

 <
 0

·0
00

1)
↓S

H
 ev

en
ts

(3
 v

s. 
18

; p
 =

 0
·0

03
6)

N
o 

di
ff

er
en

ce
 in

 
H

bA
1C

24
 w

ks

H
yp

oD
E 

st
ud

y 
[6

8]
rt

-C
G

M
 (S

A
P)

 v
s. 

SM
BG

14
8 

pa
tie

nt
s w

ith
 IA

H
↓H

yp
og

ly
ce

m
ic

 ev
en

ts
(1

0·
8 

to
 3

·5 
/2

8 
da

ys
)

72
%

↓ 
in

 h
yp

og
ly

ce
m

ic
 ev

en
ts

N
o 

di
ff

er
en

ce
 in

 
H

bA
1C

26
 w

ks

Je
ns

en
 et

 a
l. 

[6
9]

P-
CG

M
 v

s. 
SM

BG
47

2 
pa

tie
nt

s
↓S

ym
pt

om
at

ic
 h

yp
og

ly
ce

m
ia

(0
.8

2;
 9

5%
 C

I: 
0.

69
–0

.9
7)

↓A
sy

m
pt

om
at

ic
 h

yp
og

ly
ce

m
ia

(0
.7

2;
 9

5%
 C

I: 
0.

53
–0

.9
7)

↓T
im

e s
pe

nt
 in

 h
yp

og
ly

ce
m

ia
(p

: 0
.0

07
0)

Le
ss

 g
ly

ce
m

ic
 

va
ria

bi
lit

y
(p

: 0
.0

04
3)

N
o 

di
ff

er
en

ce
 in

 
H

bA
1C

(0
.0

6%
, p

: 0
.2

02
8)

16
 w

ks

La
ff

el
 et

 al
. [

70
]

rt
-C

G
M

 v
s. 

SM
BG

15
3 

pa
tie

nt
s (

ag
e r

an
ge

 
14

-2
4 

ye
ar

s)
 (H

bA
1C

 
7.5

%
–1

0.
9%

)

↓M
ea

n 
tim

e i
n 

hy
po

gl
yc

em
ia

−
0.

7%
 [9

5%
 C

I, 
−

1.
5%

 to
 −

0.
1%

]
(p

: 0
.0

02
)

N
o 

di
ff

er
en

ce
 in

 S
H

(3
 v

s. 
2)

A
dj

us
te

d 
be

tw
ee

n-
gr

ou
p 

di
ff

er
en

ce
−

0.
37

%
[9

5%
 C

I, 
−

0.
66

%
 to

 
−

0.
08

%
]

(p
: 0

.0
1)

26
 w

ks



27

Hypoglycemia in Type 1 Diabetes Mellitus
DOI: http://dx.doi.org/10.5772/intechopen.1004108

St
ud

y
In

te
rv

en
tio

n
Pa

rt
ic

ip
an

ts
 (N

)
Im

pa
ct

 o
n 

hy
po

gl
yc

em
ia

H
bA

1C
 ch

an
ge

D
ur

at
io

n 
of

 
fo

llo
w

-u
p

A
dh

er
en

ce
 to

 
C

G
M

 (%
)

Pr
at

le
y 

et
 a

l. 
[7

1]
rt

-C
G

M
 v

s. 
SM

BG
20

3 
pa

tie
nt

s
↓M

ea
n 

tim
e i

n 
hy

po
gl

yc
em

ia
−

1.9
%

 (−
27

 m
in

ut
es

 p
er

 d
ay

)
(p

 <
 0

.0
01

)

A
dj

us
te

d 
gr

ou
p 

di
ff

er
en

ce
,

−
0.

3%
;

(9
5%

 C
I, 

−
0.

4%
 to

 
−

0.
1%

)
p 

< 
0.

00
1

24
 w

ks

Zh
an

g 
et

 al
. [

72
]

FG
M

 v
s. 

SM
BG

14
6 

pa
tie

nt
s

↓T
he

 d
ur

at
io

n 
of

 h
yp

og
ly

ce
m

ia
(p

 <
 0

.0
5)

↑T
IR

[(
49

.3
9 

± 
17

.5
4)

%
 v

s. 
(4

2.4
4 

± 
15

.4
9)

%
]

(p
: 0

.0
12

)

8.
16

 ±
 1.

03
 v

s. 
8.

68
 ±

 1.
01

(p
: 0

.0
03

)

48
 w

ks

H
yp

oC
O

M
Pa

SS
 

st
ud

y 
[4

2]
rt

-C
G

M
 v

s. 
SM

BG
96

 p
at

ie
nt

s
↓T

he
 d

ur
at

io
n 

of
 h

yp
og

ly
ce

m
ia

(5
3 

± 
63

 to
 24

 ±
 56

 m
in

/2
4 

h
(p

: 0
.0

04
)

↑H
yp

og
ly

ce
m

ia
 aw

ar
en

es
s

(5
.1 

± 
1.1

 to
 4

.1 
± 

1.6
; p

: 0
.0

00
1)

↓S
H

(8
.9

 ±
 13

.4
 to

 0
.8

 ±
 1.

8 
ep

iso
de

s/
pa

tie
nt

-y
ea

r)
(p

: 0
.0

00
1)

↓0
.3

%
-N

o 
di

ff
er

en
ce

 
in

 H
bA

1C
24

 w
ks

ST
A

R3
 st

ud
y 

[7
3]

rt
-C

G
M

 (S
A

P)
 v

s. 
SM

BG
48

5 p
at

ie
nt

s (
32

9 
ad

ul
ts

 
an

d 
15

6 
ch

ild
re

n)
N

o 
ch

an
ge

 in
 th

e r
at

e o
f S

H
↓ 

H
bA

1C
(7

.4
%

 v
s. 

8.
0%

, 
P 

< 
0.

00
1)

24
 w

ks

SW
IT

CH
 st

ud
y 

[7
4]

CG
M

 (S
A

P)
 v

s. 
SM

BG
15

3 
pa

tie
nt

s (
ad

ul
ts

 an
d 

ch
ild

re
n)

 (H
bA

1C
 7.

5%
 

- 9
.5

%
)

↓t
im

e s
pe

nt
 in

 h
yp

og
ly

ce
m

ia
(1

9 
vs

. 3
1 m

in
/d

ay
; p

 =
 0

.0
09

)
N

o 
di

ff
er

en
ce

 in
 S

H
 ev

en
ts

(4
 v

s. 
2;

 p
 =

 0
·4

)

↓-
0.

43
%

 in
 H

bA
1C

(8
.0

4%
 v

s. 
8.4

7%
)

(p
 <

 0
.0

01
)

24
 w

ks



Glucose and Insulin Homeostasis

28

St
ud

y
In

te
rv

en
tio

n
Pa

rt
ic

ip
an

ts
 (N

)
Im

pa
ct

 o
n 

hy
po

gl
yc

em
ia

H
bA

1C
 ch

an
ge

D
ur

at
io

n 
of

 
fo

llo
w

-u
p

A
dh

er
en

ce
 to

 
C

G
M

 (%
)

A
SP

IR
E 

st
ud

y 
[7

5]
rt

-C
G

M
 (S

A
P 

w
ith

 
LG

S)
 v

s. 
SM

BG
24

7 p
at

ie
nt

s
↓3

7.5
%

 in
 m

ea
n 

AU
C 

fo
r n

oc
tu

rn
al

 
hy

po
gl

yc
em

ic
 ev

en
ts

↓ 
31

.8
%

 n
oc

tu
rn

al
 h

yp
og

ly
ce

m
ic

 
ev

en
ts

N
o 

di
ff

er
en

ce
 in

 
H

bA
1C

3 
m

on
th

s

Ly
 et

 a
l. 

[7
6]

rt
-C

G
M

 (S
A

P 
w

ith
 

LG
S)

 v
s. 

SM
BG

95
 p

at
ie

nt
s M

ea
n 

ag
e 

18
.6

 y
rs

↓ 
H

yp
og

ly
ce

m
ic

 ev
en

ts
 (1

75
 to

 3
5 v

s. 
28

 to
 16

)
N

o 
di

ff
er

en
ce

 in
 

H
bA

1C
24

 w
ks

A
PC

am
11

 st
ud

y 
Ja

sle
en

 [5
6]

H
CL

 v
s. 

SA
P

86
 p

at
ie

nt
s (

11
–3

6 
yr

s)
↓t

im
e s

pe
nt

 in
 h

yp
og

ly
ce

m
ia

 
(p

:0
.0

13
)

↓ 
0.

36
%

 in
 H

bA
1C

 
(p

 <
 0

.0
01

)
12

 w
ks

iD
CL

 st
ud

y 
Ja

sle
en

 [5
5]

CL
 (S

A
P 

w
ith

 
LG

S)
 v

s. 
SA

P
16

8 
pa

tie
nt

s (
14

–7
1 y

rs
)

tim
e s

pe
nt

 in
 h

yp
og

ly
ce

m
ia

 
(p

 <
 0

.0
01

)
↓ 

0.
33

%
 in

 H
bA

1C
 

(p
 <

 0
.0

01
)

26
 w

ks

Ta
bl

e 
3.

 
RC

Ts
 a

bo
ut

 th
e b

en
ef

its
 o

f C
G

M
 in

 th
e m

an
ag

em
en

t o
f h

yp
og

ly
ce

m
ia

 in
 T

1D
M

.



29

Hypoglycemia in Type 1 Diabetes Mellitus
DOI: http://dx.doi.org/10.5772/intechopen.1004108

followed by problems with CGM insertion (33%), problems with adhesion to skin 
(30%), poor performance (28%), alarms (27%), accuracy (25%) interference with 
sports and activities (18%), and skin reactions from the CGM sensor (18%). Flash 
glucose monitoring (FGM) is associated with less discomfort and side effects (less 
pain, less bleeding on sensor insertion, less itching, and less erythema). Some of the 
features of FGM differ from the existing sensor technology. FGM measures intersti-
tial glucose levels for up to 14 days without calibration by fingerstick blood glucose 
measurements, and the wireless handheld reader scans the sensor every 15 minutes 
for up to 8 hr. to receive the glucose values. Along with factory calibration and no 
alarm system, FGM may be an attractive option with higher rates of compliance.

The accuracy of the CGM is a great concern for CGM users. It is measured using 
the mean absolute relative differences (MARDs) between CGM readings and blood 
glucose readings. The physiological lag time between interstitial and blood glucose, 
which is usually between 4 and 10 min, can be longer when glucose concentrations 
are changing rapidly. Also, when the decrease in glucose levels is rapid on approach-
ing hypoglycemic levels, the sensor can show falsely higher values. While early CGM 
devices had a high error rate with MARDs of around 20%, these error rates are now 
between 9 and 14% with advances in sensor technology. The MARD of the flash 
glucose monitoring system (FGS) system is 11.4%, whereas the latest Dexcom G5 
system is just under 10%.

3.10 Islet cell transplantation

For patients with resistant hypoglycemia despite all the therapies mentioned 
above, islet cell transplantation may be an option. In a phase 3 study by the Clinical 
Islet Transplantation Consortium in North America, including 48 adults with T1DM 
and IAH, improvement in glycemic control and a significant decrease in SH events (2 
events, p < 0.0003) was achieved after islet cell transplantation [82].

4. Treatment of hypoglycemia in type 1 DM

4.1 Oral self-treatment

In case of hypoglycemia, glucose tablets, juice, soft drinks, or candy, containing 
15–20 g glucose should be taken by the patient with T1DM. After 15–20 minutes, 
blood glucose should be checked, and if it is still <80 mg/dl, 15–20 g glucose should be 
repeated until the blood glucose level is over>80 mg/dl. Since the glycemic response is 
transient, the patient should be given a subsequent more substantial snack or meal.

4.2 Parenteral treatment

When a hypoglycemic patient is unable to take carbohydrates orally because of 
loss of consciousness, parenteral therapy is needed. Glucagon is usually injected 
subcutaneously or intramuscularly by a partner of the patient who has learned to 
treat it with glucagon. 1 mg glucagon dose in adults may cause nausea or even vomit-
ing with substantial, transient hyperglycemia. It has been shown that smaller doses 
(e.g., 150 mcg), repeated if necessary, were found to be effective in adolescents with 
T1DM without side effects [83]. The crystallized glucagon is diluted with the pro-
vided diluent to 1 mg/ml according to pharmaceutical instructions for the mini-dose 
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regimen, and a U-100 insulin syringe is used to administer the dose [83]. Each unit 
on the U-100 insulin syringe represents ~10 μg of glucagon. For the dosing regimen, 
2 “units” (20 μg) for children ≤2 years and 1 unit/year for children ≥3–15 years (with 
a maximum dose of 150 μg or “15 units”) are advised to use. Older patients (young 
adults over 15 years of age) receive a maximum dose of 15 units (150 μg). If this dose 
does not increase blood glucose levels over the first 30 minutes, a repeat injection 
twice the initial dose should be done. An increase of 3.3–5 mmol/l in glucose levels is 
expected within 30 minutes of administration of the mini-dose glucagon regimen. 
The regimen is a safe and reliable tool to treat both mild and impending hypoglyce-
mia in the out-of-hospital setting [83]. Liquid form and intranasal powder form of 
glucagon are other alternatives; however, there is limited data on the efficacy and 
safety of these glucagon preparations in treating hypoglycemia in the literature. A 
recent study by Suico et al. reported that nasal glucagon (3 mg) was as efficacious and 
well tolerated as intramuscular glucagon (1 mg) for the treatment of insulin-induced 
hypoglycemia in adults and will be as useful as intramuscular glucagon as a rescue 
treatment for SH [84]. Also, soluble glucagon and a glucagon analog, dasiglucagon, 
are available for immediate injection.

Patients with diabetes at increased risk of hypoglycemia are suggested to always 
carry glucagon with them. The relatives of patients should be educated about the 
administration of glucagon and the storage conditions of the agent. Apart from 
preventing severe hypoglycemia, it reduces emotional stress by means of empowering 
the patient’s family and caregivers to take direct action and reduces medical care costs 
by avoiding the expensive use of emergency medical sources.

In glycogen-depleted individuals (e.g., following a binge of alcohol ingestion), 
glucagon may not be sufficient to increase glucose levels; 15–25 g intravenous glucose 
is the standard parenteral therapy initially. Because the response is transient, a subse-
quent intravenous glucose infusion may be needed, and a meal should be given to the 
patient as soon as the patient can eat.

4.3 Specific conditions

4.3.1 Management of nocturnal hypoglycemia

Apart from using insulin analogs to prevent nocturnal hypoglycemia, other 
approaches include bedtime snacks and bedtime administration of uncooked corn-
starch for the sustained delivery of exogenous carbohydrates throughout the night. 
Bedtime oral administration of the epinephrine-stimulating ß2-adrenergic agonist 
terbutaline and overnight glucagon infusion may be other alternative treatments by 
providing sustained endogenous glucose throughout the night.

4.3.2 Management of exercise-induced hypoglycemia

Glucose consumption by the tissues increases during exercise with the risk of 
hypoglycemia. Strenuous, prolonged physical exercise with a lack of energy source 
is a great risk for hypoglycemia. To prevent hypoglycemia, blood glucose before and 
after physical exercise should be monitored. Patients should avoid injecting insulin to 
the part of the body that will be used during exercise because of increased blood flow 
to these body parts, resulting in faster insulin absorption during exercise, leading 
to hypoglycemia (e.g., injection insulin to the legs for running or cycling exercise). 
Moreover, time of exercise is important to prevent hypoglycemia. The consensus is to 
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exercise in the postprandial period, but some studies show that exercising <45 min. 
When fasted, it results in stable blood glucose concentrations without the risk of 
hypoglycemia over the 24-hour post-exercise period [85]. Also, exercising in the 
morning is associated with a lower risk of hypoglycemia than exercising in the after-
noon because of the high cortisol levels in the morning and low cortisol levels due to 
the circadian rhythm of cortisol. SH within the previous 24 hr. is a contraindication 
to do exercise, and if a self-treated hypoglycemic episode has occurred in the previ-
ous 24 hr., extra precautions should be taken before exercise, or it is better to avoid 
exercise alone. Prior to exercising, the blood glucose target should be >100 mg/dL. To 
minimize the hypoglycemia risk during and immediately following the exercise, addi-
tional carbohydrates (CHOs) prior to exercise may be needed. Patients are recom-
mended to equip themselves with rapid-acting CHOs during physical exercise. This is 
called “ExCarb.” A simple regimen is to take 30 g CHO every 60 min of exercise [86], 
or a more accurate method is to take CHO according to the body weight (0.5 gr/kg/h 
CHO for moderate-intensity activity and 1 gr/kg/h for high-intensity activity) [87]. 
Adjusting the insulin doses is also important to avoid hypoglycemia during exercise. 
Insulin pump therapy provides more flexibility for insulin adjustment. If an exercise 
is planned within 90 min after a meal, a 50% reduction should be made in the pre-
meal insulin dosage. For insulin pump therapy users, the basal insulin dose should be 
reduced by 80% of the daily dose during the exercise period, starting 40 min before 
exercise and finishing at the end of the exercise. Late post-exercise hypoglycemia in 
T1DM typically occurs 6–15 hours after strenuous exercise and is usually nocturnal. 
A 50% reduction in the bolus dose given with the meal after the exercise and 20% 
reduction in the basal insulin at night reduces the risk of hypoglycemia. For patients 
with a history of recurrent hypoglycemia, the blood glucose should be checked at 
02.00 h. In a recent study, a mini dose (150 μg) of glucagon was found to be more 
effective than reducing insulin dose to prevent exercise-induced hypoglycemia [88]. 
rt-CGM and flash glucose monitors are suggested to be used in case of exercise-
induced hypoglycemia.

5. Conclusion

In summary, hypoglycemia in diabetes mellitus may result in anxiety and fear of 
subsequent events, leading to resistance to diabetes management. Severe hypoglyce-
mia may cause cognitive dysfunction and seizures with an increased risk of cardio-
vascular disease and mortality. Taking measures to minimize the risk factors for the 
development of hypoglycemia and structured patient training is an important objec-
tive to prevent the occurrence of hypoglycemia in patients with T1DM. Advanced 
diabetes technologies such as CGMs, hybrid closed-loop pumps, and new insulins can 
be utilized. In contrast, widespread use of these systems is being hindered by cost-
effectiveness, access, and education.
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Chapter 3

Impact of the Use of Metformin 
in the Prevention of Gestational 
Diabetes Mellitus in the High-Risk 
Population: An Article Review
Enrique Valdés Rubio

Abstract

Gestational diabetes mellitus (GDM) is a condition characterized by a 
 carbohydrate metabolism disorder of variable severity. The onset or first detec-
tion occurs during pregnancy. Its prevalence has increased dramatically in the last 
10 years. Etiological factors that make these pregnant women a population at a high 
risk of developing GDM include maternal obesity, increase in maternal age, family 
history of diabetes mellitus, polycystic ovary (PCOS) and pregestational insulin 
resistance (PIR). The impact of metformin (MET), a second-generation insulin-
sensitizing biguanide, on the prevention treatment of GDM has been studied with 
contradictory results. Through an article review of the literature, this chapter seeks 
to determine the safety and effectiveness of MET in preventing the development of 
GDM in patients with PIR in addition to evaluating the impact of oral hypoglycemic 
agents in the treatment of GDM and type 2 DM.

Keywords: gestational diabetes mellitus, insulin resistance, metformin, neonatal 
hypoglycemia, pregnancy, antidiabetic drug

1.  Introduction

Insulin resistance (IR) [1–5] is a metabolic condition that is necessary for the 
growth and development of the fetus during its intrauterine life. As the pregnancy 
progresses, its severity increases, reaching its peak in the third trimester. However, a 
series of high perinatal risk pathologies may occur when IR exceeds the threshold of 
normality and/or when the concentration of its biomarkers is altered (adiponectin, 
leptin, SHBG and resistin) [6–9] such as spontaneous abortion, (GDM), hypertensive 
syndromes, prematurity, macrosomia, and hypoglycemia, etc. These effects are 
associated with a decrease in insulin sensitivity and low consumption of peripheral 
glucose with the purpose of ensuring the fetal energy source. When this balance is 
altered, GDM develops due to three different phenotypes: fasting hyperglycemia, 
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postprandial hyperglycemia, and mixed hyperglycemia [5, 10, 11]. This condition is 
associated with fetal growth restriction (FGR) and preeclampsia (PE) as they have 
a common pathophysiological etiopathogenesis such as endothelial dysfunction, 
abnormal placentation, and/or a metabolically predisposing condition [9].

In this chapter, some clinical conditions linked to IR will be developed, and I 
will also further develop the conditions associated with PIR. More emphasis will be 
placed on the efficacy, safety and prophylactic impact of MET in preventing GDM, 
and I will comment on the adverse side effects of two hypoglycemic drugs which are 
used and that have been studied the most. Special emphasis will be made on one of 
the most important deleterious effects of these hypoglycemic agents: maternal-fetal 
hypoglycemia.

The prevalence of GDM has grown exponentially in our population, and this is 
based on the different glycemic cut-off points of the different international guidelines 
for making the diagnosis of GMD, so the prevalence varies between 9–16%. We know 
that GDM is defined when any type of carbohydrate intolerance that is diagnosed 
from the first trimester onwards in pregnancy is screened. When a GDM is diagnosed 
in ranges between 140 mg% and 200 mg%, the first line treatment is a change in 
lifestyle that includes a hypocaloric regimen, not less than 1500 calories per day, 
restricting carbohydrates (HDC), and aerobic physical activity. If there is no response 
after 2 weeks of treatment, insulin therapy is indicated, which is GOLD STANDARD.

In the last two decades, two drugs have been studied that have given hope to doctors 
and especially to mothers by not being repeatedly pricked and sometimes feeling the 
symptoms associated with INS. One is glyburide, a second-generation hypoglycemic 
agent, and metformin (MET), an insulinosensitizer, both are grouped in the group of 
oral hypoglycemic agents. Due to the pharmacokinetic characteristics and the minimal 
risk that the mother child binomial will be affected and as in the etiopathogenesis, there 
is a close relationship with insulin resistance. Due to some studies that highlighted the 
safety and efficacy as I will demonstrate later, I proposed to carry out a double-blind, 
randomized, case control, multicenter study to evaluate the prophylactic effect of MET 
in patients with pregestational insulin resistance (PIR) and secondarily the eventual 
protective effect in other high-risk perinatal pathologies, especially highlighting the 
potential risk of hypoglycemia in the mother-son binomial.

2.  Methods

In this chapter, evidence will be provided related to the effectiveness and safety 
of the use of oral hypoglycemic agents (HPO) as alternatives to insulin (INS) in the 
prevention and treatment of GDM. Thus, the prescribed HPO must demonstrate good 
effectiveness when compared with insulin therapy, the gold standard in the treatment 
of GDM, and that it does not pose a risk to the health of the mother-child binomial. 
One of the most deleterious effects that the fetus could suffer is hypoglycemia, a side 
effect that will be developed described as follows.

A computerized search was performed in MEDLINE, PubMed and the Cochrane 
database to identify those studies that presented the following inclusion criteria: 
randomized controlled trials (RCT), meta-analyses, systematic reviews and meth-
odologically correct studies that met the best standards of Evidence-Based Medicine, 
from 2010 to 2024. These studies investigated perinatal outcomes in women with a 
history of PIR who were treated prophylactically with MET and/or in women with 
GDM and whose results have evaluated mainly the presence of hypoglycemia.
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The keywords used in the search were gestational diabetes mellitus, insulin resis-
tance, metformin, neonatal hypoglycemia, pregnancy, antidiabetic drug.

The objective of this RCT study was to evaluate the prophylactic effect of MET 
in patients with pregestational insulin resistance (PIR) in the development of GDM 
and secondarily the eventual protective effect in other high-risk perinatal patholo-
gies, especially highlighting the potential risk of hypoglycemia, in the mother-son- 
binomial. The objective of these studies was to compare perinatal outcomes among 
those treated with MET v/s INS. A total of 63 articles dealing with this topic were 
studied, of which 18 met the inclusion criteria requirement.

3.  Definitions

Insulin resistance was defined by the presence of any of the following criteria: 
HOMA test greater than 2.5 and at least one of the following clinical conditions: poly-
cystic ovary syndrome (PCOS), acrochordon and acanthosis. Parameters were sug-
gested by the American Association of Clinical Endocrinologists and the American 
College of Endocrinologists [1–4].

The diagnosis of GDM was defined according to the criteria of the International 
Association of Diabetes and Pregnancy Study Groups Recommendations on the 
Diagnosis and Classifications of Hyperglycemia in Pregnancy or any type of 
Carbohydrate intolerance detected during pregnancy. This is diagnosed with a 
glucose tolerance test (OGTT), with a load of 75 grams, carried out between 24 and 
26 weeks of gestation and in high-risk pregnant women at 32 weeks, with a fasting 
blood glucose greater than 105 mg/dl on two occasions or greater than 140 mg/dl at 
2 hours [12].

On the other hand, the diagnosis of PE was defined as the presence of arterial 
hypertension associated with proteinuria in a pregnancy greater than 20 weeks and 
which is associated with the following findings: blood pressure of 140/90 mm/hg 
or more, repeated on two occasions separated by at least 6 hours, or a single blood 
pressure of 160/100 mmHg or more, associated with 24-hour proteinuria of 300 mg 
or more, in the absence of urinary tract infection [13].

Small for Gestational Age (SGA) was defined as a neonate with a weight less than 
the 10th percentile for their gestational age based on the local growth charts.

Large for Gestational Age (LGA) was defined as a neonate with a weight greater 
than the 90th percentile for to its gestational age based on the local growth charts.

Macrosomia is defined as a newborn weighing 4000 grams or more.
The perinatal outcomes that were studied included first trimester abortion, GDM, 

PE, fetal growth restriction (FGR), PP, maternal body mass index (BMI), newborn 
weight (NW), macrosomia, Cesarean section (CS) maternal and neonatal hypoglyce-
mia and admission to the intensive care unit (NICU).

3.1  Deleterious effect of hypoglycemia on the mother-child binomial in fetal 
growth and development

It is important to highlight that glucose plays a fundamental role in providing the 
substrate to produce the energy that is needed for the synaptic transport of neu-
rotransmitters [5, 14–16]. The brain is incapable of storing glucose, so even a slight 
interruption or decrease in its concentrations will interfere with the normal chemical 
signaling of the neurotransmitters [15]. Most studies show that there are no changes 
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in heart rate or fetal movements during events of moderate maternal hypoglycemia. 
These findings suggest that the fetus can use alternative sources of energy (ketones 
and lactic acid) during these episodes [17].

One of the greatest concerns when indicating a hypoglycemic agent to a pregnant 
woman who has a degree of carbohydrate intolerance during pregnancy is the proba-
ble isolated or recurring hypoglycemia suffered by the mother-child pair. The severity 
of these hypoglycemias vary according to the hypoglycemic regimen used and that 
includes the three drugs that have been studied the most (INS, MET and GLI). Thus, 
severe hypoglycemia has been observed in up to 40% of pregnant women treated with 
INS and carriers of type 1 pregestational DM [14]. It is noteworthy that these episodes 
of hypoglycemia are recurrent and reach incidences of 22%. They are more frequent 
in the first trimester of pregnancy when the fetus is in the organogenesis stage 
[15, 17]. Despite the above, there is no clear evidence whether hypoglycemia plays an 
etiological role in embryopathies. However, studies on experimental animals exposed 
to recurrent hypoglycemia demonstrated an alteration in the weight of the offspring, 
with exaggerated weight gain or, failing that, insufficient weight [15]. Findings also 
observed in mothers exposed to recurrent hypoglycemia were observed in offspring. 
There was a higher incidence of macrosomia whose probable etiopathological expla-
nation would be attributable to hyperglycemia reactive to hypoglycemia. In fact, the 
average HbA1c concentration of these patients was 5.6% [11]. It is rare for children 
of mothers who experience repetitive hypoglycemia to have permanent damage in 
their adult lives; however, studies are emerging that this recurrent exposure could be 
related to alterations in neurodevelopment, characterized by alterations in cognitive 
function and a greater risk of developing epilepsy [16, 17].

3.2  Physiological and protective role of insulin resistance during pregnancy 
and its etiopathogenic impact in the development of high-risk perinatal 
pathologies

IR is defined as a decreased cellular response to insulin stimulation. Its diagnosis 
is made through abnormal values of fasting insulinemia and/or homeostatic model 
assessment-insulin resistance HOMA-IR (>2.5) and at least one of the following clinical 
signs: acrochordons, acanthosis nigricans and polycystic ovary syndrome (PCOS) [1, 2]. 
It is related to various diseases and syndromes, especially in women, who have polycystic 
ovary syndrome (PCOS) [18, 19], diabetes mellitus type 2, metabolic syndrome and 
gestational diabetes mellitus (GDM). However, IR in pregnancy performs a fundamental 
function that consists of the release of Free Fatty Acids (FFA) [3], preferably metabo-
lized by the mother, and maternal hyperglycemia that, through facilitated diffusion, 
produces fetal hyperglycemia, which is essential for the growth and development of 
the fetus. On the other hand, FFAs [3–5] catalyze pro-IR physiological mechanisms, 
forming a virtuous circle to generate energy. Although it is true that, at the beginning of 
pregnancy, IR is found in physiological levels, this situation increases in response to the 
hyperglycemic action of a series of hormones, among others: placental lactogen [3, 5], 
estrogens, progesterone and cortisol. As pregnancy progresses, IR increases, thus affect-
ing the transcription and secretion of insulin from the beta cells of the pancreas. They 
fall into relative insulin insufficiency (INS), failing to manage a euglycemic environment 
and develop GDM, defined as any alteration of the carbohydrate metabolism diagnosed 
during pregnancy [12]. On the other hand, if this metabolic condition is associated with 
obesity and a sedentary lifestyle, the pathophysiological etiopathogenic mechanism 
of the disease increases in severity as a greater pro-inflammatory degree is associated. 
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The concentration of a series of biomarkers is altered such as resistin, adiponectin, 
SHBG and leptin [6–8]. These biomarkers have been studied by the author, with the 
hypothesis that the altered concentration of these mediators would be useful to evaluate 
the future risk of developing pregnancy diseases which include inflammation, endothe-
lial dysfunction and abnormal placentation, typical factors described in the development 
of PE and FGR. Thus, I studied the behavior of the concentrations of adiponectin [8] 
and SHBG [9]. The result was that none of these cytokines were statistically significant in 
predicting PE and FRG when evaluated in the first trimester. However, when we studied 
whether PIR could play a role in the subsequent development of PE, we found that there 
was a predictive role [9].

Now, when we study the prominence of PIR defined with an altered HOMA-IR, 
signs suggestive of PCOS (acrochordon and acanthosis nigricans), polycystic-
looking ovary, obesity as defined by the American and Association of Clinical 
Endocrinologists and American College of Endocrinologists [1, 2], we found a high 
association with the subsequent development of PE in the index group (8.4 v/s 4.2% 
p < 0.05), and the same occurred with GDM (9.2 v/s 2, 9%; p < 0.005) [9].

On the other hand, when the patient develops GDM and does not respond to the 
change in lifestyle as a first-line treatment, insulin therapy is prescribed which is 
considered the gold standard in the treatment of insulin-requiring pregnant women. 
In the last 25 years, numerous studies have been researched and published to clarify 
what the first-line treatment is in the therapy of GDM, and the results are still 
controversial.

In the first instance, based on methodologically flawed studies, the use of hypo-
glycemic agents was contraindicated, first-generation sulfonylureas, due to their high 
incidence of hypoglycemia and consequent fetal risk. Numerous studies began with 
the euglycemic capacity of glyburide, a second-generation sulfonylurea and hypogly-
cemic itself. Its pharmacokinetics made it attractive to study given that, at that time, 
it was believed that it was not metabolized by the placenta, and the mother-fetus 
exchange rate was equal to the fetus-mother exchange rate. Finally, it bound 99.8% to 
plasma proteins, which transformed it into a barrier for the fetus, preventing passage 
to the intrauterine environment and thus avoiding probable fetal hypoglycemia.

In 2000, Langer appeared co-publishing a study in the New England Journal of 
Medicine. He compared the effectiveness since those treated with glyburide reached 
euglycemia levels comparable to INS users (82 v/s 88%), respectively [20]. However, 
hypoglycemia was greater in the insulin group (41 v/s 4%, p0.003). Subsequently, 
a series of studies appeared that praised what was published by Langer, although 
there was always fear of the potential deleterious effect of fetal and/or neonatal 
hypoglycemia due to the intrinsic effect of glyburide. Afterwards, studies began 
to be published that highlighted a series of adverse effects in the newborn with the 
most important being hypoglycemia. One of the most conclusive studies is that of 
Camelo et al. [21], which despite being a retrospective study, compared the efficacy 
and safety of glyburide v/s insulin with devastating results: of the 110,879 pregnant 
women recruited, 9173 developed GDM, 8.3% were treated with glyburide (n = 4982) 
or insulin (n = 4191). Among the results, it was highlighted that: newborns of women 
treated with glyburide presented the following adverse effects a higher risk of being 
admitted to intensive care units. After adjusting for differences at baseline, newborns 
of women treated with glyburide (RR = 1.41; 95% CI, 1.23–1.62) had respiratory 
distress (RR = 1.63; 95% CI, 1.23–2.15), hypoglycemia (RR = 1.40; 95% CI, 1.00–1.95), 
birth injury (RR = 1.35; 95% CI, 1.00–1.82), and large for gestational age (RR = 1.43; 
95% CI, 1.16–1.76) compared with those treated with insulin [21].
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Soon, further research showed that glyburide crossed the placenta. Despite the 
risk of a sulfonylurea such as glyburide causing hypoglycemia, articles continued to 
be published with discouraging results. Thus, a meta-analysis [22] was published that 
included seven open studies, with 798 GD, and without data on the randomization 
method. Glyburide was associated with higher newborn weight, more macrosomia, 
with RR 2.62 (95% CI 1.35–5.08), and more neonatal hypoglycemia, RR 2.04 (95% CI 
1.30–3.20). Overall drug failure was 6.37%. The frequency of maternal hypoglycemia 
was erratic. Only two studies compare glyburide with metformin, with statistically 
significant results favoring the use of MET with less macrosomia (RR 0.33) and fewer 
large infants for gestational age (RR 0.44) [23]. The failure rate in these studies was 
26.8% for metformin and 23.5% for glyburide. All the data make it advisable not to 
use glyburide in the treatment of GD and type 2 DM.

Although it is true and despite the controversial results of glyburide, it is still being 
studied because a significant percentage achieved maternal metabolic objectives.

3.3  Metformin

The prominence of the genesis of IR in the etiopathogenesis of GDM and the 
insulin-sensitizing effect of MET, a second-generation biguanide, suggests that this 
drug could be of interest as a prophylactic and therapeutic treatment of GDM. If to 
the latter we add that the exposure of the fetus to MET is very low, with a placental 
partition coefficient of 36.3%, concentrations in cord blood of 0.1 to 2.9% mg/L and 
a renal clearance that becomes more potent as pregnancy progresses, it makes it ideal 
for treating high IR and could have excellent results in preventing and treating GDM 
[24]. However, as we will see later, exposure of the fetus to MET could present some 
deleterious fetal effects that are still controversial.

Numerous studies have been carried out which demonstrate that MET is equiva-
lent and even superior to INS in achieving the proposed euglycemic objectives 
[24–27]. The problem is that the parameters for making the diagnosis of GDM vary 
between different centers. The same occurs when diagnosing pathological glycemia 
that informs us of hyper or hypoglycemia such as fasting glycemia, postprandial 
glycemia, HbA1c and random glycemia.

On the other hand, there are a variety of studies that support MET, concluding 
that it reduces the risk of neonatal hypoglycemia [24–27]. Although the cut-off 
points for making the diagnosis of hypoglycemia differed in the different studies, 
it was established that the thresholds of glycemia to make the diagnosis of neonatal 
hypoglycemia varied from <1.4 to <2.6 mmol/L. Although the study by Ainuddin 
could not confirm the protective effect of MET in pregnant women with type 2 DM, 
it did demonstrate a clear decrease in neonatal hypoglycemia when it was associated 
with INS (MET + INS: 7.8% to INS alone: 30%, p < 0.001) [28]. On the other hand, 
the MiTy study, which also studied pregnant women with type 2 DM, did not find sig-
nificant differences in the incidence of neonatal hypoglycemia (RR O.82, 95% CI 0.52 
TO 1.30) [29]. Lastly, a study drew a lot of attention as surprisingly the indication of 
monotherapy with MET was associated with a decrease in hypoglycemia; however, 
when this was associated with INS, the risk of neonatal hypoglycemia increased 
significantly [24].

The first positive effect of MET was the increase in fertility and the clear decrease 
in first trimester spontaneous abortions in PCOS patients [24]. But its greatest impact 
occurred when the MIG study was published with a sample number of 751 pregnant 
women with GDM and in which the biomedical results of the use of MET (373/751) 
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v/s INS (378/751) published by Rowan were compared [25]. In this study, the follow-
ing biomedical results presented by the MET user patients stood out: less weight gain, 
better glycemic control, fewer episodes of maternal and neonatal hypoglycemia. Two 
findings were unexpected, the first being that 46% of the MET user group had to be 
supplemented with INS and a high incidence of premature childbirth was observed 
(P = 0.004) [25].

The patients who required supplementation were those who had a higher body 
mass index (BMI > 30) (p = 0.01), high fasting blood glucose (p < 0.001), high 
HBa1c (p < 0.001), and a history of first trimester spontaneous abortion (p < 0.001), 
history of GDM in previous pregnancies and a greater number of multiparas 
(p = 0.003) [25].

On the other hand, another study whose objective was to evaluate the effective-
ness of MET v/s INS in achieving euglycemic ranges in patients with type 2 DM, the 
results were disastrous, as 84.9% of the MET group had to be supplemented with INS 
[24]. Later, in 2020, the MiTy study was published in which 502 GDM participated. 
This study compared MET or placebo v/s INS, and among its results, the following 
was highlighted: the group treated with MET had lower HbA1c values, less maternal 
weight gain, lower incidence of cesarean section, lower weights of neonates (p.006), 
lower number of neonates classified as LGA (22 v/s 27%; p 0.041), but with a high 
incidence of SGA (13 v/s 7%, p0.026%) and greater chance of jaundice of the new-
born (NB) [29].

Finally, a recent meta-analysis [28] that included six studies with 1362 treated 
with MET, confirmed less weight gain (−1.14 kg) and less pregnancy-induced hyper-
tension with a relative risk (RR) of 0.53. A higher incidence of preterm birth was 
reported with RR 1.50 and a higher trend, but it did not reach a statistical significance 
of neonatal hypoglycemia. Adverse digestive effects varied between 2.5 and 45.7%, 
and gastro-intestinal intolerance forced the suspension of MET with an overall failure 
rate of 33.8% [28].

On the other hand, the proven transplacental passage and high fetal concentra-
tion of MET are cause for concern, and there is controversial information on the 
medium and long-term effects on children exposed intrauterinely to this drug. It can 
be concluded that metformin in GDM constitutes a therapeutic tool, achieving similar 
or even better glycemic concentrations than insulin in the NB in the short term, with 
better adherence to treatment and better control of maternal weight, but with the 
exception that preterm birth was more frequent and INS supplementation was neces-
sary in more than a third of the cases. Digestive intolerance required suspension of its 
indication in around 30% [24].

No malformations were found and among the early and late effects in the offspring 
exposed to MET during pregnancy would be secondary to alteration in fetal program-
ming, causing a greater predisposition to obesity during adolescence and metabolic 
syndrome in adulthood [24].

In another a study in which PCOS pregnant women were treated with MET during 
pregnancy, the follow-up of the exposed children presented higher fasting blood 
glucose and systolic blood pressure at 8 years of age [30]. Other study that researched 
children exposed to MET v/s INS concluded that, although weights were similar until 
2 years of age, at 9 years of age, BMI was significantly higher in children exposed to 
MET (MD 0.98.95% CI o.23 to 1.33 p = 0.005) [31].

Finally, a systematic review and meta-analysis studied the impact on neurode-
velopment in 7641 children up to 14 years of age, obtaining the following results: 
metformin use during pregnancy was not associated with neurodevelopmental 
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delay in infancy (relative risk, 1.09; 95% confidence interval, 0.54e2.17; 3 studies; 
9668 children) or at ages 3 to 5 years (relative risk, 0.90; 95% confidence interval, 
0.56e1.45; 2 studies; 6118 children). When compared with unexposed peers, metfor-
min use during pregnancy was not associated with altered motor scores (mean differ-
ence, 0.30; 95% confidence interval, 1.15 to 1.74; 3 studies; 714 children) or cognitive 
scores (mean difference, 0.45; 95% confidence interval, 1.45 to 0.55; 4 studies; 734 
children), concluding that MET would not appear to affect neurodevelopment in 
children until age 14 [32].

Due to the aforementioned, some health agencies recommend its use as a first-line 
treatment in GDM, even though its indication is not explicitly authorized by the inter-
national drug control agencies.

Following these controversial results and based on the hypothesis that higher 
degrees of preconception IR would trigger GDM, I developed a hitherto unique, ran-
domized, double-blind, multicenter study (RCT) of first-semester pregnant patients 
with the unique history of being only pregestational insulin resistance (PIR) carriers, 
with the objective of evaluating MET as a prophylactic treatment of GDM. For these 
objectives, two groups were created, one of them was prescribed 1700 mg of MET and 
the other placebo [33]. The diagnosis of pregestational PCOS was made with a history 
of fasting insulinemia greater than 15 uIU/l and/0 HOMA – IR greater than 2.5 and at 
least one of the following: acrochordon, acanthosis nigricans or the previous diagno-
sis of PCOS. It should be kept in mind that all the studies that have been carried out 
classifying them as PIR have been carried out on patients where IR may or may not be 
present and thus 70–80% of those patients who suffer from PCOS and obesity present 
IR. In thin women, it can be present between 30 and 40% [18, 19].

This study, which was carried out in 141 patients, was randomized (68 patients in the 
MTF group and 73 in the placebo group). The administration of MET was not associated 
with a decrease in GDM compared to placebo (37.5 v/s 25.4%, respectively; P = 0.2). On 
the other hand, the administered MET was associated with a high gastro-intestinal intol-
erance v/s placebo (14.3 v/s 1.8%, respectively; P = 0.02). Therefore, it can be concluded 
that MET is not effective as a GDM prophylaxis in patients with PIR [33].

A recent RCT study (EMPOWar) evaluated the potential prophylactic effect of MET 
in obese women (BMI = 30–39 KG/Mtr2 v/s BMI > 40 KG/Mtr2), to prevent high-risk 
perinatal pathologies, a population in which PIR does not always exist and who did not 
have type 2 DM at the time of recruitment [34]. A total of 449 women were randomized 
in the placebo group (n = 223) and in the MET group (n = 226) who were prescribed 
from 500 to 2500 mg/day. Various biomedical variables were analyzed in the mother 
and fetus, and in all the variables that were studied, no significant difference was found 
between the MET group and the placebo. The authors conclude that MET is not indicated 
in obese patients who do not present GDM. Therefore, the use of MET is not effective in 
the prevention of GDM in populations with PIR. The use of MTF shows a significantly 
higher frequency of drug intolerance than placebo [34].

Finally, based on multiple studies, they conclude that there is a group of patients 
with GDM who will present a poor response to MET and will probably need supple-
mental insulin therapy to achieve euglycemia [35–39].

4.  Conclusions

MET presents evidence that supports its use in patients with GDM and even in 
patients suffering from type 2 DM, as it achieves similar metabolic objectives as INS, 
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a decrease in first trimester spontaneous abortions in patients suffering from PCOS 
and could decrease in late pre-eclampsia in obese patients. Despite the latter, there 
are several methodologically valid studies that conclude the association of MET with 
a greater risk of premature birth and a notorious gastro-intestinal intolerance that 
causes its use to be suspended in one-third of the women under treatment. On the 
other hand, the use of MET has been shown to present early and late sequelae effects 
in those fetuses exposed to MET. Finally, the doses of MET proved to be indicated at 
random as IR increases during the course of pregnancy and its effect can take days. 
So, in patients who present pregestational type 2 DM, it must be accompanied by INS, 
as in the period of organogenesis where the fetuses can present severe and recurrent 
hypoglycemia, a deleterious and probably teratogenic effect that could leave early or 
late sequelae, which needs to be studied before suggesting it as a first-line treatment 
for type 2 DM or early GD. On the other hand, the use of MET would not have a 
prophylactic effect against developing GDM in patients with PIR. What is fairly clear 
is that the use of glyburide should be contraindicated throughout pregnancy.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Unveiling the Significance of the 
‘Bathtub’ Shape in Blood Glucose 
Curve Analysis
Issa Rasheed Fetian

Abstract

Despite extensive research on insulin usage in diabetes, an effective method for 
regulating insulin dosage and timing has not emerged. Self-monitoring of blood glu-
cose (SMBG) is crucial for diabetes self-care, but its utility is limited in intense insulin 
treatments. Moreover, persistent nighttime hypoglycaemia anxiety and neuropathic 
gastric issues pose significant challenges for patients with elevated nocturnal blood 
sugar and frequent post-meal hypoglycaemia. The “bathtub” curve outlines a daily 
glucose profile where levels spike after dinner, normalizing only after morning cor-
rection. This chapter focuses on addressing the difficulties posed by this glucose pat-
tern for healthcare providers and researchers. The insights offered here could prove 
invaluable for diabetes management, potentially mitigating associated complications.

Keywords: insulin, hypoglycaemia, blood sugar profile, type 1 diabetes,  
self-monitoring of blood glucose (SMBG)

1. Introduction

Type 1 diabetes is a complex autoimmune disease characterized by the destruc-
tion of insulin-producing β-cells in the pancreas [1, 2]. This condition results in 
α-cell dysfunction, leading to reduced glucagon secretion during hypoglycemia. The 
delicate balance of blood glucose levels is maintained by a dynamic interplay of vari-
ous factors, including insulin, glucagon, cortisol, adrenaline, and growth hormone 
[3]. Additionally, external factors such as stress, certain immunological processes, 
carbohydrate intake, and gluconeogenesis contribute to fluctuations in blood glucose 
levels. Furthermore, the role of weight management in influencing insulin action 
cannot be understated [4]. In this complex landscape of diabetes management, 
Self-Monitoring of Blood Glucose (SMBG) emerges as a crucial tool. SMBG provides 
immediate feedback on blood glucose levels, allowing individuals to make informed 
decisions about their insulin dosages, dietary choices, and physical activity. Regular 
SMBG, combined with appropriate adjustments in insulin therapy, diet, and lifestyle, 
can lead to improved long-term glycemic control, as reflected in lower hemoglobin 
A1c (HbA1c) levels [5]. Beyond these advantages, SMBG empowers individuals with 
type 1 diabetes to take an active role in their self-care and fosters a deeper understand-
ing of how various factors affect blood glucose levels.
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The regulation of glucose homeostasis is a multifaceted process influenced by 
circadian rhythms, which affect insulin sensitivity throughout the day [6]. Moreover, 
physical activity and the body’s natural insulin secretion also play significant roles 
in lowering blood glucose levels [7]. Given the potential for insulin to induce acute 
severe hypoglycemia and the cardiovascular complications associated with elevated 
blood glucose, there is a paramount need to strive for “near normoglycemia.”

Managing type 1 diabetes is an intricate and ongoing challenge, necessitating a 
continuous balancing act [5, 8–10]. To address these complexities and improve patient 
outcomes, individuals with type 1 diabetes must learn to manipulate many of these 
factors. This manipulation often involves the application of external subcutaneous 
insulin and diligent self-monitoring of blood glucose levels. Therefore, understanding 
the intricate web of factors that influence glucose homeostasis is essential for effec-
tive diabetes management. In this context, this article aims to delve deeper into the 
multifaceted nature of type 1 diabetes, shedding light on the various factors involved 
and the challenges faced by those living with the condition.

2. Clinical insights and observations

In 2022, we were motivated to publish a case report pertaining to this chapter, 
where we provided an in-depth analysis of the details. In the discussion section, we 
delve further into the specifics of our findings [11].

Since the pancreas transplant rejection [12], the patient has benefited from contin-
uous subcutaneous glucose monitoring with programmable alarm thresholds, which 
trigger pre-emptive alerts for decreasing or increasing blood sugar levels. However, 
persistent nocturnal hypoglycaemic anxiety and neuropathic-induced gastric paresis 
remained significant challenges. These were associated with elevated nocturnal blood 
sugar levels and frequent postprandial hypoglycaemic episodes. Hypoglycaemic 
events lead to high blood sugar levels hours later due to excessive carbohydrate intake 
and prolonged counter-regulatory responses of insulin antagonists such as adrena-
line, cortisol, glucagon, and growth hormone. Prolonged type 1 diabetes can disrupt 
this counter-regulation, often resulting in a lack of surge in adrenaline and glucagon 
during hypoglycaemia. Hypoglycaemia significantly contributes to the development 
of long-term complications in type 1 diabetes patients, particularly through excessive 
carbohydrate consumption following hypoglycaemic episodes [13]. In our previous 
publication [11] related to the mentioned patient, this occasionally led to the paradox-
ical situation where reducing insulin resulted in partial improvement of HbA1c levels.

The so-called “bathtub” curve describes a blood glucose daily profile in which 
blood sugar levels rise after dinner and only return to the target range after waking 
up in the morning [14]. The primary cause of such a pattern is the challenging-to-
treat nocturnal hypoglycaemic anxiety experienced by patients. After dinner, blood 
sugar is intentionally kept above the target range, achieved either by administering 
less prandial insulin than necessary or by consuming a small snack before sleep. The 
goal is to avoid nocturnal hypoglycaemia, to which one is vulnerable while asleep. 
Hypoglycaemic anxiety is common in type 1 diabetes and plays a significant role in 
patients whose blood sugar levels are not satisfactorily manageable [15].

To address this issue, particularly in the first years following diagnosis until suf-
ficient experience in everyday insulin management is gained, special attention should 
be given to avoiding severe hypoglycaemic episodes. To prevent this situation, diabe-
tologists generally set slightly higher target blood sugar levels during the initial phase 
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of insulin therapy. Once hypoglycaemic anxiety develops, it becomes challenging to 
treat, often persisting throughout the patients’ lives. This is particularly concerning, 
given that the night constitutes about one-third of one’s lifetime and contributes 
significantly to the development of complications.

In this scenario, prolonged inadequate blood sugar control with correspondingly 
high HbA1c levels led to neuropathic gastric paresis. This condition further contrib-
utes to the “bathtub” shape of the blood glucose daily profile, as food, and conse-
quently the ingested carbohydrates, remain in the stomach for a longer duration. 
They are only gradually passed from the stomach to the intestines for absorption, 
primarily occurring in the evening. For the patient, this resulted in a delayed increase 
in blood sugar levels, often occurring many hours after a meal. Consequently, the 
gastric paresis led to early postprandial hypoglycaemic episodes due to rapidly acting 
insulin shortly after eating. This exacerbates daytime hypoglycaemic issues and is 
further intensified by attempts to compensate for intentionally elevated nighttime 
blood sugar levels by maintaining values near the hypoglycaemic threshold during 
the day.

In terms of differential diagnosis, changes in insulin requirements and consequent 
additional blood glucose fluctuations must also consider conditions such as thyroid 
dysfunction (generally yielding slightly higher blood glucose levels), adrenal insuf-
ficiency (reduced insulin requirement, leading to hypoglycaemia primarily at night), 
or celiac disease (carbohydrate malabsorption). All these disorders occur within 
the context of a polyglandular autoimmune syndrome, with a lifetime prevalence 
of approximately 15–30%, more frequently observed in type 1 diabetes mellitus 
[16]. Throughout the years of care, these conditions were repeatedly ruled out in the 
patient’s case.

Figure 1. 
Nocturnal blood glucose (BG) profile: differential diagnosis: high BG in the morning with normal BG before 
bedtime. The curve represents average values at the same times of day over a fixed period. 1. Insufficient basal 
insulin during the night; 2. Dawn phenomenon (marked circadian rhythm with an early-morning rise in BG); 3. 
Excessive glucose intake after hypoglycemia.
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The patient’s blood glucose trajectory is depicted in Figure 1. The dose of basal 
insulin should primarily be determined based on the metabolism of glucose, which 
mainly originates from liver production during the night. On the other hand, rapid-
acting insulin should be adjusted mainly according to the quantity of orally ingested 
carbohydrates during the daytime. Since usually no food is consumed at night, having 
an identical blood glucose level at “bedtime” (blood glucose measured just before 
sleeping) and in the morning upon waking indicates that basal insulin was appropri-
ately dosed for the night, regardless of whether both values are high or normal. This 
is also reflected in a bathtub curve. Therefore, comparing “bedtime” blood glucose to 
morning levels is a crucial aspect in evaluating blood glucose profiles.

A nearly physiological ratio of basal insulin to total insulin ranging from 30 to 50% 
is also indicative of optimal basal insulin dosing. Often, individuals with type 1 diabe-
tes themselves limit their daily carbohydrate intake to reduce the dose of rapid-acting 
insulin, consequently increasing the percentage of basal insulin (as was the case with 
the described patient, reaching 60%).

Sometimes, it can be challenging to estimate the appropriate proportion of basal 
insulin, especially when rapid-acting correction insulin (as a replacement for basal 
insulin) is used for higher blood glucose levels regardless of meals. A so-called “meal 
omission test” can be helpful: if blood glucose remains stable during the test, it can be 
assumed that the basal rate is set correctly. In the case of the described patient, who 
regularly conducted such tests, the basal rate was usually set accurately.

When the “bedtime” blood glucose is within the target range, but the morning 
blood glucose is elevated, three classic differential diagnoses should be considered 
(Figure 2). These differential diagnoses can be distinguished through an analysis of 
the overnight blood glucose measurements:

1. Excessive carbohydrate intake after nocturnal hypoglycaemia. The previously 
described Somogyi effect, which explained a counter-regulatory response with 
elevated morning blood glucose following nighttime hypoglycaemia, can lead 
to a similar profile. However, this effect is currently considered scientifically 
questionable to non-existent and is deemed highly unlikely due to the impaired 
adrenergic counter-regulation in long-standing type 1 diabetes. More often, the 
cause is excessive carbohydrate intake [17].

2. Insufficient basal insulin to cover hepatic glucose output during the night: 
continuous rise in blood glucose from the “bedtime” measurement until early 
morning; subsequently, regular elevated blood glucose levels in the morning, 
if the liver’s glycogen reservoir was sufficiently replenished with carbohydrates 
consumed orally during the day.

3. Dawn or sunrise phenomenon [18]: blood glucose level around 3 AM is identical 
to the “bedtime” reading; then there is a subsequent increase in blood glucose 
levels towards the morning; this can be explained by the circadian rhythm of 
endogenous insulin antagonists (such as adrenaline, growth hormone, glucagon, 
and cortisol).

Throughout the diabetes journey, such patients intentionally used insufficient 
basal insulin despite having hypoglycemic anxiety, even though their blood glucose 
levels were within the “bedtime” target range. A pronounced dawn phenomenon, 
which can also occur due to an innate circadian rhythm variation, was not present.
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Other reasons that contributed to increased blood glucose fluctuations and ac-
centuated the risk of nocturnal hypoglycemia during the course of the patient’s 
diabetes journey were:

Theoretical model representation, see Figure 2.

1. Under the immunosuppressive corticosteroid therapy following the pancreas 
transplant, daytime blood glucose levels increased due to the stimulation of 

Figure 2. 
Typical blood glucose daily profiles: model theoretical representation. Explanation and most common causes, see 
Table 1. Adapted from Fetian et al. [11].
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gluconeogenesis in the liver. Consequently, this led to nocturnal hypoglycemia as 
a result of the liver’s depleted glucose reservoir.

2. The developing renal insufficiency necessitated a gradual reduction in insulin 
dosage for the patient due to the diminished breakdown of insulin, which occurs 
to about one-third through renal pathways.

3. In addition to the mentioned “bathtub curve,” there are various other blood 
glucose daily profile patterns well-known to diabetologists, such as the peak, 
valley, hill, sky, or erratic (unpredictable) blood glucose curve. In Figure 2 and 
Table 1, the manifestation and causes of these daily profiles are theoretically 
summarized. Over the course of her illness, the patient experienced each of these 
characteristic curve patterns repeatedly.

The long-term care of patients with type 1 diabetes requires a significant amount 
of experience and interdisciplinary collaboration. Patients with type 1 diabetes 
frequently encounter new situations that demand flexible and differentiated 
responses. In addition to well-established and often non-textbook knowledge (such 
as the reasons leading to typical blood glucose daily profiles, often conveyed by 
experienced diabetologists), patients should also be continuously offered the latest 
technological aids.

The presented case illustration depicted an extreme course of type 1 diabe-
tes, through which many situations that diabetologists regularly encounter were 
described. When patients receive appropriate training from the outset of type 1 dia-
betes diagnosis, they often have a good chance of managing the condition effectively 

Name of the 
theoretical model 
of the blood glucose 
curve

Description of blood glucose Most common causes of blood glucose curves 
in type 1 diabetes with 3 main meals and basal/
bolus insulin

Peak Increasing over the day, 
decreasing at night

Excessive basal insulin at night, carbohydrate/
insulin imbalance during all meals throughout 
the day

Sky All blood glucose values high Insufficient daytime insulin, as there is no 
overnight rise in blood glucose levels, the basal 
insulin is at least sufficient during the night

Valley Decreasing over the day and 
gradually increasing over the 
night

Insufficient basal insulin at night, morning 
bolus insulin for not yet optimally achieved 
postprandial target values

Hill Short-term blood glucose 
increase

Inadequate bolus insulin relative to carbohydrates 
during a meal

Bathtub Higher at night compared to 
daytime.

Carbohydrate/insulin imbalance during dinner

Erratic Unpredictable, constantly 
changing blood glucose values 
(blue day 1/yellow day 2)

Insulin-carbohydrate ratio rarely adjusted or 
lipodystrophies causing irregular subcutaneous 
insulin absorption or lack of adjustment for 
intense physical activity

Table 1. 
Explanation and most common causes for typical blood glucose daily profiles.
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in their daily lives. This can help maintain their quality of life and significantly reduce 
the risk of a shortened lifespan [11]. Overall, such dramatic courses, involving nearly 
all conceivable complications as in the present case, remain exceptions.

The patient demonstrated remarkable perseverance, never giving up and continu-
ously striving to manage her “brittle diabetes.”

3. Conclusion

Type 1 diabetes patients experience a wide array of blood glucose profiles through-
out the course of their illness. The underlying causes are often ambiguous and diverse, 
influenced by factors such as dietary habits, physical activity, improper handling 
of technology, side effects of insulin therapy or other treatments, comorbidities, 
and stress. Occasionally, blood glucose profiles can be quite suggestive, as seen in 
intentionally accepted high nighttime blood glucose levels due to hypoglycemic fear, 
resulting in a “bathtub curve” (elevated blood glucose in the morning and at “bed-
time,” but normal during the day). The assessment of blood glucose profiles is central 
to the education and care of patients with type 1 diabetes.

The case demonstrates that even experienced diabetologists find that the existing 
tools of insulin therapy might not suffice to avoid such blood glucose daily profiles. 
However, it is hopeful that the planned “semi-closed-loop” insulin therapy for the 
patient will significantly improve blood glucose levels.

4. Summary

Blood glucose daily profiles of patients with diabetes are of paramount importance 
for better disease management and continue to pose a challenge for diabetologists. In 
the present case of a patient with long-standing type 1 diabetes and severe complica-
tions, a characteristic “bathtub” profile of the blood glucose curve is showcased. This 
specific pattern stems from the patient’s behavior driven by nocturnal hypoglycaemic 
fear. The patient intentionally allows her blood glucose to rise after dinner until the 
morning, only lowering the blood glucose levels after waking up the next morning. 
Through this example, differential diagnostic considerations for various commonly 
occurring blood glucose daily profile patterns are discussed.
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Estimation of HbA1c and Impact  
of Continuous Glucose Monitoring 
in Hypoglycemic States
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Abstract

Glycosylated hemoglobin (HbA1c) is formed when glucose combines with 
hemoglobin present in red blood cells making it glycated. Hypoglycemia is presented 
by less sugar binding with the hemoglobin compared to in hyperglycemia. HbA1c is 
considered to be a gold standard for measuring glycemic index in diabetic patients. 
This indicates the burden of blood glucose in subjects with diabetes mellitus. As the 
normal life span of red blood cells (RBCs) is 90–120 days, therefore HbA1c predicts 
the average glucose level of 90 days period. Currently, it is being used to combat the 
burden of diabetes worldwide. There are several cost-effective and high sensitivity 
& specificity techniques that are being used for the measurement of HbA1c. Most 
advanced methods include HPLC and enzyme-based. However, there are some vari-
ants of hemoglobin that interfere with it. As this is one of the essential parameters to 
study the progression of diabetes in a patient, a cost-effective and reliable method is 
required for the estimation.

Keywords: glycosylated hemoglobin, diabetes mellitus, hypoglycemia, quantification, 
HbA1c

1.  Introduction

The overall burden of type 2 diabetes mellitus has a rising trend in the world. 
The global prevalence of diabetes among the general population was estimated at 
150 million in 1995, which is projected to increase to 300 million by 2025 [1, 2]. 
Management of glycemia in diabetes patients is the need of the hour. Hemoglobin A1c 
(HbA1c) or glycated hemoglobin (GHB) is a diagnostic biomarker that is extensively 
used routinely worldwide in the management of individuals with glucose intoler-
ance to monitor long-term glycemic control and to assess the risk of developing 
complications. HbA1c is the advanced product of glycosylation reaction between 
sugar and protein that is very stable and is almost unaffected by the fluctuation of 
blood glucose. Currently, it is recognized as the gold standard for long-term glycemic 
control. HbA1c was discovered in the late 1960s by Samuel Rahbar, as a fast-moving 
hemoglobin in diabetic patients. He reported that two diabetic patients out of 1200 
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subjects had an abnormal fast-moving hemoglobin fraction [3]. Bookchin and Gallop 
confirm their structure while separating hemoglobin fragments that had a hexose 
moiety linked to the N-terminus of the f3-globin chain. Later, Anthony Cerami also 
contributed to the development of HbA1c as a clinical marker. This breakthrough 
came in 1968 and was not immediately appreciated broadly. Its use as a marker of 
glycemic control has gradually increased over the last four decades [4]. The American 
Diabetes Association (ADA) acknowledged the work of Rahbar in the year 2012, and 
in past decades, HbA1c gained attention as gold standard for screening of glycemic 
control, making it a convenient method for both doctor and patient, for the first time, 
to critically assess the impact of lifestyle changes and medication on long-term health 
[5, 6]. Diabetes Control and Complications Trial (DCCT) and ‘The United Kingdom 
Prospective Diabetes Study’ (UKPDS) demonstrated the utility of HbA1c in screening 
of diabetes and its associated complications. Specific targets have been set for HbA1c 
for the management of DM [7, 8].

Studies including UKPDS and DCCT claimed that for every 1% reduction in HbA1c 
value, there is a 37% reduction in micro-vascular complications especially incidence 
of diabetic retinopathy. It has been understood from a different study that sustained 
hyperglycemia is an important determinant of the long-term complications that have 
renewed interest in monitoring the control of diabetes [7, 9, 10].

In patients with type 1 diabetes mellitus (T1DM), HbA1c is the major limiting 
factor in attaining reasonable glycemic control [10]. In one of the previously published 
studies named The Diabetes Control and Complications Trial (DCCT), quadratic 
association was observed between HbA1c and the severe hypoglycemia which in brief 
demonstrates that when the HbA1c decreased the severity of hypoglycemia is increased 
[11, 12]. The results of this study were again attested by the EURODIAB IDDM 
complication study in which it was observed that 40.1% of patients having HbA1c of 
36 mmol/mol (5.4%) were found affected by severe hypoglycemia compared to HbA1c 
of 24.3% patients with a limit of 62 mmol/mol (7.8%) [13]. On other hand, a contradic-
tory recent study showed no significant association between HbA1c and hypoglycemia 
in children and adults [14–18]. Importantly, several other studies indicate that other 
factors, such as hypoglycemia awareness status and duration of diabetes, might be 
more important in identifying individuals prone to severe hypoglycemia [19–21].

In another study named as Action to Control Cardiovascular Risk in Diabetes 
(ACCORD), it was observed that episodes of severe hypoglycemia increase the risk 
for developing cardiovascular episodes and mortality in patients with type 2 diabetes 
mellitus having high concentrations of HbA1c concentrations. Until now, nonethe-
less, not many examinations have investigated whether shifting HbA1c values might 
represent various lengths of hypoglycemia in type 2 diabetic patients getting hypo-
glycemic medications that could cause hypoglycemia. In one of the previous studies, 
authors administered basal-bolus treatment as surveyed by concealed CGM and 
found that few study participants have a middle HbA1c worth of 52 mmol/mol (6.9%) 
(range, 6.3–8.6). Considering that both the scope of postprandial glucose increment 
and the chance to postprandial pinnacle glucose values were demonstrated to be most 
noteworthy after breakfast in these patients, reasoning is recommended for focusing 
on post-breakfast glucose increments for treatment in type 1 diabetic patients.

The objectives of glucose-bringing down treatment in type 2 diabetes are to dimin-
ish the gamble of diabetes confusions while limiting damages related with treatment 
and consequently increment both life span and well-being-related personal satisfac-
tion. Concentrated glucose-bringing down systems unobtrusively decrease the gamble 
of substitutes for micro-vascular difficulties, yet the advantages for macro-vascular 
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results are less clear [12, 22–25]. A new position explanation from the American 
Diabetes Affiliation (ADA) has called for individualized dynamic in diabetes that 
coordinates patient objectives and inclinations and considers the advantages and dan-
gers related to treatment to set glycemic focuses for care [26]. The ADA and American 
Geriatrics Society have made comparative suggestions for more seasoned patients 
with diabetes [27]. In any case, information was missing on the best way to individual-
ize glycemic targets. A few examinations of observational information have zeroed 
in on figuring out what concentrations of glycemic control boost benefits [28, 29]; 
however, less is realized about the dangers related to different degrees of glucose 
control. Hypoglycemia is the most widely recognized antagonistic impact of diabetes 
treatment and is related with ominous well-being results (higher gamble of dementia, 
falls, fall-related cracks, cardiovascular occasions, chronic weakness–related personal 
satisfaction, and expanded mortality). Accordingly, information on the connection 
between glucose control and chance of serious hypoglycemia is basic for coming to 
educated conclusions about type and power regarding treatment [30–37].

Study participants with having lower-side HbA1c were presented by high episodes 
of hypoglycemia. On contradictory, DCCT stated an inverse association between 
HbA1c and extreme episodes of hypoglycemia especially in participants with type 1 
diabetes. Randomized controlled studies performed in preliminary settings demon-
strated that in both type 1 and type 2 diabetes mellitus lower HbA1c is positively associ-
ated with frequency of hypoglycemia episodes. In of the pioneer ACCORD trial, it has 
been observed that increased hypoglycemia risk in type 2 diabetic participants with 
poorer glycemic control compared with subjects with more desirable HbA1c levels [38]. 
In this trial, both arms, (treatment and the control) showed poor glycemic control with 
the hypoglycemia events. Earlier observational examinations have yielded clashing 
outcomes; some have demonstrated expanded hazard of hypoglycemia at lower HbA1c 
concentrations [39], while others have shown positive associations between HbA1c 
and hypoglycemia, yet these earlier investigations were not really explicitly intended to 
test the relationship among HbA1c and hypoglycemia. In addition, most examinations 
depended on hypoglycemic occasions that came to clinical consideration (as deter-
mined from crisis division or medical clinic records) and in this manner might miss 
most of occasions that are treated beyond the clinical framework.

2.  Structure of glycosylated hemoglobin

There are many different types of glycosylated hemoglobin. All the glycosylated 
hemoglobins have a carbohydrate moiety (glucose or a derivative) attached to one of 
the globin chains through glycation. Glycation is the nonenzymatic reaction in which 
the addition of glucose to amino groups of proteins takes place. HbA1c is glycated 
hemoglobin in which glucose is bound specifically to the N-terminal valine of the 
hemoglobin β chain. HbA1c constitutes the major portion of the glycated hemoglobin 
[40]. The heterogeneity of hemoglobin of human beings has been demonstrated for 
the first time by Allen et al. in 1958 using cation exchange chromatography. Similar 
results were obtained using electrophoresis by other scientists, which established the 
identity between Hb fractions separated by chromatography and by electrophoresis. 
Experiments showed that there was a major difference between the elution of minor 
Hb peaks and major HbA fraction. Minor Hb is known as ‘fast hemoglobins’ or HbA1, 
and major Hb were eventually called as HbAo [40]. These peaks were named based 
on their chromatographic elution order. After several experiments, it was highlighted 
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that these Hb fractions are formed by the combination of the different components 
to HbA leading to change in the physiological and biochemical properties of the 
molecule, which is also a basis for their separation. It was unequivocally discovered 
that glucose is the major compound responsible for the formation of HbA1c, also 
considered to be an Amadori product formed by the binding of glucose to the β -N- 
terminal valine residues of globin chains, rearranged into 1-deoxy-1-N-valyl-fructose 
and present in the ring form [41]. The bonding is irreversible so it cannot be dissoci-
ated. Similarly, HbA1a1 and HbA1a2 were characterized by the binding of fructose-
1,6-bisphosphate and glucose6-phosphate to the β globin N-terminal extremities of 
hemoglobin, respectively. Other normal hemoglobin species like HbA 2 and HbF are 
also glycated like HbA; however, the glycation kinetics is different. Advanced glyca-
tion end products (AGEs) is formed by a continuous process of the anabolism of car-
bohydrates with proteins especially with long half-lives mainly by oxidative processes, 
which plays a major role in degenerative long-term complications of diabetes mellitus 
and other chronic diseases [5, 41–43]. Figure 1 demonstrates the structural alterations 
in Hb during non-enzymatic glycosylation.

3.  Techniques to measure glycosylated hemoglobin

HbA1c can be separated easily based on a difference in net charge, unlike other 
HbA fractions. For the measurement of HbA1c, whole blood samples are collected in 
EDTA vials that can be stored at 4°C for a week or at −70°C or colder for a period of 
one year. Methods used for the measurement of HbA1c are boronate affinity method, 
enzymatic method, affinity chromatography, high-performance liquid chroma-
tography, isoelectric focusing radioimmunoassay, spectrophotometric assay, and 
electrophoresis/electroendosmosis.

3.1  Boronate affinity method

Boronate affinity chromatography is among the priority methods that is not 
influenced by the presence of other Hb variants [42, 43, 45]. In this method, m-amino 

Figure 1. 
Non-enzymatic glycosylation of Hb (adopted from Ref. [44] under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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phenylboronic acid reacts specifically with the cis-diol groups of glucose bound to 
Hb. This method measures total glycated GHB, including HbA1c and Hb glycated at 
other sites [46].

3.2  Enzymatic method

It measures HbA1c by using an enzyme that specifically cleaves the N-terminal 
valine [5, 41–43].

3.3  Affinity chromatography

In this method, the diol moieties in glycosylated hemoglobins are absorbed 
selectively, allowing separation from unmodified hemoglobin. This technique 
is less sensitive to changes in temperature and pH, and the columns used in this 
method can be regenerated easily. It is mostly used to study diabetes in laboratory 
animals with heterogeneous hemoglobins that complicate assay by other  
methods [43].

3.4  High-performance liquid chromatography

Apart from being more costly and labor-intensive, HPLC method is a more sophis-
ticated method that offers greater precision and allows the separation of the various 
components of HbA [42, 43, 45]. Ion-exchange HPLC separates Hb species based on 
charge differences between HbA1c and other hemoglobins.

3.5  Isoelectric focusing

Isoelectric focusing is valuable as a research method because of its high resonance. 
The main advantage of this method is that it can identify different variants and HbA1c 
is readily separated from the intermediate Schiff base [42, 43, 45].

3.6  Radioimmunoassay

For measuring HbA1c through radioimmunoassay, a specific antibody is required. 
The method has not yet been developed for general use. Most of the available immu-
noassays measure HbA1c specifically by antibodies that recognize the structure of the 
N-terminal glycated amino acids of the Hb β chain.

3.7  Spectrophotometric assay

This method is based on phytic acid-binding to hemoglobin and its optical absorp-
tion properties as glycosylated hemoglobin does not bind phytic acid. The method 
requires a precision spectrophotometer with high resolution [42, 43, 45].

3.8  Electrophoresis/electroendosmosis

Conventional electrophoretic techniques have not proved suitable for the assay of 
Hb A as glycosylation of hemoglobin changes its isoelectric point by only 0–01 pH 
unit. Also, in the modern era, reading of the plates requires the careful setting of the 
scanning densitometer to the correct baseline [42, 43, 45].
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There is a requirement of the reference range for each method. It may be possible 
that there may not even be a linear relationship between results obtained using dif-
ferent methods. The optimum incubation temperature, dilution, and length of time 
necessary is a topic of research these days.

4.  Application in management of diabetes

The glycosylated hemoglobin is simple, objective, and representative of aver-
age blood glucose concentrations over several weeks and is considered a reliable 
yardstick of diabetic control. As the normal life span of red blood cells (RBCs) is 
90–120 days, therefore HbA1c predicts the average glucose level of 90 days period. 
As per American Diabetes Association, for best management of diabetes patients, 
the target of HbA1c should be below 53 mmol/mol (7%); however, for diagnosis 
purpose, subjects with HbA1C level less than 39 mmol/mol (5.7%) are categorized 
as subjects with normal glucose tolerance, and between 39 mmol/mol (5.7) and less 
than 48 mmol/mol (6.5%) have been considered to be prediabetic, while A1C level 
of 48 mmol/mol (6.5%) or higher represents diabetes range [1]. It is independent 
of patient compliance and not affected by short-term fluctuation if steps are taken 
to remove aldimine [43, 45, 46]. Freedom from the dramatic short-term complica-
tions of diabetes (ketoacidosis and hypoglycemia) cannot be guaranteed as good 
diabetes control. Many patients will feel perfectly well even after having blood 
glucose concentrations in the mid or upper teens (mmol/l) for long periods [45–47]. 
Random blood glucose measurements, especially in insulin-treated patients, have 
considerable fluctuations even during a single day and can be quite misleading. The 
home urine testing is also unreliable in terms of diabetes control. There are very few 
patients motivated enough to present to the clinic with carefully recorded values of 
regular glucose testing. As the renal threshold is not constant, even reliably collected 
results may still be misleading. Although HbA1c is a useful parameter in terms of 
whether overall glucose control is good or bad, it neither specifies at what time of 
day blood glucose is high nor specifically indicates that any event of hypoglycemia 
has occurred [41]. At the same time, we cannot estimate the overall blood glucose 
control status through the blood glucose value taken at any specific time. Therefore, 
HbA1c and regular home blood glucose monitoring should be looked upon together, 
each complementing the information provided by the other.

The main advantage of HbA1c is that it is not affected or least affected by the blood 
fluctuating concentrations and other medical conditions. However, some factors 
affect the HbA1c concentrations. The life span of erythrocytes can affect the HbA1c 
values. Other factors like anemia in patients with chronic kidney disease, hemolytic 
anemia, on erythropoietin use can also affect the HbA1c concentrations. Iron defi-
ciency can also correlate with false HbA1c values. Pregnancy is also among the major 
contributing factors for false reading of HbA1c [43].

5.  Significance of HbA1c in hypoglycemia

It has been observed that hypoglycemia is primarily occurred due to overuti-
lization of metabolic fuel glucose due to hyperinsulinism and significant reduc-
tion of blood sugar concentrations that directly affect the hemoglobin structure 
and thereby take part in chemical modifications of hemoglobin. This chemical 
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HbA1c ‘old’ HbA1c ‘new’ HbA1c ‘old’ HbA1c ‘new’

4.0 20 9.1 76

4.1 21 9.2 77

4.2 22 9.3 78

4.3 23 9.4 79

4.4 25 9.5 80

4.5 26 9.6 81

4.6 27 9.7 83

4.7 28 9.8 84

4.8 29 9.9 85

4.9 30 10.0 86

5.0 31 10.1 87

5.1 32 10.2 88

5.2 33 10.3 89

5.3 34 10.4 90

5.4 36 10.5 91

5.5 37 10.6 92

5.6 38 10.7 93

5.7 39 10.8 95

5.8 40 10.9 96

5.9 41 11.0 97

6.0 42 11.1 98

6.1 43 11.2 99

6.2 44 11.3 100

6.3 45 11.4 101

6.4 46 11.5 102

6.5 48 11.6 103

6.6 49 11.7 104

6.7 50 11.8 105

6.8 51 11.9 107

6.9 52 12.0 108

7.0 53 13.0 119

7.1 54 13.1 120

7.2 55 13.2 121

7.3 56 13.3 122

7.4 57 13.4 123

7.5 58 13.5 124

7.6 60 13.6 125

7.7 61 13.7 126

7.8 62 13.8 127

7.9 63 13.9 128
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modification pathway is contributed in two ways (1) reduced concentrations of 
blood glucose cause proportional decreases in concentrations of glycosylated hemo-
globin and (2) simultaneous significant perturbations of a part of hemoglobin take 
place. Therefore, in the episodes of hypoglycemia due to varying reasons causes 
lowering concentrations of glycosylated hemoglobin compared to the hyperglyce-
mia and normoglycemia. HbA1c in case of hypoglycemia reflects the mean blood 
glucose concentrations as in hyperglycemia. Further studies are needed in this 
direction to establish a strong relationship between hypoglycemia and glycated 
hemoglobin that can be used in diagnosis and characterization of hypoglycemia 
and also its management. In one of the previously published studies, it was found 
that the amounts of HbA, in hypoglycemia samples, were found to be higher than 
expected from the correlation that is known to exist between the amount of sugar 
bound to the total Hb and the ‘amount of HbA’ in normal and diabetic samples 
[29]. This may be of practical interest in biomedicine, particularly when HbA, 
measurements are used for glucose level estimates in diabetic patients with frequent 
episodes of hypoglycemia (Table 1) [49–52].

6.  Conclusion

Glycosylated hemoglobin currently is a gold standard method for management 
and diagnosis of diabetes mellitus worldwide. While some obstacles remain in 
the analysis of HbA1c, it has come a long way over the past few decades. With the 
development of the international harmonization, HbA1c assessment got recognition 
in the guidelines and is currently recommended as a test for diagnosis, assessment, 
and management of diabetes mellitus. Moreover, with some cofounding interfering 
factors, still, HbA1c is one of the best choices for clinicians and physicians. Several 
sophisticated research methods for quantification of HbA1c are available that are very 
efficient and effective in measuring the concentrations of HbA1c with higher specific-
ity and sensitivity.

HbA1c ‘old’ HbA1c ‘new’ HbA1c ‘old’ HbA1c ‘new’

8.0 64 14.0 130

8.1 65 14.1 131

8.2 66 14.2 132

8.3 67 14.3 133

8.4 68 14.4 134

8.5 69 14.5 135

8.6 70 14.6 136

8.7 72 14.7 137

8.8 73 14.8 138

8.9 74 14.9 139

9.0 75

Table 1. 
Glycated hemoglobin conversion table: Older DCCT-aligned (%) and newer IFCC-standardized (mmol/Mol) 
concentrations (adopted from Ref [48]).
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Chapter 6

Perspective Chapter: Crosstalk 
between Bone Metabolism and 
Insulin Resistance
Venera Berisha-Muharremi

Abstract

Bone has traditionally been considered a passive organ, serving only as a scaffold 
for other organs and the entire body. However, over the past few years, an increasing 
number of studies have highlighted its function as an endocrine organ regulating energy 
and adipose tissue metabolism by producing undercarboxylated osteocalcin (ucOC). In 
mice, ucOC administration through different routes has been explored for its potential as 
a therapeutic or preventive method for reducing adipocyte size and normalising glucose 
homeostasis. The discovery of these endocrine properties of ucOC in rodent models 
for obesity prevention and treatment necessitates evaluating the association of ucOC 
with insulin resistance and obesity-related parameters in humans. This study aimed to 
investigate the association between total osteocalcin and ucOC, which is proposed as the 
active form in rodent models, with glucose metabolism markers, insulin resistance, and 
obesity-related parameters (i.e. Haemoglobin A1c, fasting glucose, and insulin resistance 
evaluated by homeostasis model assessment) in individuals who are overweight or 
obese. This study concluded the possible correlation of ucOC, with insulin resistance and 
highlights that waist/hip ratio can be a predictor of ucOC.

Keywords: osteocalcin, undercarboxylated osteocalcin, bone metabolism, insulin 
resistance, obesity

1.  Introduction

The number of people suffering from metabolic syndrome (MetSy) is increasing 
globally. MetSy is a group of risk factors for various conditions, including insulin 
resistance, hypertension, high triglyceride levels, low high-density lipoprotein levels, 
and abdominal obesity, where the key problem seems to be insulin resistance. These 
factors put individuals at a higher risk of developing cardiovascular disease and type 2 
diabetes (T2D) [1].

Recent studies have suggested the existence of a close relationship between bone 
metabolism and the metabolism of energy, glycaemia, and insulin, mediated by osteocal-
cin (OC) [2, 3]. Endocrinologists have traditionally considered bone an organ, where the 
actions of only classic hormones (such as steroids, parathyroid hormone, and calcitonin) 
were known. Bones were considered merely a part of the skeleton, a supportive system. 
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However, results from research in the past few decades have demonstrated that bone 
mass is also regulated by fat through leptin, which acts upon the brain, and downstream 
through the hypothalamic relay and sympathetic nervous system [4–7]. Based on these 
findings, from an endocrine perspective, it can be speculated that there is a feedback 
mechanism. Indeed, research and experiments involving rodent models suggest a new 
possible role for bone by producing OC, which acts as a hormone that influences insulin 
production and sensitivity, glucose utilisation, and energy expenditure [6–8]. Reviews of 
these findings have been published [6–11].

OC (also called bone γ-carboxyglutamic acid protein) is a bone protein secreted by 
osteoblasts consisting of 46–50 residues (Figure 1) [6, 7, 12] that undergoes posttransla-
tional modification by vitamin K dependent γ-carboxylation of three glutamic acid resi-
dues [6, 7, 13]. Undercarboxylated osteocalcin (ucOC), which is the OC form with a lower 
binding affinity to bone, has fewer than three carboxylated residues [5–7]. In human 
serum, both forms can be found and measured. OC, until recently, was used only as a 
useful marker of bone formation. It is expressed by mature osteoblasts, binds strongly to 
hydroxyapatite, is stored in the bone matrix, and is released into the circulation [5–7].

Mutant mice without osteocalcin (OC _/_ mice) show no remarkable bone phenotype 
but appear hyperglycaemic and have increased visceral fat [6, 7, 14]. On the other hand, 
mutant mice with deletion of the Esp gene (Esp _/_ mice), a gene encoding a receptor-like 
protein (osteotesticular protein tyrosine phosphatase [OST-PTP]), resulting in a pheno-
type opposite that of OC _/_ mice. Esp _/_ mice present with increased pancreatic islet size, 
β-cell number, and circulating insulin levels; increased insulin sensitivity despite hypo-
glycaemia; decreased visceral fat mass; increased expression of insulin target genes in the 
liver and muscle; increased energy expenditure; and unaffected food intake [2, 6, 7].

In ex vivo experiments, OC stimulates insulin expression in β cells and adiponec-
tin, an adipokine whose overexpression enhances insulin sensitivity [6, 7, 15]. Insulin 
production and insulin sensitivity have been indicated to be enhanced by either OC 
addition or OC overproduction by osteoblasts. In vivo treatment of normal mice with 
non-γ-carboxylated OC generated by bacterial expression has resulted in increased 
pancreatic β-cell numbers, insulin secretion, energy expenditure, and insulin sen-
sitivity, so it has the opposite effect on metabolism as that in OC _/_ mice [6, 7, 16]. 
Hence, Esp _/_ mice are also protected from diabetes, similar to treated mice with non-
γ-carboxylated OC; alternately, bone-specific overexpression of OST-PTP results in a 
phenotype identical to that of OC _/_ mice. Therefore, the hypothesis has been made 
that OST-PTP is responsible for inactivating OC through γ-carboxylation [3, 6, 7].

It can be summarised that OC can act and be considered a hormone. However, its 
regulation is not yet fully understood, and receptor-like proteins, such as OST-PTP, 

Figure 1. 
Osteocalcin structure [6–8]. Three glutamic acid residues are present at positions 17, 21, and 24, and a disulphide 
bridge is present between residues 23 and 29.
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may be involved in its signalling pathways, which are still unclear [6, 7]. The initial, 
definitive information about the role of OC, as a circulating hormone and especially 
its undercarboxylated fraction, in energy metabolism and particularly in the regula-
tion of insulin secretion came from studies in mouse models where the experimental 
production of OC was either deactivated or increased [6, 7].

A similar OST-PTP as in mice has not been identified in humans. However, the 
OC level in human blood appears to be significantly lower in individuals with dia-
betes than in nondiabetic controls, and the level is inversely related to adiposity and 
blood glucose levels [6, 7, 17, 18]. Even in postmenopausal women, the OC level was 
significantly lower in subjects with T2D than in nondiabetic controls [19]. In a study 
that evaluated the effects of a hypocaloric diet and exercise, OC levels were positively 
associated with insulin sensitivity and negatively associated with triglyceride levels in 
a fasting state [20]. Serum OC level has been demonstrated to be associated with glu-
cose metabolism and other atherosclerosis parameters in patients with T2D [21, 22]. 
Even in gestational diabetes, a higher OC level is observed compared to pregnancies 
with normal glucose levels [23]. In individuals with poorly controlled diabetes, only 
after 1 month of treatment and good glycaemic control was an increase in OC levels 
observed, while serum adiponectin did not show a difference before and after glycae-
mic control. However, the baseline level of adiponectin appears to predict the benefi-
cial bone response [24]. Overall, in most studies, it can be concluded that the OC level 
increases in individuals with T2D after glycaemic control improvement [6, 7, 25–27].

Most publications on OC in humans were designed to study the effect of diabetes 
on bone remodelling and then, after the discovery of the endocrine effect, to retro-
spectively analyse the OC level of patients with diabetes [20, 21]. They were not ini-
tially designed to assess the effect of OC on insulin resistance or energy metabolism. 
Therefore, the exact role of OC in regulating insulin resistance cannot be conclusively 
determined yet and remains to be clarified.

Moreover, most previous clinical studies that have investigated the possible meta-
bolic effects of OC did not differentiate total osteocalcin (TOC) from ucOC, which in 
rodents has been indicated to be the active form with metabolic effects. Experimental 
data has concluded that ucOC is involved in metabolism [3, 11]. Additionally, recent 
data from healthy children suggest a similar state in humans [28]. Studies in humans 
have indicated that improved glycaemic control increases the TOC level, but this does 
not necessarily mean that the same effect occurs for ucOC. Additional studies on the 
ucOC level are needed to clarify the effects of glycaemic control and insulin resistance 
improvement on this suggested hormone and vice versa.

TOC has been found to correlate with a decrease in insulin resistance and stimulate 
the production of insulin from the pancreas [12, 29]. Serum OC levels correlate with body 
mass index (BMI), C-reactive protein, insulin, and waist circumference [30]. OC levels 
have shown a significant negative correlation with insulin resistance (homeostasis model 
assessment for insulin resistance [HOMA-IR]) and waist/hip ratio [31]. Thus, serum OC 
levels in MetSy and insulin resistance could potentially be a new area to explore therapeu-
tically. However, its role in clinical practice, especially the influence of the undercarbox-
ylated form of this hormone on insulin sensitivity and vice versa, needs to be established.

This study, for the first time, aimed to investigate the relationship between not 
only TOC but also its supposed active fraction, ucOC, and insulin resistance as a 
companion occurrence of overweight and obesity in individuals without any medical 
treatment affecting their OC levels [32]. Furthermore, the study aimed to determine 
the correlation of both forms of OC with insulin resistance markers, glucose metabo-
lism, and other obesity-related parameters in overweight and obese individuals [32].
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2.  Methodology

In a cross-sectional study, 123 consecutive persons, female (n = 82) and male (n = 41), 
with overweight and obesity (WHO criteria) [33] and aged 19–79 years were evaluated. 
The exclusion criteria were as follows: any pharmacologic treatments (not to interfere 
with study results), current or former smoking, pregnancy, and lactation, a history of 
type 1 diabetes mellitus, renal disease or renal failure, severe liver disease, HIV infection, 
known haematological diseases, eating disorders, or any psychiatric illness, functional 
thyroid disease, a history of bariatric surgery, malignancy, and metabolic bone disease.

Patient data were collected at Endomedica Polyclinic, Prishtina, Kosovo, between 
February 2022 and February 2023. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the Committee of Ethics of the Faculty of 
Medicine, University of Prishtina, Kosovo (project identification code: 2679).

2.1  Clinical data: patient history

The data collected included answers to questions about the duration of overweight 
and obesity, family history, drug treatment, smoking, physical activity, and signs of 
other diseases or obesity complications. A physical examination was performed for 
each patient, including blood pressure measurements and measurements of weight, 
height, waist circumference, and hip circumference. Waist/hip ratio and BMI (weight 
[kg] divided by height2 [m]) were calculated.

2.2  Analytical procedure: biochemical measurements

Blood was taken after a sober period at night. Commercial kits were used for 
biochemical parameters, and standard methods were recommended for routine 
biochemical tests. Fasting glucose, fasting insulin, Haemoglobin A1c (HbA1c), 
TOC, and ucOC levels were measured. Insulin resistance was assessed at the basal 
state—estimated by the homeostasis model assessment (HOMA) for insulin resis-
tance (HOMA-IR), estimated steady state of β-cell function (HOMA%B), and insulin 
sensitivity (HOMA%S) [34] and calculated, using a downloaded calculator, from 
fasting blood glucose and fasting insulin level [35].

2.3  Statistical analyses

Median and interquartile range as variable summary parameters are used. A 
comparison between groups was made with the independent samples using the Mann-
Whitney U test. The correlation between variables was tested with the Spearman cor-
relation test, and linear regression tests were used to analyse the dependent variables: 
TOC and ucOC.

3.  Results

The median age of the participants was 38 years (interquartile range: 30–45 years), 
and as shown in Table 1, no statistically significant difference was found between 
men and women (p > .05). Men were found to have higher levels of BMI, waist/hip 
ratio, HbA1c, Fasting blood glucose (FBG), insulin, β-cell function (HOMA%B), 
and insulin resistance (HOMA-IR) compared to women (p < .05; Table 2). However, 
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women had higher levels of HOMA%S, TOC, and ucOC compared to men (p < .05). 
About 32% of the men and 19% of the women in the study sample were in the obese 
class 3 category (Figure 2). Approximately 13% of the women and 15% of the men 
included in the study had hypertension (Figure 3). In addition, 8% of women and 
12% of men had T2D (Figure 4).

Figure 2. 
Distribution based on body mass index.

Figure 3. 
The prevalence of hypertension among the study participants.
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We found a low negative correlation of TOC with age, BMI, FBG, and HbA1c and a 
medium negative correlation with waist/hip ratio, insulin, β-cell function, and insulin 
resistance (p < .05). Furthermore, there was a medium correlation of TOC with 
HOMA%S (p < .05).

We found a low negative correlation of ucOC with FBG and HbA1c and a medium 
negative correlation with BMI and HOMA%B. However, ucOC was negatively correlated 
with insulin (Figure 5), and we found a very strong negative correlation between ucOC 

Figure 4. 
The prevalence of diabetes among the study participants.

Figure 5. 
Negative correlation between undercarboxylated osteocalcin and insulin.
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and waist/hip ratio (Figure 6). In addition, there was a strong positive correlation 
between ucOC and HOMA%S (p < .05). Multiple linear regression analyses indicated 
that age, waist/hip ratio, and HOMA%S are significant predicting factors for TOC, and 
according to the results, waist/hip ratio can predict ucOC (Table 3).

4.  Discussion

The knowledge that ucOC secreted from bone regulates glucose metabolism dates 
back to studies by the Karsenty group—which generated, for the first time, rodent 
models without OC and revealed that these mutant OC-null mice accumulated abnor-
mal amounts of visceral fat and exhibited severe glucose metabolism impairments 
[6, 7, 13, 36]. Because ucOC is an osteoblast-produced protein that enters the general 
circulation during bone remodelling [12, 36], it was speculated that ucOC is a hormone.

Studies with genetically modified rodent models have revealed that β cells in the 
pancreas are one of the major targets of ucOC as a hormone [36]. In OC _/_ mice, 
all the effects are reduced, including insulin secretion into the circulation; islet 
 number; β-cell area, mass, and proliferation; and pancreatic insulin content [6, 7, 36]. 

Figure 6. 
Strong negative correlation between undercarboxylated osteocalcin and waist/hip ratio.

Total osteocalcin Undercarboxylated osteocalcin

B (95% CI) P B (95% CI) P

Age −0.127 (−0.245 to −0.010) .034 — —

Waist/hip ratio −21.254 (−29.654 to −12.855) <.0001 −2.506 (−3.137 to −1.875) <.0001

HOMA%S 0.069 (0.040–0.097) <.0001 0.013 (0.004–0.022) .006

Insulin — — 0.012 (0.10–0.015) <.0001

Table 3. 
Correlation of total osteocalcin (TOC) and undercarboxylated osteocalcin (ucOC) with age, waist/hip ratio, 
homeostasis model assessment for insulin sensitivity (HOMA%S) value, and insulin level.



Glucose and Insulin Homeostasis

86

In contrast, mice deficient in OST-PTP (Esp _/_ mice) exhibit the opposite phenotype 
and enhanced growth factor-mediated signalling in osteoblasts, thereby representing 
a gain-of-function model for ucOC [6, 7, 36].

Subsequent studies have highlighted that ucOC stimulates insulin gene 
expression [13] and functions as an insulin secretagogue [36, 37]. In addition to its 
effect on pancreatic cells, ucOC indirectly promotes insulin secretion by stimulating 
the secretion of glucagon-like peptide 1 from the small intestine [38]. This sequential 
hormonal work initiated by ucOC and then mediated by glucagon-like peptide 1 was 
proposed to be called a bone gut metabolism flow [36, 39].

To close the loop between bone and the pancreas, two independent groups dem-
onstrated that insulin signalling in osteoblasts increases ucOC [36, 38, 40]. Moreover, 
infusion of ucOC for 2 weeks improved insulin sensitivity, and further experiments in 
animal models have demonstrated that insulin signalling in osteoblasts increases bone 
formation and, most importantly, OC production [36, 40]. Moreover, insulin signalling 
promotes OC decarboxylation, resulting in the release of circulating ucOC [36, 38].

Therefore, it was suggested that there is a regulatory loop between ucOC and 
insulin: insulin signalling in osteoblasts—which favours ucOC activity by promoting 
bone remodelling and, in turn, increases ucOC in the circulation. Increased ucOC 
levels then promote insulin production, secretion, and insulin sensitivity [36, 38, 40].

Afterwards, the next question centred on the applicability of ucOC’s ben-
eficial effects. ucOC administration via various routes to obese or even normal 
rodent models has been experimented with for eventual therapeutic or preventive 
effects [16, 36, 41]. Long-term oral administration even reduced adipocyte size in 
mice [36, 42].

As for the endocrine function of ucOC in humans, the role of OC in energy 
metabolism and insulin resistance has been examined in some cross-sectional and 
observational studies [2, 20, 36, 43–47], indicating that serum OC and/or ucOC nega-
tively correlate with blood glucose level, insulin level, insulin resistance, and obesity 
[2, 20, 36, 43–46] and are positively associated with serum adiponectin and insulin 
production [21, 36, 43, 45, 47]. The active form of OC has been considered a poten-
tially promising biomarker to classify cardiovascular risk and predict T2D prevalence 
in the MetSy population, especially for those without prevalent T2D [48].

Results from recent studies have indicated sex differences in the metabolic effect 
of ucOC, and Yasutake et al. showed a possible sex difference in rodent models in the 
effect of ucOC on glucose homeostasis [36, 42]. ucOC administered orally improved 
glucose homeostasis in female mice but did not have the same effect in males by 
causing glucose and insulin intolerance [36, 42]. In humans, decreased ucOC levels 
were found to be associated with hyperglycaemia and hyperinsulinemia much more 
in females than in males during an oral glucose tolerance test [36, 45]. In females with 
MetSy, increased circulating ucOC was detected with decreased TOC levels, but the 
same detection was not noted in their male counterparts [36, 49]. The responsibility 
for this gender difference has been attributed to testosterone. Studies have reported 
that increased ucOC levels promote testosterone production and secretion in male 
rodent models [36, 42, 50, 51]. Moreover, in clinical studies involving men with 
central obesity, TOC levels had a positive correlation with testosterone [36, 52]. The 
same applies to men with or without T2D [21, 36, 43]. In this study of individuals 
with obesity or overweight, women had higher levels of ucOC compared to men.

This study confirmed, as in other previous studies, the correlation of ucOC, which 
is supposed to be the active form of OC, with glucose metabolism, obesity markers, 
and insulin resistance and highlights that waist/hip ratio can be a predictor of ucOC.
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5.  Conclusion

In the last few years, a growing number of studies have elucidated the function 
of the bone as an active endocrine organ and, overall, the existing crosstalk between 
bone and insulin resistance. In addition to its effect as a possible insulin secretagogue, 
ucOC regulates overall metabolism and targets various organs and tissues, such as 
adipocytes, skeletal muscle, and the small intestine. Overall, these effects suggest that 
OC may play a role in protecting against insulin resistance and T2D.

Research into this area is ongoing, but it suggests that OC might be a target for 
developing new treatments for insulin resistance and T2D. However, more studies are 
needed to fully understand the mechanisms and potential therapeutic applications of 
OC in the treatment of insulin resistance.

This study confirmed that there is a correlation between the suggested active 
form of OC, ucOC, and insulin resistance as a companion occurrence of overweight 
and obesity in persons without any medical treatment affecting their OC levels and 
demonstrated that waist/hip ratio is a reliable measure to predict ucOC level in this 
population. However, the potential benefits of ucOC as a therapeutic agent for treat-
ing insulin resistance and MetSy in humans remain to be elucidated.

Acknowledgements

I acknowledge Bernard Tahirbegolli for their help in the statistical analysis of data 
for the work.

Conflict of interest

The author declares no conflict of interest.

Note

The study has not been published anywhere, but the data was presented as an 
abstract at the 30th European Congress of Obesity (2023), in Dublin, Ireland [32].

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Glucose and Insulin Homeostasis

88

References

[1] O’Neill S, O’Driscoll L. Metabolic 
syndrome: A closer look at the growing 
epidemic and its associated pathologies. 
Obesity Reviews. 2015;16:1-12

[2] Ferron M, Lacombe J. Regulation 
of energy metabolism by the skeleton: 
Osteocalcin and beyond. Archives 
of Biochemistry and Biophysics. 
2014;561:137-146

[3] Zoch ML, Clemens TL, Riddle RC. 
New insights into the biology of 
osteocalcin. Bone. 2016;82:42-49

[4] Ducy P, Amling M, Takeda S, 
Priemel M, Schilling AF, Beil FT, et al. 
Leptin inhibits bone formation through a 
hypothalamic relay: A central control of 
bone mass. Cell. 2000;100:197-207

[5] Karsenty G. Convergence between 
bone and energy homeostases: 
Leptin regulation of bone mass. Cell 
Metabolism. 2006;4:341-348

[6] Berisha-Muharremi V. Osteocalcin 
and Type 2 Diabetes Mellitus: The 
Hormonal Role of Osteocalcin in Human 
Glucose Metabolism. Saarbrücken: 
Lambert Academic Publishing; 2016

[7] Berisha-Muharremi V. Osteocalcin 
and type 2 diabetes mellitus [thesis]. 
University of Zagreb, School of 
Medicine; 2014. Available from: https://
www.repozitorij.mef.unizg.hr/islandora/
object/mef:5883/datastream/PDF 
[Accessed: 5 May 2024]

[8] Lee NK, Sowa H, Hinoi E, Ferron M, 
Ahn JD, Confavreux C, et al. Endocrine 
regulation of energy metabolism by the 
skeleton. Cell. 2007;130:456-469

[9] Lee NK, Karsenty G. Reciprocal 
regulation of bone and energy 

metabolism. Trends in Endocrinology 
and Metabolism. 2008;19:161-166

[10] Fukumoto S, Martin TJ. Bone 
as an endocrine organ. Trends in 
Endocrinology and Metabolism. 
2009;20:230-236

[11] Motyl KJ, McCabe LR, Schwartz AV. 
Bone and glucose metabolism: A two-
way street. Archives of Biochemistry and 
Biophysics. 2010;503:2-10

[12] Lee AJ, Stephen H, Richard E. 
Measurement of osteocalcin. 
Annals of Clinical Biochemistry. 
2000;37:4332-4446

[13] Hauschka PV, Lian JB, Cole DE, 
Gundberg CM. Osteocalcin and matrix 
Gla protein: Vitamin K-dependent 
proteins in bone. Physiological Reviews. 
1989;69:990-1047

[14] Ducy P, Desbois C, Boyce B, 
Pinero G, Story B, Dunstan C, et al. 
Increased bone formation in osteocalcin-
deficient mice. Nature. 1996;382:448-452

[15] Otabe S, Yuan X, Fukutani T, 
Wada N, Hashinaga T, Nakayama H, 
et al. Overexpression of human 
adiponectin in transgenic mice results 
in suppression of fat accumulation 
and prevention of premature death by 
high-calorie diet. American Journal 
of Physiology. Endocrinology and 
Metabolism. 2007;293:E210-E218

[16] Ferron M, Hinoi E, Karsenty G, 
Ducy P. Osteocalcin differentially 
regulates beta cell and adipocyte gene 
expression and affects the development 
of metabolic diseases in wild-type mice. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2008;105:5266-5270



Perspective Chapter: Crosstalk between Bone Metabolism and Insulin Resistance
DOI: http://dx.doi.org/10.5772/intechopen.1005653

89

[17] Kindblom JM, Ohlsson C, 
Ljunggren O, Karlsson MK, Tivesten A, 
Smith U, et al. Plasma osteocalcin 
is inversely related to fat mass and 
plasma glucose in elderly Swedish men. 
Journal of Bone and Mineral Research. 
2009;24:785-791

[18] Pittas AG, Harris SS, Eliades M, 
Stark P, Dawson-Hughes B. Association 
between serum osteocalcin and markers 
of metabolic phenotype. The Journal of 
Clinical Endocrinology and Metabolism. 
2009;94:827-832

[19] Im JA, Yu BP, Jeon JY, Kim SH. 
Relationship between osteocalcin and 
glucose metabolism in postmenopausal 
women. Clinica Chimica Acta. 
2008;396:66-69

[20] Fernández-Real JM, 
Izquierdo M, Ortega F, 
Gorostiaga E, Gómez-Ambrosi J, 
Moreno-Navarrete JM, et al. The 
relationship of serum osteocalcin 
concentration to insulin secretion, 
sensitivity, and disposal with hypocaloric 
diet and resistance training. The 
Journal of Clinical Endocrinology and 
Metabolism. 2009;94:237-245

[21] Kanazawa I, Yamaguchi T, 
Yamamoto M, Yamauchi M, Kurioka S, 
Yano S, et al. Serum osteocalcin level 
is associated with glucose metabolism 
and atherosclerosis parameters in type 
2 diabetes mellitus. The Journal of 
Clinical Endocrinology and Metabolism. 
2009;94:45-49

[22] Zhou M, Ma X, Li H, Pan X, 
Tang J, Gao Y, et al. Serum osteocalcin 
concentrations in relation to glucose and 
lipid metabolism in Chinese individuals. 
European Journal of Endocrinology. 
2009;161:723-729

[23] Winhofer Y, Handisurya A, Tura A, 
Bittighofer C, Klein K, Schneider B, 

et al. Osteocalcin is related to enhanced 
insulin secretion in gestational diabetes. 
Diabetes Care. 2010;33:139-143

[24] Kanazawa I, Yamaguchi T, 
Yamauchi M, Yamamoto M, Kurioka S, 
Yano S, et al. Adiponectin is associated 
with changes in bone markers during 
glycemic control in type 2 diabetes 
mellitus. The Journal of Clinical 
Endocrinology and Metabolism. 
2009;94:3031-3037

[25] Okazaki R, Totsuka Y, Hamano K, 
Ajima M, Miura M, Hirota Y, et al. 
Metabolic improvement of poorly 
controlled noninsulin-dependent 
diabetes mellitus decreases bone 
turnover. The Journal of Clinical 
Endocrinology and Metabolism. 
1997;82:2915-2920

[26] Berisha-Muharremi V, 
Kusec V, Kolaric B, Pavlic-Renar I. 
Undercarboxylated osteocalcin in 
patients with newly diagnosed type 2 
diabetes after blood glucose regulation. 
Polish Archives of Internal Medicine. 
2018;128(3):192-194

[27] Rosato MT, Schneider SH, 
Shapses SA. Bone turnover and insulin-
like growth factor I levels increase 
after improved glycemic control 
in noninsulin-dependent diabetes 
mellitus. Calcified Tissue International. 
1998;63:107-111

[28] Prats-Puig A, Mas-Parareda M, 
Riera-Pérez E, González-Forcadell D, 
Mier C, Mallol-Guisset M, et al. 
Carboxylation of osteocalcin affects its 
association with metabolic parameters 
in healthy children. Diabetes Care. 
2010;33:661-663

[29] Viswanath A, Vidyasagar S, 
Sukumar CA. Osteocalcin and metabolic 
syndrome. Clinical Medicine Insights: 
Endocrinology and Diabetes. 2023;16:1-7



Glucose and Insulin Homeostasis

90

[30] Zimmermann S, Costa MBW, 
Mathew A, Krishnan S, Schneider JG, 
Roomp K, et al. Osteocalcin is 
independently associated with C-reactive 
protein during lifestyle-induced weight 
loss in metabolic syndrome. Metabolites. 
2021;11(8):526

[31] Ugurlu I, Akalin A, Yorulmaz G. 
The association of serum osteocalcin 
levels with metabolic parameters and 
inflammation in postmenopausal women 
with metabolic syndrome. Metabolic 
Syndrome and Related Disorders. 
2022;20(4):219-223

[32] Berisha-Muharremi V, 
Tahirbegolli B, Sopa D, Rexhepi A, 
Luzha A. Communication between 
adipose tissue and bone: Waist/
hip ratio is a significant predictor 
of undercarboxylated osteocalcin 
in obesity. [Congress Abstract]. 
Obesity Facts. 2023;16(S1):109. 
DOI: 10.1159/000530456

[33] World Health Organisation. 
Obesity and overweight. [Internet]. 
Available from: https://www.who.int/
news-room/fact-sheets/detail/obesity-
and-overweight#:~:text=children%20
and%20adolescents.Adult,than%20
or%20equal%20to%2030 [Accessed: 20 
March 2024]

[34] Matthews DR, Hosker JP, 
Rudenski AS, Naylor BA, Treacher DF, 
Turner RC. Homeostasis model 
assessment: Insulin resistance and beta-
cell function from fasting plasma glucose 
and insulin concentrations in man. 
Diabetologia. 1985 Jul;28:412-419

[35] Radcliffe Department of Medicine. 
HOMA calculator. [Internet]. Available 
from: https://www.dtu.ox.ac.uk/
homacalculator/ [Accessed: 20 March 
2024]

[36] Mizokami A, Kawakubo-Yasukoch T, 
Hirata M. Osteocalcin and its endocrine 

functions. Biochemical Pharmacology. 
2017;132:1-8. DOI: 10.1016/j.
bcp.2017.02.001

[37] Hinoi E, Gao N, Jung DY, Yadav V, 
Yoshizawa T, Myers MG, et al. The 
sympathetic tone mediates leptin’s 
inhibition of insulin secretion by 
modulating osteocalcin bioactivity. 
The Journal of Cell Biology. 
2008;183:1235-1242

[38] Ferron M, Wei J, Yoshizawa T, Del 
Fattore A, DePinho RA, Teti A, et al. 
Insulin signaling in osteoblasts integrates 
bone remodeling and energy metabolism. 
Cell. 2010;142:296-308

[39] Mizokami A, Yasutake Y, Gao J, 
Matsuda M, Takahashi I, Takeuchi H, 
et al. Osteocalcin induces release of 
glucagon-like peptide-1 and thereby 
stimulates insulin secretion in mice. PLoS 
One. 2013;8:e57375

[40] Fulzele K, Riddle RC, 
DiGirolamo DJ, Cao X, Wan C, Chen D, 
et al. Insulin receptor signaling in 
osteoblasts regulates postnatal bone 
acquisition and body composition. Cell. 
2010;142:309-319

[41] Ferron M, McKee MD, Levine RL, 
Ducy P, Karsenty G. Intermittent 
injections of osteocalcin improve glucose 
metabolism and prevent type 2 diabetes 
in mice. Bone. 2012;50:568-575

[42] Yasutake Y, Mizokami A, 
Kawakubo-Yasukochi T, Chishaki S, 
Takahashi I, Takeuchi H, et al. Long-
term oral administration of osteocalcin 
induces insulin resistance in male 
mice fed a high-fat, high-sucrose 
diet. American Journal of Physiology. 
Endocrinology and Metabolism. 
2016;310(8):E662-E675. DOI: 10.1152/
ajpendo.00334.2015

[43] Buday B, Pach FP, Literati-Nagy B, 
Vitai M, Vecsei Z, Koranyi L. Serum 



Perspective Chapter: Crosstalk between Bone Metabolism and Insulin Resistance
DOI: http://dx.doi.org/10.5772/intechopen.1005653

91

osteocalcin is associated with improved 
metabolic state via adiponectin in 
females versus testosterone in males. 
Gender specific nature of the bone-
energy homeostasis axis. Bone. 
2013;57:98-104

[44] Chen X, Wu Y, Liu L, Tian H, Yu X. 
Osteocalcin is inversely associated with 
glucose levels in middle-aged Tibetan 
men with different degrees of glucose 
tolerance. Diabetes/Metabolism Research 
and Reviews. 2014;30:476-482

[45] Kanazawa I, Yamaguchi T, Tada Y, 
Yamauchi M, Yano S, Sugimoto T. Serum 
osteocalcin level is positively associated 
with insulin sensitivity and secretion 
in patients with type 2 diabetes. Bone. 
2011;48:720-725

[46] Chen L, Li Q , Yang Z, Ye Z, Huang Y, 
He M, et al. Osteocalcin, glucose 
metabolism, lipid profile and chronic 
low-grade inflammation in middle-aged 
and elderly Chinese. Diabetic Medicine. 
2013;30:309-317

[47] Lacombe J, Karsenty G, Ferron M. 
In vivo analysis of the contribution 
of bone resorption to the control of 
glucose metabolism in mice. Molecular 
Metabolism. 2013;2:498-504

[48] Riquelme-Gallego B, 
García-Molina L, Cano-Ibáñez N, 
Sánchez-Delgado G, Andújar-Vera F, 
García-Fontana C, et al. 
Undercarboxylated osteocalcin: A 
promising target for early diagnosis of 
cardiovascular and glycemic disorders 
in patients with metabolic syndrome: A 
pilot study. Nutrients. 2022;14:2991

[49] Liu JJ, Toy WC, Wong MDS, 
Tan CSH, Tavintharan S, Wong MS, et al. 
Elevated undercarboxylated and reduced 
carboxylated osteocalcin are associated 
with metabolic syndrome in middle age 
Asian females. Experimental and Clinical 

Endocrinology & Diabetes. 2013;121:329-
333. DOI: 10.1055/s-0033-1334883

[50] Oury F, Sumara G, Sumara O, 
Ferron M, Chang H, Smith CEE, et al. 
Endocrine regulation of male fertility 
by the skeleton. Cell. 2011;144:796-809. 
DOI: 10.1016/j.cell.2011.02.004

[51] Oury F, Ferron M, Huizhen W, 
Confavreux C, Xu L, Lacombe J, et al. 
Osteocalcin regulates murine and 
human fertility through a pancreas-
bone-testis axis. The Journal of Clinical 
Investigation. 2013;123:2421-2433. 
DOI: 10.1172/JCI65952

[52] Liao M, Guo X, Yu X, Pang G, 
Zhang S, Li J, et al. Role of metabolic 
factors in the association between 
osteocalcin and testosterone in 
Chinese men. The Journal of Clinical 
Endocrinology and Metabolism. 
2013;98:3463-3469. DOI: 10.1210/
jc.2013-1805





93

Chapter 7

Stress-Induced Insulin Resistance: 
Role of Von Willebrand Factor
Gausal A. Khan, Anish Murtaja Alam Khan, Bandana Singh 
and Mohammed Eid Alqahtani

Abstract

Sterile inflammation (SI) is a non-pathogen-induced inflammation where 
damage-associated molecular patterns (DAMPs) molecules are released from dying 
cells, which activate Toll-like receptors (TLRs), leading to insulin resistance (IR) and 
CVDs. The relationship between inflammation and IR is known. However, the role of 
SI molecules, that is, HMGB1 and circulating nucleic acids (CNAs), [i.e., eRNA and 
eDNA], in the development of IR is not known. Glucose intolerance is a fundamental 
clinical characteristic of metabolic syndrome, which is increasingly prevalent and 
causing illness globally. Hypoxia resulting from various respiratory disorders often 
coincides with heightened sympathetic activity, poor nitric oxide (NO) production, 
and insulin resistance (IR). However, the molecular mechanism remains obscure. 
Therefore, we hypothesized that SI molecules released during stress might impair 
NO production and IR. We have shown that stress induces the SI molecule (HMGB1), 
inhibits insulin-induced NO production, and exerts IR through von Willebrand 
factor (vWF). The putative vWF sequence could be used as a therapeutic drug for the 
treatment of IR in the future. These data may have important implications for glucose 
metabolism in patients with disorders characterized by stress-induced IR.

Keywords: stress, nitric oxide (NO), hypoxia, von Willebrand factor (vWF),  
high-mobility group box protein 1 (HMGB1), sterile inflammation (SI), circulating 
nucleic acids (CNAs), insulin resistance (IR), damage-associated molecular patterns 
(DAMPs), extracellular RNA (eRNA), extracellular DNA (eDNA)

1.  Introduction

Inflammation, a natural reaction to adverse stimuli, is essential for health but 
can lead to diseases if not well controlled. It appears in two primary forms: acute, 
which is short term, and chronic, which is long lasting and may be associated with 
disorders. Hypoxia, which is oxygen deprivation, is a non-microbial stimulus that can 
cause inflammation and stimulate the immune system. Damage-associated molecu-
lar patterns (DAMPs) are released as part of this response. These DAMPs interact 
with certain receptors and start pro-inflammatory pathways. Hypoxia is linked to 
insulin resistance, a state in which cells become less sensitive to insulin, resulting in 
disrupted glucose metabolism. It is essential to comprehend the mechanisms that 
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cause inflammation and insulin resistance due to low oxygen levels in order to create 
successful treatments. Hypoxia is a distinct form of stress that triggers the release 
of DAMPs and stimulates the innate immune system, resulting in various disease 
pathways. The production of damage-associated molecular patterns (DAMPs) due 
to stress triggers Toll-like receptors (TLRs) or RAGE, resulting in inflammatory 
reactions, leukocyte adhesion, thrombosis, and insulin resistance (IR). Endothelial 
dysfunction (ED) can be caused by hypoxia or hypoxic stress. This can cause the 
production of more multimeric von Willebrand factor (vWF). This decrease in nitric 
oxide (NO) production in the body might enhance IR. We have discussed the role of 
vWF in the development of IR in animal models.

IR plays a crucial role in the onset of many metabolic and cardiovascular diseases, 
which are collectively referred to as the metabolic syndrome. Recent studies have 
demonstrated a connection between IR and ED in relation to CVDs, such as hyperten-
sion, coronary artery disease, and atherosclerosis. ED is associated with decreased 
vasodilation and unexpected vasoconstriction when exposed to NO-releasing stimuli. 
This condition is strongly related to insufficient endothelial-derived NO, which is 
considered the main factor connecting IR and ED.

This chapter explains how stress led to sterile inflammation, which then resulted 
in IR in an animal model. We elaborated on the involvement of vWF in the develop-
ment of IR and discussed prospective strategies for its prevention.

2.  Sterile inflammation (SI)

The body’s normal response to harmful stimuli, which can include pathogens, 
irritants, or damaged cells, is inflammation. Redness, pain, heat, swelling, and 
loss of function are some of the symptoms. It is a protective mechanism that keeps 
harmful stimuli out of the body and starts the healing process. Inflammation is 
primarily categorized into two main types: acute and chronic inflammation. Acute 
inflammation is a short-term response that typically lasts for a few days, whereas 
chronic inflammation persists for months or even years and may be associated with 
various diseases [1]. Another classification distinguishes between sterile inflam-
mation (SI) and non-sterile inflammation (non-SI). In SI, the immune response is 
triggered against non-microbial antigens, such as drugs, burns, cancer, and auto-
immune diseases. Conversely, in non-SI, the immune response is directed against 
microbial antigens [1–3].

In sterile inflammation (SI), the inflammatory response mirrors that of a non-
sterile infection when a pathogen is present. It is characterized by the recruitment 
of macrophages and neutrophils, the production of reactive oxygen species (ROS), 
and the activation of proteases. Much like inflammation seen in infections, SI also 
induces the release of pro-inflammatory cytokines and chemokines. The onset 
of inflammation in SI is triggered by alterations or misplacement of normal cells, 
causing the immune system’s self-molecules to generate a damage signal referred to 
as damage-associated molecular patterns (DAMPs) [2]. Normally, DAMPs are endog-
enous factors situated within cells, hidden from the immune system. However, during 
injury or cellular stress, dying cells release DAMPs into the extracellular environment, 
initiating inflammation upon interaction with their receptors (Table 1) under sterile 
conditions. Various DAMPs serve as SI signals associated with specific pathological 
conditions, earning them the designation of SI markers [4]. These are discussed 
below.
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2.1  Circulating nucleic acids (CNAs)

When the body experiences tissue damage or vascular injury, certain materials 
such as nucleic acids and histones leak out. These substances, when they come into 
contact with cells lining blood vessels and circulating in the bloodstream, can contrib-
ute to the body’s defense mechanisms, particularly inflammation. This suggests that 
extracellular nucleic acids play a role in our natural immunity and support the healing 
of wounds [5]. Different types of extracellular RNA (eRNA) have distinct effects on 
the structure and protective function of the blood vessel lining. For example, ribo-
somal RNA (rRNA) appears to stimulate cytokines, causing increased permeability, 
while microRNA (miRNA) influences stability. Viral RNAs are also detected by 
Toll-like receptors (TLRs). Moreover, mitochondrial DNA (mtDNA) is identified as a 
signaling factor that activates Toll-like receptor 9 (TLR9), interferon gene pathways, 
and Nod-like receptors, contributing to various immune responses [6]. Extracellular 
RNA (eRNA) is RNA originating from within the body and is released from dying 
cells, activating Toll-like receptors (TLRs). eRNA is discharged from stressed or 
injured cells in various pathological situations. TLR3 not only identifies viral double-
stranded RNA (dsRNA) but also self-molecules produced during tissue damage and 
inflammation, such as eRNA [7]. When TLR3 is activated, the adaptor protein TRIF 
facilitates a response that involves the activation of interferon (IFN) regulatory 
factor-3 (IRF-3). IRF-3, in turn, triggers the expression of primary genes, including 
IFN-β. This secreted IFN-β then participates in either autocrine or paracrine signaling, 
leading to the production of secondary genes involved in antiviral and antimicrobial 
responses. In this manner, TLR3 can recognize both pathogen-associated molecular 
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) [8].

2.2  High-mobility group box 1 (HMGB1)

High-mobility group box 1 (HMGB1) is a protein normally found inside cells, 
where it interacts with DNA and histones, influencing chromatin structure and 
regulating processes such as transcription. However, when it is exposed outside the 
cell, it becomes significant in inflammation. HMGB1 plays a crucial role in various 
diseases, such as rheumatoid arthritis, scleroderma, Behcet’s disease, myositis, and 
more. Numerous pieces of evidence support its importance in immune-mediated 
diseases, including increased expression in diseased tissue, induction of characteristic 
tissue pathology, and elevated levels in blood and urine [9]. Outside the cell, extra-
cellular HMGB1 tends to bind with other pro-inflammatory molecules, leading to 

DAMPs Putative sensor

HMGIVI
HSP
S100 proteins
RNA
DNA
mtDNA
Chromogranin A

TLR2, TLR4, TLR9, RAGE, CD24
TLR2, TLR-4, CD91, CD24, CD14, CD-40
TER2, TLR4, RAGE
TLR3
TLR9, AIM2
TLR9
NLRP3, NLRPI, CD36, CD14, TLR2, RAGK
TLR, NLRPS, RAGE

Table 1. 
DAMPs and their receptors of the SI markers are elaborated in brief.
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the activation of pro-inflammatory cytokine production through stimulation of the 
TLR4 receptor. Although numerous receptors have the ability to bind to the HMGB1 
complex, only two receptor systems, namely RAGE and TLR4, have been definitively 
identified as established HMGB1 receptors [10].

2.3  Von Willebrand factor (VWF)

Von Willebrand factor (vWF) is a large multimeric glycoprotein present in plasma 
and plays a crucial role in normal hemostasis. In instances of tissue or vascular injury, 
it acts as a molecular bridge, connecting platelets to subendothelial components [11]. 
The direct association between vWF and inflammation lies in its ability to recruit 
leukocytes, either directly or indirectly by first recruiting platelets, which then attract 
leukocytes. Elevated levels of vWF are observed in inflammatory conditions and 
diseases such as arthritis, diabetes, and sepsis [12]. Additionally, vWF can oversee the 
synthesis of Weibel-Palade bodies (WPBs), which contain well-known inflammation 
contributors such as P-selectin, IL-8, and eotaxin-3 [13]. vWF, a substantial glyco-
protein present in plasma, exists in diverse multimeric forms. Its primary function 
involves facilitating the connection, movement, and eventual attachment of platelets 
to regions of damaged endothelium, especially under the high shear conditions of 
arterial blood flow exceeding a critical threshold of 500–1000 s−1 [14]. Additionally, 
vWF plays a role in safeguarding the coagulation factor VIII (FVIII) from swift 
proteolytic inactivation. This protein is coded distally on chromosome 12’s short 
arm, synthesized by endothelial cells and megakaryocytes. The primary translation 
product spans 2813 amino acids (AA), encompassing a 22-residue signal peptide, a 
significant pro-peptide, and the mature subunit consisting of 2050 residues (pre-
pro-vWF). The gene, covering 178–180 kb with 52 exons, encodes the vWF monomer 
with a molecular weight (MW) of 250–270 kDa. This monomer consists of A, B, C, 
and D-domains, containing binding sites for various proteins.

2.4  Pro-vWF

Molecules form dimers in the endoplasmic reticulum through disulfide bonds near 
their carboxyl termini (“tail to tail”). Subsequently, vWF dimers are transported 
to the Golgi apparatus, where they develop into large multimers, reaching sizes up 
to 20,000 kDa through N-terminal disulfide bridges (“head to head”). Within the 
Golgi apparatus, the pro-peptide is removed, and glycation processes also occur [15]. 
Endothelial cells are responsible for producing plasma vWF, with approximately 
95% of endothelial vWF molecules being consistently released into the bloodstream, 
maintaining a plasma concentration of 10 μg/mL (50 nM or roughly 1 IU/mL). The 
remaining portion is stored either in cytoplasmic granules known as Weible-Palade 
bodies or in the α-granules of platelets [16]. In response to stimulation, ultra-large 
vWF stored in granules can be released through a regulated pathway. A systematic 
diagram of vWF processing is shown in Figure 1 [17]. After secretion, the sizable 
vWF multimers undergo a breakdown into smaller variants facilitated by the metallo-
protease ADAMTS-13 (a disintegrin and metalloprotease with thrombospondin type 1 
motifs). ADAMTS-13 cleaves the peptide bond between Y1,605 and Y1,606 within the 
A2 domain of vWF. This process generates circulating plasma vWF with varying mul-
timer sizes. The cleavage also results in vWF subunit fragments of 176 and 140 kDa, 
contributing to the appearance of “satellite bands” flanking the major band on vWF 
multimer gels [18]. The role of vWF in genesis of different diseases is as below:
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2.5  vWF and ischemic heart disease

There is a well-established connection between vWF levels and ischemic 
heart disease, indicating a potential role for endothelial dysfunction (ED) in the 
development of coronary artery disease. Individuals who have previously had a 
heart attack generally have increased levels of von Willebrand factor (vWF) [19]. 
There is a connection between vWF levels and the intensity of angina symptoms. 
The fluctuations in vWF levels after acute myocardial infarction have been thor-
oughly recorded. In a study conducted by Xiang et al. [20] and Geggel et al. [21], 
it was found that patients who had thrombolytic therapy and were reperfused 
within 90 minutes experienced a notable 28% rise in vWF levels. These findings 
indicate that restoring blood flow in cases of acute myocardial infarction may lead 
to impaired function of the endothelium, causing the release of von Willebrand 
factor (vWF). Alternatively, reperfusion can remove vWF that was already 
released from the endothelium or endocardium injured by infarction or ischemia. 
The release of von Willebrand factor (vWF) in acute myocardial infarction may 
be associated with the release of free radicals that occur after the infarction and 
reperfusion process [22]. Higher levels of vWF are associated with a greater likeli-
hood of experiencing another heart attack and a higher chance of death in those 
with angina and those who have survived a heart attack. A study was conducted to 
track the progress of 123 individuals who survived a heart attack. The study found 
that high levels of vWF were identified as separate risk factors for both experienc-
ing another heart attack and death. This is consistent with the results of a previ-
ous study, which found that patients who died within a year after experiencing a 
heart attack had noticeably elevated levels of vWF [23]. The exact mechanism by 
which elevated vWF increases cardiovascular risk in individuals with angina or 

Figure 1. 
vWF processing schematic diagram. A signal peptide, a big pro-peptide, and the mature component (pre-pro-
vWF) make up the 2813 AA major translation product. In the ER, pro-vWF dimmers’ carboxyl termini are 
where intersubunit disulfide bonds are created. The Golgi apparatus assembles multimers by forming additional 
intersubunit disulfide bonds close to the mature subunits’ amino terminus. After being cleaved off, the pro-peptide 
remains noncovalently attached to vWF multimers and is concurrently secreted.
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post-myocardial-infarction remains unknown. One possibility is that increased 
endothelial damage in coronary artery disease leads to both heightened thrombin 
generation and elevated vWF levels. Additionally, it is plausible that vWF may 
serve as a marker of more severe disease without direct pathophysiological signifi-
cance (Figures 2 and 3).

2.6  vWF and peripheral vascular disease

In patients with peripheral vascular disease, there is a notable elevation in levels 
of vWF. An illustration of this association comes from the Edinburgh Artery Study, 
where levels of vWF were significantly higher in 121 study cases compared to 
matched controls [19]. The heightened levels of vWF in peripheral vascular disease 
may be attributed to elastase production from activated neutrophils and/or concur-
rent hypoxia [20].

Figure 2. 
DAMPs released from necrotic cells ligate cognate or pattern recognition receptors leading to intracellular 
signaling, gene expression, and inflammation.
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2.7  vWF and pulmonary vascular disease

The pulmonary vasculature exerts substantial influence on plasma von 
Willebrand factor (vWF) levels. For example, patients with greater pulmonary 
vascular resistance and lower cardiac output, regardless of whether they have mitral 
stenosis or not, have been found to have elevated levels of plasma vWF [24]. Elevated 
plasma vWF levels are associated with histological evidence of harm to pulmonary 
endothelial cells in patients with primary pulmonary hypertension. This correlation 
leads to a higher likelihood of thrombosis, as well as an increase in the release of 
von Willebrand factor (vWF) from the endothelium due to changes in blood flow 
dynamics [21].

2.8  vWF in diabetes

Irregularities in von Willebrand factor (vWF) have been detected in diabetes 
and may contribute to the progression of diabetic vasculopathy [22]. A study con-
ducted by Frankel et al. as part of the Framingham Offspring study demonstrated 
that elevated levels of vWF were associated with an increased risk of cardiovascular 
diseases (CVDs) in individuals with type 2 diabetes mellitus or insulin resistance 
(IR). Moreover, this association was linked to worsened endothelial function and 
hemostatic imbalance [25]. These findings suggest a potential involvement of vWF in 
the pathogenesis of cardiovascular complications associated with diabetes.

2.9  vWF and hypertension

As people get older and develop high blood pressure, the natural defenses of 
the inner lining of blood vessels, called the endothelium, start to weaken. The 
regulation of blood pressure and cardiovascular hemodynamics is increasingly 
influenced by changes in vasoactive endothelial factors, including endothelin 
and prostaglandins [26]. Plasma von Willebrand factor (vWF) can be used as an 

Figure 3. 
I-R injury-induced inflammation, coagulation and complement activation, and immune cell recruitment by 
binding of danger signal via TLR expression.
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indicator of endothelial dysfunction or disruption in the context of hypertension, 
given the documented rise in plasma vWF linked to vascular illness. Patients with 
hypertension exhibit markedly increased levels of vWF, which tend to return to 
normal in persons whose hypertension is effectively managed with antihyperten-
sive medications [27]. Elevated concentrations of plasma vWF, fibrinogen, and 
the soluble adhesion molecule P-selectin (a possible indicator of platelet function) 
have been detected in individuals with hypertension. Importantly, these marker 
levels are significantly correlated with diastolic blood pressure levels. However, the 
levels of these markers were found to be unrelated to whether or not antihyperten-
sive treatment was used or whether good blood pressure control was achieved.

2.10  vWF and inflammatory vascular disease

Patients with inflammatory vascular illnesses and related disorders, including 
vasculitis, Sjögren’s syndrome, Felty’s syndrome, giant cell arteritis, and polyarteritis 
nodosa, have been found to have increased levels of von Willebrand factor (vWF) 
[24]. Studies examining patients with or without atherosclerosis or connective tissue 
illness found elevated levels of vWF in all individuals with Raynaud’s phenomenon 
[28]. Individuals diagnosed with systemic sclerosis and Raynaud’s phenomenon dis-
played elevated levels of vWF, especially when diffuse illness was present [29]. These 
findings suggest a potential association between elevated vWF levels and inflamma-
tory vascular conditions.

2.11  S100B

The S100 protein is part of a family of cytosolic calcium-binding proteins [30]. 
These proteins play various roles both inside and outside cells, including functions 
related to apoptosis, inflammation, calcium balance, differentiation, proliferation, 
migration, and energy metabolism [31]. In cases of acute muscle injury, the regenera-
tion of skeletal muscles relies on appropriate levels of S100B proteins. S100B helps 
expand the myoblast population and attracts macrophages, promoting a pro-
regenerative phenotype and increasing collagen deposition through interactions with 
FGFR1 (fibroblast growth factor receptor 1) or the RAGE receptor [32]. Additionally, 
S100B expression is induced in specific cell types when they are activated or undergo 
neoplastic transformation. Elevated levels of S100B have been reported in conditions 
such as breast cancer, diabetes, brain injuries, and heart issues [33, 34].

2.12  Heat shock proteins (HSPs)

HSPs are essential proteins found in all cells and are highly conserved. They serve 
as internal chaperones, playing a crucial role in the folding of proteins and various 
intracellular processes. When tissues undergo stress due to infection, HSPs trigger the 
immune system response. They become upregulated during inflammation, activating 
the immune system by binding to specific Toll-like receptors (TLRs) present on den-
dritic cells and macrophages. HSPs activate regulatory T cells (Treg) through TLR2 
and TLR4, leading to the induction of IL-10 production [35]. Research indicates that 
the levels of soluble HSP in the bloodstream increase in conditions such as rheumatoid 
arthritis and juvenile idiopathic arthritis. Besides their immune-stimulating proper-
ties, there is evidence supporting an inhibitory role for HSPs in allograft rejection, the 
activation of autoimmunity, and tumor immunosurveillance [36].



101

Stress-Induced Insulin Resistance: Role of Von Willebrand Factor
DOI: http://dx.doi.org/10.5772/intechopen.1005260

3.  Stress

3.1  Types of stress

I. Acute stress: This short-term stress occurs in response to immediate challenges 
or demands. It is a normal part of everyday life and usually subsides once the 
stressor is removed.

II. Chronic stress: This form of stress is chronic and endures for a protracted dura-
tion. It might arise from persistent challenges such as work-related troubles, 
financial struggles, or ongoing health problems.

III. Episodic acute stress: This occurs when individuals frequently experience acute 
stress. People with a tendency to worry excessively or those who lead chaotic, 
disorganized lives may be prone to episodic acute stress.

IV. Traumatic stress: This type of stress results from exposure to a traumatic event, 
such as a natural disaster, accident, or violent incident. Post-traumatic stress disor-
der (PTSD) can develop in response to severe traumatic stress. Stress can manifest 
in various forms, and its impact on human health can be categorized into different 
types based on their origins and nature. Here are some common types of stress 
and their physiological, environmental, psychological, and job-related aspects:

3.1.1  Physiological stress

Type: Physical stress on the body, often resulting from illness, injury, or other 
bodily demands.

Effects: This can lead to increased heart rate, elevated blood pressure, muscle ten-
sion, and other physical symptoms. Chronic physiological stress may contribute to the 
development of various health conditions.

3.1.2  Environmental stress

Type: Arises from external factors in the surroundings, such as noise, pollution, 
extreme weather conditions, or natural disasters.

Effects: Environmental stress can impact overall well-being, sleep quality, and con-
tribute to the development or exacerbation of respiratory and cardiovascular issues.

3.1.3  Psychological stress

Type: Emotional and mental strain, often resulting from life events, relationships, 
or personal challenges.

Effects: Psychological stress can lead to anxiety, depression, mood swings, and 
cognitive difficulties. Chronic psychological stress may also increase the risk of 
developing mental health disorders.

3.1.4  Job-related stress

Type: Arises from the demands and pressures associated with one’s occupation.
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Effects: Job-related stress can lead to burnout, fatigue, reduced job satisfaction, 
and increased risk of physical and mental health issues. Common stressors include 
tight deadlines, high workload, job insecurity, and conflicts at the workplace.

3.1.5  Social stress

Type: Resulting from interpersonal relationships, social expectations, or societal norms.
Effects: Social stress can impact self-esteem, social interactions, and emotional 

well-being. Feelings of isolation, loneliness, or societal pressure can contribute to 
mental health challenges.

3.1.6  Financial stress

Type: Related to economic concerns, such as debt, job insecurity, or financial instability.
Effects: Financial stress can lead to anxiety, sleep disturbances, and impact overall 

mental health. It may also contribute to physical health issues due to lifestyle changes 
or inadequate access to healthcare resources.

3.1.7  Coping mechanisms

Type: Adaptive or maladaptive strategies individuals used to deal with stress.
Effects: Healthy coping mechanisms, such as exercise, mindfulness, and social sup-

port, can mitigate the impact of stress. Maladaptive coping, such as substance abuse 
or avoidance, may worsen stress-related health issues.

3.2  Effects of stress on human health

• Physical health: Chronic stress is associated with various physical health prob-
lems, including cardiovascular issues, high blood pressure, weakened immune 
system, gastrointestinal problems, and an increased risk of chronic diseases.

• Mental health: Prolonged stress can contribute to mental health disorders, such as 
anxiety and depression. Additionally, it can hinder cognitive abilities, resulting 
in challenges with focus, relocation, and judgment.

• Behavioral changes: People experiencing chronic stress may develop detrimental 
coping strategies, such as excessive eating, substance misuse, or a sedentary way 
of life, which can exacerbate health issues.

• Sleep disturbances: Stress often disrupts sleep patterns, leading to insomnia or poor-
quality sleep. This, in turn, can exacerbate both physical and mental health issues.

• Emotional impact: Stress can result in mood swings, irritability, and a reduced 
ability to manage emotions effectively.

3.3  Here we are discussing about environmental stress such as hypoxic stress

Hypoxia, a condition in which the body lacks oxygen, has a major impact on many 
cells that are important for vital biological functioning [37]. Oxygen is essential for 
cellular functions as it acts as the ultimate electron acceptor in the mitochondrial 
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electron transport chain, leading to the production of adenosine triphosphate (ATP) 
in eukaryotic cells [38].

4.  Innate immunity

The innate immune system triggers localized inflammation at the site of initial 
contact with invading microorganisms or tissue injury. Sterile inflammation is char-
acterized by tissue injury, necrosis, and the release of inflammatory mediators that 
activate innate immune receptors present in resident macrophages and other immune 
cells. The concept of pattern recognition receptors (PRRs) was introduced to explain 
how a limited number of macrophage receptors could bind to a much larger number 
of bacterial ligands [39]. Damage-associated molecular patterns (DAMPs) provide 
innocuous signals provided by molecules such as high-mobility group protein B1, uric 
acid, double-stranded DNA, amyloid-β peptide, heat shock proteins, and IL1α. During 
necrosis, the loss of plasma membrane integrity allows the release of intracellular 
materials into the extracellular milieu, stimulating neighboring cells via the receptor 
for advanced glycation end products (RAGE) or Toll-like receptor (TLR). TLRs are 
recognized as fundamental signaling receptors in the innate immune system, play-
ing a crucial role in activation and initiating inflammatory pathways that lead to the 
generation of new cytokines and chemokines. Hypoxia-induced cell death and the 
subsequent release of endogenous ligands from dying cells can activate TLRs [40].

Toll-like receptors (TLRs) play a crucial role in various blood and blood vessel cells, 
including neutrophils, monocytes/macrophages, and endothelial cells. Human platelets 
express specific TLRs, such as TLR1, TLR2, TLR4, TLR6, TLR8, and TLR9. TLR2 and 
TLR4 are associated with inflammatory responses during ischemia-reperfusion injury 
in the heart [41]. TLR2 has been associated with platelet activation, aggregation, and the 
formation of platelet-leukocyte aggregates through the PI3K-AKT pathway [42]. TLR4 
has been demonstrated to contribute to the early-stage accumulation of foam cells in the 
intima at sites prone to lesions in the aorta. Systemic administration of the dsRNA analog 
poly (I:C) (a TLR3 agonist) diminishes neointima formation in a perivascular collar-
induced injury model in a TLR3-dependent manner. The expression of TLR9 in platelets 
induced by oxidative stress has been linked to platelet hyperreactivity, increased aggrega-
tion, and thrombosis. TLR signaling proceeds through a sequence of interactions among 
proteins called adaptor proteins. PAMPs, or pathogen-associated molecular patterns, are 
specific to groups of microbes and are not found in human cells. DAMPs, or danger-asso-
ciated molecular patterns, elicit an immune response to trauma, ischemia, cancer, and 
tissue damage. Inflammatory diseases can lead to increased serum levels of DAMPs [43].

4.1  Endothelial dysfunction in hypoxia

Endothelin-1 acts as a powerful natural constrictor of blood vessels, while nitric 
oxide (NO) functions as a vasodilator, causing blood vessels to widen [44]. The relation-
ships between different biomarkers have yet to be fully investigated in the challenging 
conditions of high-altitude environments [45]. In the Mount Everest study, researchers 
noticed that plasma endothelin-1 (ET-1) levels increased at high altitudes compared to 
sea level. However, these elevated levels tended to decrease quickly upon descending to 
lower altitudes [46]. The increased levels of ET-1 in individuals at high altitudes, both 
patients and healthy individuals, may be due to the hypoxia-induced upregulation of 
the ET-1 gene expression. Hypoxia also stimulates the activation of genes responsible 
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for producing growth factors for blood vessels and enzymes involved in remodeling. In 
addition, endothelial dysfunction (ED) involves heightened production of contracting 
factors from the endothelium, such as angiotensin II and prostanoids. These factors 
can elevate systemic blood pressure, particularly noticeable at altitudes ranging from 
1200 to 3000 meters above sea level [47]. As a result, there is cell growth and inflam-
mation triggered by the activation of nuclear factor-κB (NF-κB), vascular cell adhesion 
molecule (VCAM), and interleukin-6 (IL-6). VCAM and cytokine activity boost the 
stickiness of the endothelium, promoting the attachment of inflammatory cells to the 
endothelial surface. This process leads to vascular inflammation and the formation of 
blood clots [48]. The study demonstrated a noteworthy increase in serum VCAM-1 
levels among both control subjects and patients at high altitudes compared to those at 
sea level. This elevation was observed in both the high-altitude control group and the 
patient group, as opposed to the healthy control group at either high altitude or sea level.

5.  Hypoxia linked to insulin resistance (IR)

Ascending to high elevations causes a reduction in barometric pressure, which in 
turn leads to a decrease in the amount of oxygen available. This condition is referred to as 
“hypobaric hypoxia.” Exposure to this stimulus, regardless of its duration, elicits differ-
ent hormonal reactions, including alterations in insulin signaling, thyroid function, and 
sympatho-adrenal activity [49]. Hypobaric hypoxia can also impact the gluco-insular 
axis. Nevertheless, there has been a lack of consistency or agreement in the data. Some 
research has claimed that hypoxia has favorable effects on peripheral insulin action and 
body weight regulation [50] while other investigations have reported a degradation 
of insulin signaling. The Operation Everest II aimed to mitigate the influence of some 
confounding factors by implementing a consistent ascending profile, food, and exercise 
regimen throughout a 40-day simulated climb of Mount Everest in a hypobaric chamber. 
One important discovery was that certain hormonal reactions were more pronounced 
during the final week of the study when participants were exposed to the lowest level of 
oxygen concentration [51]. It is worth mentioning that insulin concentrations at the end 
of the trial were generally twice as high as those at the beginning, while glucose levels 
remained the same. This indicates the development of insulin resistance. These findings 
may be significant in understanding how diseases develop at sea level. There is a growing 
interest in investigating the function of chronic hypoxia as a potential cause of insulin 
resistance. Chronic intermittent hypoxia (CIH) caused by obstructive sleep apnea (OSA) 
can potentially contribute to the development and advancement of insulin resistance 
(IR) and diabetes [52]. Obstructive sleep apnea (OSA) seems to be a factor that can 
predict impaired glucose metabolism in obese people who are chronically sleep-deprived.

6.  Inhibition of nitric oxide production by vWF during hypoxic stress

6.1  Hypoxia-induced vWF inhibits NO synthesis and promotes IR

Chapter 5 as well as earlier studies showed that exposure to hypoxia reduces NO 
production in vivo [53]. However, the mechanism of inhibition of NO synthesis in vivo 
is not clearly understood. Experiments were carried out to investigate the potential 
involvement of vWF in the suppression of insulin-induced NO generation and the 
promotion of IR activation. The study revealed that the inclusion of plasma from 
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animals subjected to hypoxia and h-vWF in the reaction mixture hinders the forma-
tion of NO caused by insulin (Figure 4A). To establish the role of vWF, we used 
vWF-immunodepleted plasma in the same reaction mixture. The result showed that 
immunodepletion failed to inhibit insulin-induced NO synthesis (Figure 4A).

In order to confirm the inhibitory effect of vWF on insulin-induced NO synthesis, 
we measured the rate of NO synthesis in the presence of varying concentrations of 
h-vWF (ranging from 60 to 1000 pM) in the reaction mixture. The findings demon-
strated that prior exposure of the reaction mixture to h-vWF effectively suppressed 
the insulin-induced production of NO in a way that was dependent on the dosage, 
as depicted in (Figure 4B). The most effective suppression was observed at a vWF 
concentration of 125 pM. Based on this outcome, we utilized a concentration of 125 

Figure 4. 
A key function of vWF is to limit glucose hemostasis and insulin-induced NO production. (A) The addition 
of vWF-immunodepleted plasma to the reaction mixture restored the insulin-induced NO generation, while 
the inclusion of plasma from animals exposed to hypoxia for 24 hours reduced the production of NO. (B) The 
addition of different doses of h-vWF to the reaction mixture inhibits insulin-induced NO production dose-
dependently. (C–E) GTT, ITT, and HOMA-IR in hypoxia/h-vWF as well as anti-neutralizing antibody (2 hours 
before) infused in mice (n = 4 per group). (F) The uptake of D-[U-14C] glucose by insulin was measured in RBCs 
pretreated with either h-vWF, phloretin, or L-NAME. Data are means ± SEM of three separate experiments. The 
results show a significant (*p < 0.05) difference between different time points using one-way ANOVA. Reprinted 
(adapted) with permission from Ref. [54]. Copyright 2013 American Chemical Society.



Glucose and Insulin Homeostasis

106

picomolar (pM) von Willebrand factor (vWF) in future experiments. These findings 
indicate that vWF functions as a suppressor of insulin-induced NO production.

It has been established that insulin-induced glucose uptake is mediated through 
NO, a second-messenger molecule of insulin [55]. The involvement of vWF in IR has 
been shown previously [56].

In order to assess the potential impact of von Willebrand factor (vWF) on insulin 
resistance (IR) caused by the inhibition of nitric oxide synthase (NOS), we conducted 
several experiments, including glucose tolerance test (GTT), insulin tolerance test (ITT), 
homeostatic model assessment of insulin resistance (HOMA-IR), and glucose uptake tests 
on animals, that were either exposed to hypoxia or treated with h-vWF. Animals that 
were subjected to hypoxia or h-vWF showed a higher susceptibility to insulin resistance 
(IR), as indicated by the increased glucose tolerance test (GTT) (Figure 4C), insulin tol-
erance test (ITT) (Figure 4D), and homeostatic model assessment of insulin resistance 
(HOMA-IR) scores (Figure 4E), as well as a lower level of D-[U-14C] glucose uptake 
(Figure 4F). Conversely, administering a vWF immunoneutralizing antibody 2 hours 
before hypoxia exposure prevented the inhibitory impact of vWF on glucose metabolism 
(Figure 4C–E). Surprisingly, the neutralization of vWF by antibody did not change the 
bleeding time (BT) or clotting time (CT). These findings indicate that vWF hinders the 
generation of NO and the functioning of insulin in inducing insulin resistance.

6.2  NO in hypoxia-induced IR

Subsequent tests were carried out to reaffirm the function of nitric oxide (NO) in 
ischemia-reperfusion (IR) caused by hypoxia. We performed a series of trials where 
we administered nitroglycerine (NG) patches transdermally to mice, mimicking the 
effects of NO. The results of our study show that the use of NG patches applied to the 
skin effectively prevents hypoxia-induced insulin resistance. This was observed by 
several tests, including glucose tolerance test (GTT), as shown in Figure 5A, insulin 
tolerance test (ITT) shown in Figure 5B, and homeostatic model assessment of insu-
lin resistance (HOMA-IR) shown in Figure 5C. Conversely, the administration of the 
NO inhibitor L-NAME also resulted in insulin resistance, as depicted in Figure 5A–C. 
This observation indicates that the suppression of insulin-induced nitric oxide (NO) 
generation is responsible for hypoxia-induced insulin resistance (IR).

6.3  Larger doses of insulin prevent vWF-mediated inhibition of insulin-induced 
NO synthesis

Next, experiments were done to determine if greater doses of insulin can prevent 
the suppression of insulin-induced NO production by vWF. In our study, we observed 
that higher concentrations of insulin (ranging from 0 to 1200 nM) in the reaction 
mixture counteracted the inhibitory impact of vWF in a manner that was dependent 
on the dosage, as shown in (Figure 6). The results indicate that the interaction 
between insulin and eNOS is hindered by vWF in a competitive manner, leading to 
the inhibition of NO generation. Put simply, it implies that vWF and insulin vie for 
the identical binding site of eNOS.

6.4  Binding of vWF to eNOS detected with far-western blotting and CoIP

Based on the aforementioned observations, it may be deduced that vWF indirectly 
attaches to eNOs and hinders the generation of NO. In order to gain conclusive proof of 
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the binding, we initially conducted far-western blotting using RBC membrane lysates 
that expressed the native eNOS. These lysates acted as the target prey, while the h-vWF 
protein served as the bait protein. The experimental procedure is described in detail 
in the materials and methods section. The positive control in this study involved using 
purified human eNOS protein, while the negative control consisted of ECV-304 cell 
lysate missing eNOS. The interaction between the prey protein and the bait protein was 
identified using a particular anti-vWF antibody. Within the lanes containing the RBC 
membrane lysates and eNOS, h-vWF exhibited binding to a 130 kDa protein, which 

Figure 5. 
In hypoxia, vWF induces IR in a NO-dependent manner. (A) GTT, (B) ITT, and (C) HOMA-IR in control, 
hypoxia-exposed, L-NAME-treated, and nitroglycerin (NG) patch-treated mice. The application of the NG 
patch reverses the effects of hypoxia, but the L-NAME (70 mg/kg of body weight) treatment significantly 
increases GTT, ITT, and HOMA-IR scores. Data are means ± SEM of three separate experiments. The results show 
a significant (*p < 0.05) difference between different time points using a one-way ANOVA. Reprinted (adapted) 
with permission from Ref. [54]. Copyright 2013 American Chemical Society.

Figure 6. 
vWF-mediated inhibition of NO production reversed by larger doses of insulin. The addition of larger doses of 
insulin dose-dependently (0–1200 nM) to the reaction mixture eliminates the inhibitory effect of vWF. Data are 
means ± SEM of triplicate reactions from three separate experiments. The results showed a significant (*p < 0.05) 
difference in comparison to the control using a one-way ANOVA. Reprinted (adapted) with permission from Ref. 
[54]. Copyright 2013 American Chemical Society.
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corresponded to the size of this molecule (Figure 7A). The lane containing the ECV-304 
cell lysate (negative control) did not show any band detection. Next, the membrane was 
removed and subsequently probed again using a rabbit monoclonal eNOS antibody. A 
band with a molecular weight of 130 kDa was observed in both lanes, specifically in the 
ones containing the red blood cell membrane lysate and endothelial nitric oxide syn-
thase (eNOS) (Figure 7B). The lane containing the ECV-304 cell lysate did not exhibit 
any discernible band. Collectively, our findings demonstrated the precise interaction 
between vWF and eNOS present in both RBC cells and the cell-free system.

To revalidate the far-western blotting result, we performed CoIP experiments, 
eNOS was immunoprecipitated by vWF and the subsequent vWF antibody from RBC 
membrane lysates (experimental), purified eNOS (positive control), and ECV-304 
cell lysate (negative control) detailed in materials and methods. The immune com-
plexes were resolved by SDS-PAGE and immunoblotted for eNOS protein. Figure 7C 
again shows clearly identical bands of 130 kDa in the lanes containing RBC membrane 
lysate and purified eNOS, but no band was seen in ECV-304 cell lysate, proving that 
eNOS co-immunoprecipitated with vWF.

In another experiment, we immunoprecipitated vWF from hypoxia-exposed 
animal plasma (experimental) and h-vWF (positive control) by purifying eNOS 
protein and immunoblotted the samples for vWF. The results showed that vWF 
immunoprecipitated with eNOS, that is, the 180 kDa band of vWF was detected in 
hypoxia-exposed plasma(experimental) and h-vWF (positive control) (Figure 7D). 
However, in the case of vWF, the same molecular mass band was noted (Figure 7D). 
These results further confirm the specific binding of vWF to eNOS in RBCs.

6.5  Determination of KD by SPR

Figure 8 shows the sensogram for the binding of the analyte (h-vWF) at varying 
concentrations to immobilized human eNOs or mouse eNOS protein on the CM5 
sensor chip. The change in the response units with varying ligand concentration 
indicated the change in the bound mass on eNOS immobilized on the chip (sensor 
surface) over time. The binding of h-vWF to human eNOS was the strongest because 
of the faster “on” rate (association constant) (KA = 5.6 × 107 M) as well as the slower 
“off” rate (dissociation constant) [KD = 1.79 × 10−8 M (Figure 8A)]. On the other 
hand, the binding of h-vWF to mouse eNOS was also the same [KA of 5.62 × 107 M 
and KD of 1.75 × 10−8 M (Figure 8B)]. These data suggest that h-vWF binds either 
human or mouse eNOS with the same affinity.

6.6  Kinetic analysis of NO production

The kinetic mechanisms of eNOS (enzyme), insulin (activator), and vWF 
 (inhibitor) were assessed by varying the concentrations of insulin and h-vWF. The 
competitive kinetic constant of vWF was calculated using GraphPad Prism ver-
sion 5.0. A linearized analysis of the data (Michaelis-Menten equation) revealed a 
competitive mode of inhibition (Figure 9A). By using the double-reciprocal plot, 
the values of 1/Km and 1/Vmax were quantified; the former increased in the presence 
of vWF, while the latter remained unchanged, proving the competitive mode of 
inhibition between the two substrates (Figure 9B). We also measured the IC50 and 
Ki value. The IC50 and Ki values obtained for vWF were 18.31 pM (Figure 9C) and 
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Figure 7. 
Far-western blot analysis and CoIP of binding of NOs to vWF. (A) We used purified human eNOS (positive 
cell-free control), RBC lysate protein (experimental sample), and eNOS-negative ECV-304 cell lysate protein 
(negative control). The immune-positive bands were detected using the anti-vWF antibody, revealing a 
130 kDa band representing the eNOS in both RBC membrane lysate and purified eNOS. (B) the same 
membrane was striped and reprobed with the anti-eNOS antibody, revealing that of a 130 kDa band. (C) RBC 
membrane lysate (experimental sample), purified eNOS (positive cell-free control), and ECV-304 cell lysate 
(negative control) were incubated with h-vWF protein to pull down the eNOS using the anti-vWF antibody. 
Western blot analysis was performed with the anti-NOS antibody. The detected signals corresponded to the 
eNOS protein (130 kDa) in both RBC membrane lysate and purified eNOS. No band was observed in ECV-304 
cell lysate (negative control). IgG served as the negative control. (D) h-vWF (positive cell-free control) and 
plasma exposed to hypoxia for different periods of time (experimental samples) were incubated with purified 
eNOS protein to pull down the vWF using the anti-eNOS antibody. Western blot analysis was performed 
with the anti-vWF antibody. The detected signals corresponded to the vWF protein (180–150 kDa) in both 
h-vWF and exposed samples. IgG served as the negative control. These experiments were reproduced thrice. IB, 
immunoblot; IP, immunoprecipitation. Results are from a representative experiment from three independent 
experiments. Reprinted (adapted) with permission from Ref. [54]. Copyright 2013 American Chemical Society.
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250 pM (Figure 9D), respectively. The lower Ki value suggests a higher efficacy of the 
inhibitor (vWF) for activator (insulin) inhibition. On the other hand, a higher IC50 
value denotes the higher potency of the inhibitor. The direct plots of reaction velocity 

Figure 8. 
Surface plasma resonance of binding of vWF to human eNOS or mouse eNOS. Sensorgram showing binding of 
different concentrations of vWF (9.85, 19.67, and 29.51 nM) immobilized with purified human eNOS or mouse 
eNOS protein over sensor chip CM5. There is no change in the binding affinity of human vWF with human eNOS 
or mouse eNOS (RU, response units). Experiments were performed at least three separate times, and typical 
results are shown. Reprinted (adapted) with permission from Ref. [54]. Copyright 2013 American Chemical 
Society.
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versus substrate concentration demonstrated classical steady-state kinetic behavior. 
Best fits for experimental data were assessed by comparison of the standard errors 
of the mean; nonlinear regression analysis F tests were employed for competitive 
inhibition fits.

6.7  Determination of vWF-NOS interaction site: In silico study vWF (residue 2597 
to 2791) a typical member of the cystine-knot family

SWISS molecular modeling of vWF (residue 2597–2791) [57–59] showed 
high sequence and structural homologs to the “cystine-knot family” especially the 
highly conserved cysteines involved in the formation of the cystine-knot motif 

Figure 9. 
Enzyme kinetics of eNOS inhibition. (A) Enzyme kinetic analysis of eNOS inhibition by vWF using the 
Michaelis-Menten equation (B) Lineweaver-Burk plots of reaction velocity vs. substrate concentration for enzyme 
kinetics of eNOS in the absence and presence of vWF. The values of IC50 (C) and Ki (D) for vWF n displacing 
insulin binding were 18.31 nM and 250 pM, respectively. Results are from a representative experiment from 
three independent experiments. Experiments were performed at least three separate times, and mean values are 
shown. All the analysis was done by using the GraphPad Prism version (GraphPad Software, Inc., La Jolla, CA). 
Reprinted (adapted) with permission from Ref. [54]. Copyright 2013 American Chemical Society.
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(Figure 10A). This region showed high structural homolog to the sclerostin protein 
known to play a central role in the regulation of bone growth and remodeling [60]. In 
the entire sequence, only from residue 2730–2783 forming the tertiary structure and 
the remaining residues were highly unstructured as observed in the sclerostin protein 
(Figure 10A–B).

6.8  The in silico molecular simulation

Both vWF (region 2597–2791) (cyan in color) and sclerostin (green in color) 
superimposed with an RMSD of (0.420 Ao) (Figure 10B). As per the nomenclature of 
the cystine-knot family protein, the loop region 2 of vWF differs from sclerostin. In 
sclerostin, loop 2 is highly perturbed and involved in the interaction with Wnt signal-
ing. The structural as well as sequence similarity of the loop 2 of vWF may also play a 
crucial functional role in interaction with other proteins.

6.9  Putative interaction of vWF (region 2597–2791) with insulin receptor

A structural modeling study of insulin receptor ecto domains is difficult because 
of their large size, flexible multi-domain morphology, and extensive glycosylation 
and disulfide bond poses challenges. The recent crystal structure of insulin receptor 
ecto domains L1-CR-L-Fn III-1-α CT (04–719) with insulin (the primary binding 
domain of insulin with a dissociation constant of ~6.4 nm) showed an induced fit. 
During the fit, α-CT segment displaced on the L1-beta2 structure compared with 
the apo structure and further confirmed a long-speculated induced fit upon insulin 
receptor binding [61]. Our experimental study clearly showed that insulin binding 
was interrupted by the vWF binding. This leads us to develop a valid hypothesis that 
both (insulin as well vWF) will share common binding sites for their recognition. 
Assuming this hypothesis, we further propose that the structural region of vWF 
(region 2730–2783), especially the loop 2 region, may be involved in the binding with 
the insulin receptor ectodomain region. However, this hypothesis needs to be verified 
by intensive structural studies.

Figure 10. 
Insilico modeling of the vWF (residue 2597 to 2791) to determine the vWF-NOS interaction site.
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6.10  Discussion

This study investigated the relationship between increased levels of vWF release 
and decreased levels of NO production insulin sensitivity during hypoxia.

Here, for the first time, we employ both biochemical and functional methods to 
demonstrate that vWF serves as a new ligand for eNOS. Von Willebrand factor (vWF) 
counteracts the effects of insulin, hampers the synthesis of nitric oxide (NO), and 
induces alterations in glucose regulation. This leads to an increase in the findings of 
the glucose tolerance test (GTT), insulin tolerance test (ITT), and homeostatic model 
assessment of insulin resistance (HOMA-IR), as well as a decrease in the rate at which 
glucose is taken up in an animal model of hypoxia. The binding of vWF to eNOS was 
demonstrated in RBC membranes and a cell-free system (purified eNOS) by far-
western blotting and CoIP. This interaction was also confirmed by SPR in a cell-free 
system. We further demonstrated that the binding of vWF to eNOs impaired insulin-
induced NO production and increased IR; however, larger doses of insulin reversed 
the inhibitory effect of vWF. Previous studies and also our data suggest that either 
acute exposure or continuous hypoxia can induce IR. However, the molecular mecha-
nism of IR during hypoxia is still obscure. Previous studies proposed a relationship 
between CVDs, IR, and ED, where ED has been characterized by an increased rate of 
vWF release and a decreased level of NO production [62]. Impaired NO production, a 
phenotype of IR has also been linked to OSA and CVDs [63–65].

Diabetes mellitus and insulin resistance (IR) have also been linked to impaired 
endothelial function. Treatment with thiazolidinediones, which are insulin sensitiz-
ers, has been demonstrated to improve endothelial dysfunction. Our findings also 
showed that there was an increase in the levels of multimeric forms of vWF in plasma 
over time, which led to a decrease in NOS activity. We have additionally shown that 
hypoxic plasma depleted of vWF did not reduce the production of NO generated by 
insulin. Furthermore, h-vWF also inhibited the production of NO induced by insulin 
in a manner that depended on the dosage. In contrast, higher dosages of insulin 
counteracted the effects. On the other hand, the inhibition of vWF by a neutral-
izing antibody reduced the effects of hypoxia-induced insulin resistance, as shown 
by the glucose tolerance test (GTT), insulin tolerance test (ITT), and homeostatic 
model assessment of insulin resistance (HOMA-IR), without affecting the bleeding 
characteristics. This indicates that vWF may have a significant impact on hypoxia-
induced IR by inhibiting NOS and establishing a reverse correlation between vWF 
and NO production during hypoxia. To reconfirm the role of NO in hypoxia-induced 
IR, we used NO-mimetic NG patches that were transdermally applied to mice and 
prevented hypoxia-induced IR. This finding also suggests that hypoxia-induced IR is 
mediated through inhibition of NO production. To further determine the biological 
relevance of hypoxia-induced upregulation of vWF and a decreased rate of glucose 
uptake through NO inhibition, we used h-vWF in our D-[U-14C] glucose uptake assay. 
Preincubation with either h-vWF or L-NAME completely abrogated insulin-induced 
glucose uptake in RBCs. In this study, we further demonstrated that the continuous 
delivery of NO elicited by the application of a transdermal NG patch protected mice 
from IR. This result suggests that vWF inhibits glucose uptake by inhibiting NO 
synthesis through inhibition of NOS.

The biological significance of the antagonizing effect of vWF on NO production 
through direct interaction with NOS is profound. By using far-western blotting, 
CoIP, and SPR, our study demonstrated for the first time the direct interaction 
between vWF and NOS. Our data suggest that vWF inhibits insulin-induced NO 
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production by directly binding to eNOS. A previous study had also established 
that NOS is the receptor, and NO is a second messenger for insulin action [66]. It 
was also reported that eNOS is a membrane-bound constitutive enzyme whose 
activation is directly related to the binding of insulin to its specific binding sites 
on the membrane surface. Here, we performed SPR to determine the affinity 
of the interaction between vWF and NOS. The resulting sensorgram showed 
concentration-dependent binding of both molecules, and the affinity of the binding 
was considerably high, as indicated by a KD of 1.79 × 10−8. This finding was further 
validated by kinetic analyses of both molecules. The results showed a noticeably low 
inhibitory constant (Ki = 250 pM), as well as IC50 (18.31 pM), suggesting a higher 
affinity of binding to and greater efficacy of inhibition of eNOS by vWF. Under 
normal conditions, the physiological concentrations of insulin and vWF are 542 and 
5.2 nM, respectively [67]. Therefore, vWF never binds to eNOS because the affinity 
is lower than that of insulin (KD = 2.45 × 10−9 M). However, under several pathologi-
cal conditions where the concentration of the ultra large form of vWF is higher 
than normal [68], insulin-induced NO production is inhibited by the competitive 
binding of vWF to NOS.

It was also reported that NO has a role in glucose transport and metabolism in rat 
skeletal muscle through NOS activation [69]. Our results indicate that vWF acts as an 
inhibitor of NOS and impaired insulin action and NO production. Upon binding to its 
receptor (NOS), insulin stimulates NO production, which in turn activates the Glut-4 
receptor, consequently leading to an increased rate of glucose uptake but a decreased 
level of platelet aggregation [70]. However, a putative predictive functional region 
of vWF is shown in (Figure 10A–B). However, details of the interaction between the 
two molecules remain to be explored and the importance of a specific domain and/or 
sequence of the respective protein still needs to be studied.

This study delineates the mechanism of inhibition of NO production by vWF dur-
ing hypoxia, where ED is the predominant feature. It might also explain the mecha-
nism of increased IR in patients with CVDs and diabetes mellitus. The data of this 
study may have important implications for glucose homeostasis at high altitudes and 
the risk of metabolic diseases for patients with disorders characterized by hypoxia, 
sleep apnea, and chronic obstructive pulmonary disease.

7.  Hypoxia-induced endothelial activation and IR

7.1  Hypobaric hypoxia-induced insulin resistance

Insulin resistance (IR) or glucose intolerance is a fundamental clinical character-
istic of metabolic syndrome, a condition whose rising incidence has contributed to 
heightened cardiovascular morbidity and mortality rates in industrialized nations. 
The link between IR, cardiovascular diseases, and hypoxia has been noted in various 
settings, including exposure to high altitudes, hypoxic gas inhalation, or hypobaric 
conditions, as previously reported in studies involving both human and animal 
models [71].

We intended to find out whether hypobaric hypoxia has any effect on glucose 
hemostasis. Animals were exposed to hypoxia and then GTT, ITT, and HOMA-IR 
values were analyzed. It was found that animals exposed to hypoxia showed time-
dependent increases in GTT, ITT, and HOMA-IR values in comparison to those of 
control animals (Figure 11A–C).
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7.2  Hypobaric hypoxia-induced endothelial dysfunction

As IR is related to ED. The vascular endothelium produces many substances that 
contribute importantly to hemostasis and regulation of vessel tone and permeability. 
Being the largest organ of the body, the endothelium senses any kind of stress and in 
response, it releases different vasoactive, vasodilator, and inflammatory modulators. 
Among the two most important molecules, NO and vWF are prominent markers for 
ED in different pathological conditions, such as chronic pulmonary disease, hyper-
tension, and diabetes mellitus.

To find out the effect of hypobaric hypoxia on NO production, plasma from 
hypoxia-exposed animals was used in the reaction mixture for identical conditions 
(Figure 12A). Results showed that the addition of insulin to the reaction mixture 
increases NO production by almost 2.5 nmol/h. On the other hand, the addition of 
hypoxic plasma to the reaction mixture showed a time-dependent decline in NO 
production.

Next, we sought to determine whether hypoxia had any role on ED. Decreased 
NO and increased vWF both are established markers for ED. Mice were exposed 
to hypoxia for different time intervals (0, 6, 12, 24) hours, with equal numbers of 
age-matched littermates for each line maintained as control. Plasma was collected 
for quantifying vWF antigen and NO production. Total vWF:Ag was quantitated by 
ELISA (Figure 12B) and immunoblotting was done from the plasma by using a vWF 

Figure 11. 
Time course study of the effect of hypoxia on glucose metabolism. Animals were exposed to hypoxia as described 
in materials and methods for 0 (unexposed) 6, 12, and 24 hours. The GTT, ITT, and HOMA-IR were conducted 
for the IR study. (A) Following a 16-hour fast (n = 4 per group), a glucose tolerance test was conducted. (B) Four 
mice per group, fed at random and subjected to varying amounts of hypoxia, underwent an insulin tolerance test 
(0.75 units/kg of insulin). (C) In hypoxia-exposed mice (n = 4 per group), the insulin resistance test was carried 
out using HOMA-IR scoring. Data are means ± SEM of three separate experiments. The results show a significant 
(*p < 0.05) difference between different time points using a one-way ANOVA. Reprinted (adapted) with 
permission from Ref. [54]. Copyright 2013 American Chemical Society.
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primary antibody. The vWF multimer was analyzed by SDS-agarose PAGE. Gel was 
transferred to the PVDF membrane and blot with vWF primary antibody. It was seen 
that hypobaric hypoxia-induced vWF expression increased time-dependently and 
most of the vWF expressions are multimeric form (Figure 12C–D). These results 
suggest that hypoxia induces ED as well as glucose.

7.3  Discussion

IR is defined as reduced sensitivity and/or responsiveness to the metabolic action 
of insulin that promotes glucose disposal. It is the fundamental pathophysiologic 
disturbance responsible for the cluster of metabolic and cardiovascular disorders, 
collectively known as the metabolic syndrome. In recent years, it has become clear 
that IR and ED play a central role in the pathogenesis of different disease conditions 
such as cardiovascular disorders, including hypertension, coronary artery disease, 
and atherosclerosis. ED is an important component of the metabolic or IR syndrome 
and this is demonstrated by reduced vasodilation and/or paradoxical vasoconstriction 
in coronary and peripheral arteries in response to stimuli that release NO. Deficiency 
of endothelial-derived NO is believed to be the primary defect that links IR and ED.

Recently, data from epidemiological cohort studies and clinical populations 
have determined that OSA may contribute to the development of IR [72]. It was also 

Figure 12. 
Study of the impact of hypoxia on ED over a period of time. According to the instructions in materials and 
methods, animals were subjected to hypoxia for 0, 6, 12, and 24 hours. For ED, the NO assay, an ELISA of vWF, 
and SDS immunoblotting were used. (A) Adding plasma from several AH-exposed animals reduced the amount 
of NO produced by insulin. (B) vWF total antigen quantification in plasma using an ELISA (n = 4 per group). 
(C) Immunoblotting versus WF at various intervals. (D) Multimer analysis of vWF using immunoblotting at 
the designated time intervals after SDS-agarose gel electrophoresis. The findings are based on a representative 
experiment that was conducted three separate times. The three independent experiments’ means ± standard error are 
represented in the data. One-way ANOVA findings indicate a significant (*p < 0.05) difference across time points. 
Reprinted (adapted) with permission from Ref. [54]. Copyright 2013 American Chemical Society.
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reported that exposure to acute hypoxia increased glucose intolerance in healthy men 
and women [71]. Also showed that acute 1-day exposure to intermittent or continuous 
hypoxia resulted in impaired glucose tolerance, reduced insulin sensitivity, and an 
increased level of secretion of insulin from the pancreas [49].

In our study, we also reported a time-dependent increase in the result of the 
GTT, ITT, and HOMA-IR (exposure to hypoxia for up to 24 hours), which supports 
previous findings. Peltonen and coworkers recently reported that acute exposure to 
hypoxia decreases insulin sensitivity through sympathetic activation [73]. Gamboa 
et al. also showed that either acute exposure or continuous hypoxia can induce IR. 
Therefore, our conclusion is in concurrence with previous studies [71].

8.  Clinical significance of the sterile inflammation and type 2 diabetes 
mellitus/IR

The above results implied that hypoxia-induced quantitative and qualitative 
changes in vWF through HMGB1-mediated activation of TLR2 and binding of SP1 
to its cognate binding site on the vWF promoter. To obtain direct evidence of this 
transcriptional regulation by the HMGB1-TLR2-SP1-vWF-IR pathway during hypoxia 
and its involvement in the development of IR, we quantified the levels of HMGB1 
and vWF in the plasma and those of TLR2 and SP1 in the PBMCs of diabetic and 
non-diabetic subjects (n = 24) by performing ELISA. We found that the levels of 
HMGB1, vWF, TLR2, and SP1 were significantly higher in diabetic subjects than in 
non-diabetic subjects (p < 0.005; Figure 13A–D). Next, we performed HOMA-IR in 
diabetic and non-diabetic subjects to confirm IR. HOMA-IR index of diabetic subjects 
was significantly higher than that of non-diabetic subjects (Figure 13E), suggesting 
higher IR in diabetic subjects.

9.  Summary and conclusion

This research aimed to investigate hypobaric hypoxia-induced endothelial 
activation, inflammation, and IR. In vivo and in vitro studies were performed to 
accomplish the aim of the study. In brief, animals were exposed to AH at different 
time points and endothelial activation and IR were studied. Results showed that AH 
exposure upregulated the multimeric form of vWF and decreased NO production. 
Both vWF and NO are markers for ED. As ED and IR are interlinked in different 
disease and stress conditions, the parameters of glucose hemostasis were studied 
following AH exposure. The result showed a significant increase of GTT, ITT, and 
HOMA-IR in AH exposure. Our findings also suggest that AH-induced IR is medi-
ated through inhibition of NO production. We also observed that an increased 
multimeric form of vWF is responsible for the inhibition of insulin-induced NO 
production. A glucose uptake study was conducted to demonstrate the biological 
relevance of AH-induced vWF upregulation & decreased NO production. The result 
showed that vWF inhibits glucose uptake by inhibiting NO synthesis. Therefore, 
these studies suggest that vWF acts as an inhibitor of NOS and impaired insulin-
induced NO production.

Hypoxia induces ED by altering the endothelial-derived molecules leading to 
the initiation of inflammation, coagulation, and thrombogenicity. Despite the 
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well-established association, we also suggest that AH-induced multimeric vWF 
also induced IR, but transcriptional regulation of the vWF gene during hypoxia 
that contributes to IR is not defined yet. Recently, it has been shown that factors 
released from stressed cells and tissues can function as “danger signals” and the 
putative ligands may activate innate immune receptors, including TLR2. The result 
showed TLR2 immuno-neutralization and TLR2 gene silencing significantly reduced 
AH-induced expression of vWF. It suggests that AH-induced vWF upregulation is 
regulated through TLR2. MyD88 is the most prominent adaptor protein involved 
in TLR2-induced vWF externalization from Weibel-Palade body. We showed an 
increased expression of MyD88 and phospho-SP1 following AH exposure or LTA 
treatment that was inhibited by TLR2 immunoneutralization or TLR2 gene silencing. 
Additionally, SP1 inhibitor also inhibits AH-induced vWF expression both in mRNA 
level as well as protein level. Our results also showed that TLR2 immunoneutraliza-
tion and TLR2 gene silencing diminished the AH-induced colocalization of vWF with 
either MyD88 or SP1. We further demonstrated that AH-induced binding of SP1 to 
vWF promoter abrogated by TLR2 immunoneutralization and TLR2 gene silencing. 
We further observed that increased level of HMGB1 acts as an endogenous ligand for 

Figure 13. 
HMGB1, TLR2, SP1, and vWF in the diabetic patient sample: (A) HOMA-IR in control and diabetic patient 
sample (n = 24). Plasma HMGB1 (B) and vWF (E) as well as TLR2 (C) and SP1 (D) levels in PBMNC 
analyses by an ELISA. Data are means ± SEM of three separate experiments. The results showed a significant 
(*p < 0.05) difference between different time points using a one-way ANOVA.
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TLR2 and induces vWF upregulation during AH. From these results, we concluded 
that AH-induced vWF upregulation is mediated through HMGB1-TLR2-MyD88-Sp1 
axis.

So, this study delineates the mechanism of inhibition of NO production and IR 
by vWF during hypoxia. A proposed model presented in a schematic diagram in 
Figure 14. It also explains the molecular mechanism of vWF upregulation in different 
stress conditions. Therefore, vWF would be potential targets for developing thera-
peutics in the management of stress-induced IR.
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Figure 14. 
Proposed model highlighting the transcriptional regulation of the vWF gene during hypoxia, which contributes 
to IR.
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Abstract

This chapter will discuss chronic stress, which is the final phase of the 
 comprehensive method. Both mindfulness and meditation have demonstrated the 
potential as therapeutic practices in their respective fields of study. Those individuals 
and healthcare professionals who are interested in addressing insulin sensitivity and 
improving metabolic health in a holistic manner will find the insights that are pre-
sented in this chapter to be extremely beneficial. In this chapter, a paradigm shift that 
takes into account all aspects of lifestyle is advocated for.

Keywords: insulin sensitivity, chronic stress, mindfulness, meditation, holistic health

1.  Introduction

In glucose metabolism, insulin is crucial. After eating carbohydrates, the body 
breaks them down into glucose, which enters the bloodstream. Insulin, produced by 
the pancreas, helps cells absorb glucose to regulate blood sugar. Insulin resistance can 
reduce cell response to this hormone. Thus, insulin resistance diminishes cell sensitiv-
ity to insulin, which regulates glucose absorption. This complicated phenomena influ-
ence system and cell homeostasis simultaneously. Pancreatic insulin regulates glucose 
metabolism and helps cells absorb glucose by attaching to the cell surface receptors 
[1]. This aids glucose absorption by liver, muscle, and fat cells. In insulin resistance, 
this signaling system is disrupted, reducing cell glucose uptake and utilization.

Insulin resistance affects more than glucose metabolism. Insulin resistance causes 
chronic hyperglycemia, endothelial dysfunction, oxidative stress, and inflammation, 
which cause cardiovascular diseases [2]. Insulin resistance and β-cell dysfunction are 
common observations in type 2 diabetes mellitus (T2DM). Resistance increases strain 
on pancreatic β-cells, leading to fatigue and decreased insulin output. The vicious 
cycle of β-cell dysfunction and insulin resistance worsens T2DM [3]. Lipid metabolic 
dysregulation—low dense LDL particles, low HDL-C, and high triglycerides—is also 
caused by insulin resistance. Additionally, lipid abnormalities cause cardiovascular 
disease-related atherosclerosis [4].
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Insulin resistance is an important public health issue today. Genetic, environ-
mental, and modern sedentary lifestyle factors promote insulin resistance. Inactivity 
and sedentary habits cause obesity and metabolic disorders. Skeletal muscle glucose 
transport and use increase insulin resistance [4]. Overeating processed foods, high-fat 
diets, and calories can also develop insulin resistance [5]. Diets heavy in saturated 
fat and carbs produce obesity and other metabolic issues that worsen insulin resis-
tance. Preventing insulin resistance health issues requires preventive actions. Insulin 
resistance is a prelude to significant health issues, thus early intervention reduces risk 
and improves results (Figure 1).

2.  Influences of dietary choices on insulin response

Treatment of metabolic syndrome problems, including insulin resistance, 
involves diet and lifestyle changes. This technique aims to reduce body weight, 
improve glycemic control, and reduce the risk of cardiovascular disease and other 
consequences, which account for 80% of diabetes-related fatalities [6]. For insulin 
resistance hyperglycemia, contemporary diets recommend complex carbohydrates 
or starches over simple carbs and sweets. This technique ignores metabolic evidence 
showing certain starchy meals, such as baked potatoes and white bread, may increase 
glycemic responses and believes that simple sugars are absorbed and digested quicker, 
resulting in a faster postprandial glucose response [7]. Generalizations concerning 
carbohydrate consumption and insulin resistance, obesity, and diabetes have arisen 

Figure 1. 
Diagram showing insulin resistance’s defective signaling pathway: Disruptions in insulin receptor substrate 1 
signaling affect glucose transport. Under normal physiological settings, insulin binds to cell surface receptors 
to start the insulin signaling cascade in skeletal muscle and adipose tissue. IRS-1 phosphorylation stimulates 
insulin receptor and PPIK-3 kinase. Protein kinase B/Akt phosphorylates AS160 and activates Rab proteins to 
transfer GLUT4 vesicles to the cell membrane when PI3K is activated. GLUT4 transfers glucose within the cell for 
metabolism or storage from the cell surface.
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from conceptual uncertainty about dietary carbs and the widespread use of low-carb 
diets for weight reduction.

Excess sugar consumption directly and indirectly accelerates insulin resistance. 
Overeating sugar generates a positive energy balance, which increases body weight 
and fat. Additionally, it indirectly induces insulin resistance and glucose dysregula-
tion. Fructose raises ghrelin, the hunger hormone, and lowers hypothalamic malonyl-
CoA [8], which increases appetite, weight, and insulin sensitivity. Inflammation and 
hepatic fat buildup from these carbohydrates may cause insulin resistance. Fructose, 
a lipogenic sugar, is primarily metabolized in the liver and seldom reaches the circula-
tion [9]. GLUT2 processes fructose into fructose-1-phosphate, dihydroxyacetone 
phosphate, and glyceraldehyde 3-phosphate, which increases de novo lipogenesis [10]. 
Fructose may impair hepatic fatty acid oxidation by inducing mitochondrial oxidative 
stress via uric acid [11]. In Havel’s human experiments, fructose-sweetened drinks 
enhanced lipogenesis, dyslipidemia, and circulating uric acid while lowering insulin 
sensitivity and fatty acid oxidation. These changes in fructose and glucose’s hepatic 
metabolism, including how they enter the glycolytic pathway and what happens to 
their intermediary metabolites, may explain these effects [8, 10].

Dietary fat strongly predicts insulin resistance in humans and animals. In humans, 
total fat consumption substantially elevates HbA1c, 2-hour post-load glucose, and 
fasting insulin. A 40 g/d increase in dietary fat increases T2DM risk 3.4-fold [8]. 
Saturated and unsaturated lipids affect insulin resistance differently. Polyunsaturated 
fat improves insulin sensitivity and glucose tolerance, while saturated fat is linked 
to insulin resistance and T2DM in most epidemiologic and clinical investigations 
[8]. The advantages of a monounsaturated fatty acid-rich diet decrease when total 
fat consumption surpasses 38% [12]. Variable fatty acid carbon chain lengths affect 
insulin sensitivity. Long-chain fatty acids (LCFAs, >C16) make up most western diet 
fats and are linked to glucose homeostasis and insulin resistance [13]. Compared to 
LCFAs with equivalent calories, medium-chain fatty acids (MCFAs, C8–C12) reduce 
obesity and enhance insulin action by increasing energy expenditure and fatty acid 
oxidation [8]. Gut microbiomes ferment indigestible food into C2–C6 SCFAs. SCFAs 
improve liver, skeletal muscle, and adipose tissue insulin sensitivity [14]. Nutritional 
fat intake and quality are critical to T2DM.

Overweight increases metabolic syndrome and insulin resistance risk. Overeating 
and metabolically active abdominal adipose tissue increase the non-esterified fatty 
acid transport to the liver, which may impair insulin extraction, glucose oxida-
tion, and insulin secretion. T2DM intervention studies show that weight reduc-
tion decreases fasting hyperglycemia, boosts non-oxidative glucose metabolism, 
and improves insulin sensitivity [15]. Unbalanced energy intake and expenditure 
cause obesity. Calorie intake from sedentary lifestyles and high-fat diets causes 
overweight. High-fat, high-energy diets may cause insulin resistance, glucose 
intolerance, obesity, cardiovascular disease, and metabolic syndrome [16]. Several 
clinical researches support this notion. Saturated fat may increase metabolic prob-
lems, although monounsaturated fat may improve lipids. Epidemiological research 
suggests trans-fatty acids increase T2DM and insulin resistance [17]. Saturated 
and certain monounsaturated fats cause insulin resistance but not polyunsaturated 
or omega-3 s [17]. Dietary fat affects insulin sensitivity regardless of weight and 
increases T2DM risk [15]. Numerous research on people and animals have connected 
reduced insulin sensitivity to dietary fat quality, perhaps owing to cell membrane 
fatty acid composition changes [18]. Understanding macronutrient satiation and 
energy overconsumption is crucial. Due to their great palatability, high-fat meals 
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may induce passive overconsumption [17]. Even though both dietary energy intake 
and macronutrient quality contribute to obesity and insulin resistance, dietitians 
and other health professionals must continue to challenge the quantity and quality 
of macronutrients in food and diet composition to develop novel ways to reduce 
metabolic syndrome-related insulin resistance.

2.1  Dietary strategies for improving insulin sensitivity

In an effort to increase insulin sensitivity, several dietary approaches have been 
used throughout time, such as whole food-based diets. Plant-based foods in their 
whole, minimally processed, unprocessed form make up these diets. They include 
a variety of foods such legumes, fruits, vegetables, whole grains, seeds, nuts, and 
beans, as well as small amounts of healthy fats. When it comes to the ratio of nutri-
ents to calories, whole foods have a greater content of the important nutrients than 
processed meals. They serve as excellent sources of dietary fiber, antioxidants, and 
phytochemicals and provide essential vitamins, minerals, fiber, and phytonutrients 
necessary for metabolic health.

Diets centered on whole foods can maintain a healthy gut microbiota, balance 
macronutrient consumption, improve heart health, help control weight, and lower 
insulin resistance [19]. For example, increasing insulin sensitivity and controlling 
blood sugar levels may be achieved by including whole grains, veggies, and legumes 
in one’s diet. Blood sugar spikes are avoided by energy-restricted diets that include 
a balanced mix of proteins, lipids, and carbs. Eating complex carbs that have a 
low GI helps to reduce blood sugar spikes and promote constant glucose release. 
Furthermore, including good fats—like omega-3 fatty acids—and keeping protein 
consumption modest promote muscle health without producing an excessive amount 
of insulin. Reducing the consumption of added sugars, maintaining regular meal 
timings, staying hydrated, and including turmeric and cinnamon into meals are other 
successful dietary methods to improve insulin sensitivity [20, 21].

2.2  Benefits of a whole-foods-based diet in managing insulin resistance

A substantial body of literature has given reports that revealed the profound 
impact of whole foods based diet such as whole grain, fruits, vegetables, and legumes 
on insulin resistance and broader metabolic health. Literature consistently supports 
the notion that whole foods exert substantial and multifaceted benefits on insulin 
sensitivity. Arabzadega et al. research outcomes revealed that the consumption of the 
whole grains, characterized by higher fiber content and a lower glycemic index modu-
lates insulin sensitivity [22]. Wallace et al. demonstrated that the antioxidants and 
fiber present in fruits exhibited a significant improvement on glucose metabolism, 
positioning fruits as a protective factor against insulin resistance [23]. Furthermore, 
it has been shown in the previous research that consuming more veggies is linked to 
lower insulin levels and higher insulin sensitivity. This result bolsters the notion that a 
broad range of vegetables should be included in dietary guidelines [24]. Legumes are a 
desired alternative for those trying to cure insulin resistance since their consumption 
has been linked to benefits in glycemic control and insulin sensitivity. Legumes like 
beans, lentils, and peas are regarded as important nutritional sources that are required 
to keep the metabolism functioning properly. Eating a diet high in fruits, vegetables, 
whole grains, and legumes is linked to synergistic benefits since it effectively 
improves insulin sensitivity and lowers the risk factors linked to hypertension [25].
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2.3  Mechanisms: unraveling the complex biology of improved insulin sensitivity 
through whole-food-based diets

Many studies have been conducted on the intricate biochemical mechanisms via 
which a diet high in whole foods increases insulin sensitivity. Previous research has 
shown the multifaceted impact of diet on metabolic health. The high fiber content 
of whole meals improves sensitivity to insulin. Fiber lowers the postprandial hyper-
glycemia spikes by slowing the absorption of glucose. Fiber enhances postprandial 
glucose regulation and insulin sensitivity, according to research by Fujii et al. [26]. 
Whole meals include phytochemicals and antioxidants that increase insulin sensitiv-
ity. Polyphenols found in fruits and vegetables improve insulin signaling and lessen 
oxidative damage. Whole meals alter gut flora and encourage the cooperation of host 
and bacteria. The diverse gut flora that is produced by fruits, vegetables, and whole 
grains has an impact on metabolic signaling and insulin sensitivity [27]. Hormones 
that control glucose homeostasis, such as insulin and glucagon, are impacted by 
whole meals. Whole food-based diets enhance insulin sensitivity and glucose 
metabolism [28].

Bioactive compounds included in whole foods regulate insulin sensitivity and 
energy balance via enhancing mitochondrial activity. Bioactive compounds included 
in fruits and vegetables may influence the expression of genes related to glucose 
metabolism and insulin signaling via epigenetic mechanisms, according to Čí et al. 
[29, 30]. The control of epigenetics implies that dietary modifications might impact 
metabolic health in the long run. Whole food diets with immune-modulating proper-
ties have been shown to lessen metabolic dysfunction. Whole fruits and vegetables 
improve insulin sensitivity and reduce inflammatory markers [30, 31]. These studies 
show that whole foods-based diets are helpful in enhancing insulin sensitivity due to a 
complex combination of metabolic processes, mitochondrial function, fiber, antioxi-
dants, gut flora, omega-3 fatty acids, hormone control, and inflammatory modula-
tion. Customized dietary recommendations to address insulin resistance are made 
possible by these interconnected pathways, which provide a holistic understanding of 
how nutrition influences metabolic health.

3.  Physical activity, exercise, and insulin sensitivity

It is now well acknowledged that engaging in consistent physical activity is a 
beneficial treatment approach that may enhance insulin action in skeletal muscle in 
those who are thought to be insulin-resistant. It has been shown that exercise training 
dramatically lowers the likelihood of insulin resistance in those who are more likely to 
develop T2DM [32]. By increasing these people’s insulin activity and glucose toler-
ance, this is achieved.

3.1  Aerobic and resistance training for insulin sensitivity

For individuals with Type 2 Diabetes Mellitus (T2DM), it is advisable to engage 
in both resistance and aerobic exercises. The treatment for T2DM involves aerobic 
exercise training [33]. Exercise lowers metabolic risk factors for cardiovascular dis-
ease, improves insulin sensitivity, and manages diabetes. Enhancing insulin response 
to glucose and glucose tolerance via endurance exercise may help reduce blood sugar. 
Adult obesity increases in insulin sensitivity with brief training are comparable [34].
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Resistance training is known to have a far smaller impact on some of these out-
comes than aerobic training, such as glycogen synthase activity. Resistance training 
had little effect on pro-inflammatory markers, according to other research [35]. 
However, reductions in adipose mass [36] have an impact on some inflammation 
markers, including as IL-6 and resistin, which can be increased or stimulated by 
resistance training. Insulin resistance and glycemic control may both be improved 
by resistance training and muscle building exercise regimens. Moreover, it has been 
shown that combining resistance and aerobic exercise improves the function of 
endothelial vasodilators, which may raise blood flow and glucose absorption into 
active muscle beds. Thus, it has been shown that, perhaps via different mechanisms, 
strength training and aerobic exercise are beneficial for people with T2DM [37]. 
Improvements in psychosocial factors and/or β-adrenergic receptor pathways may 
partially mediate the lowering of serum inflammatory cytokines, such as IL-18, CRP, 
and IL-6, in older persons, but aerobic exercise intervention does not [38]. Exercise’s 
proposed methods for reducing inflammation include the cholinergic anti-inflamma-
tory pathway, muscle-released interleukin-6 inhibiting tumor necrosis factor-α, and 
decreased proportion of body fat and macrophage buildup in adipose tissue. Reduced 
levels of circulating TNF-α and IL-6 may be linked to the positive effects of exercise, 
which could lead to reduced endothelial dysfunction and insulin resistance [39]. An 
increase in adiponectin levels and a decrease in C-reactive protein were observed 
during a 12-week swimming program conducted three times a week, which was 
linked to improved assessments of chronic inflammatory markers. Changes in these 
inflammatory mediators seemed to be connected to improvements in insulin sensitiv-
ity brought on by swimming exercise. Along with a decrease in visceral adipose tissue 
and waist circumference, it also led to a significant drop in circulating IL-6 in lean, 
obese, and T2DM participants who followed an exercise program without losing 
weight [40].

Both aerobic and resistance physical activity can alter body composition, substrate 
metabolism, signaling pathways, and organ function, which ultimately increases 
insulin sensitivity and improves metabolic regulation in individuals with pre-
diabetes. Although many pathways that increase insulin sensitivity are common to 
both aerobic and resistance training, each modality offers unique and complimentary 
effects [41]. The greatest changes as a result of resistance training occur through 
changes in muscle strength and mass, although improvements in insulin sensitivity 
via increased GLUT4 expression can also occur. The evidence for aerobic physical 
activity-related changes on whole-body insulin sensitivity and consequent cardiomet-
abolic protection is more widespread and involves multiple tissues and organs [42].

3.2  The role of regular physical activity in maintaining insulin sensitivity

The purpose of physical exercise is to maintain or improve one’s physical condi-
tion through planned, repetitive movements. Highly trained athletes are able to 
perform well because exercise training alters their metabolism. Furthermore, adapta-
tions to exercise dramatically change resting metabolism. Numerous tactics have the 
potential to enhance glucose excretion and insulin sensitivity. Studies that compare 
trained and untrained individuals show the extent of this effect, even if they cannot 
completely rule out population differences resulting from natural selection. The 
insulin response, baseline insulin level, and insulin levels after continuous glucose 
infusion were all 50% lower in trained subjects than in matching untrained subjects 
[43]. The euglycemic clamp demonstrated that individuals with training had either 
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enhanced or equal [43] insulin responsiveness, as well as greater insulin sensitivity 
(submaximal insulin stimulation).

Exercises involving resistance and aerobics must be distinguished. An hour of 
moderate-intensity aerobic exercise lowers body fat and enhances oxygen utilization 
and delivery in the heart and skeletal muscle [44, 45]. Aerobic exercises include riding 
a bike, running, and jumping rope. On the other hand, resistance training, which 
repeats weight or free weight loads, is a brief strength training regimen that builds 
lean body mass [44, 45]. Both forms of exercise can occasionally help young people’s 
obesity-related health. Rope jumping has been demonstrated in prehypertensive 
girls to improve lean body mass and decrease abdominal obesity [46]. Due to the fact 
that exercise influences insulin resistance, scientists started contrasting how various 
forms of exercise affected these variables. Van der Heijden et al. found that a 12-week 
aerobic training program decreased insulin resistance and the deposition of hepatic 
and visceral fat in obese children. During aerobic exercise, muscle cells take up more 
glucose, which increases glucose oxidation [47]. Lowering insulin levels reduces 
insulin resistance, and this mechanism controls the release of glucose and insulin 
[48, 49]. Children who received 16 weeks of resistance training had reduced fasting 
insulin levels and increased insulin sensitivity, according to studies by Refs [50, 51]. 
Resistance training raises skeletal muscle mass, which raises metabolic “reserve” for 
glucose disposal, and muscle contractions, which temporarily boost glucose uptake. 
These two factors together improve insulin sensitivity. Aerobic + resistance training 
was shown to reduce fasting insulin levels, increase insulin resistance, and improve 
glucose elimination in multiple investigations [52, 53]. Eight weeks of combined 
training increased insulin sensitivity by 22.2%, according to Refs. [54].

3.3  Effects of exercise on insulin resistance: molecular perspective

Numerous biological processes allow exercise to increase insulin sensitivity. GLUT-
4, the glucose transporter, is activated by exercise and aids in the absorption of glu-
cose by skeletal muscle in the absence of insulin. Rats that exercise for 8 weeks show 
a 100-fold increase in GLUT-4 translocation and receptor activation [55]. Human 
muscle biopsy samples exhibited GLUT-4 translocation to the plasma membrane 
during exercise [56]. Numerous studies have shown the impact of physical exercise 
on the transcription factor PPAR γ co-activator 1a (PGC-1α) and its downstream 
genes [57]. Phenotypic fatty acid oxidation genes are enhanced and skeletal muscle 
lipid intake is limited when PGC-1α activates PPARγ. Mitochondrial biogenesis is one 
of the processes in which PGC-1α is involved. Even while insulin resistance leads to 
mitochondrial dysfunction, exercise enhances the size, quantity, oxidative capacity, 
and biogenesis of mitochondria [58]. Exercise improves mitochondrial activity, modi-
fies the makeup of adipokines, and reduces inflammatory indicators after oxidative 
damage. Furthermore, via decreasing IRS-1, GLUT-4, and PGC-1α and increasing 
Ser/Thr phosphorylation kinase, TNF-α and IL-6 also contribute to increased insulin 
resistance [59].

3.4  Incorporating regular physical activity into daily life

Regardless of the methods used to assess insulin sensitivity/glycemic control, a 
lifestyle incorporating regular physical activity has been identified as a key factor for 
maintaining and improving many aspects of health, including insulin sensitivity [60]. 
In this context, the term physical activity covers all forms of muscular movement, 
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including that associated with strenuous physical work, active transport (walking 
and cycling), household tasks (cleaning and gardening), incidental physical activity 
which occurs when undertaking other tasks, sport, and other active leisure pursuits 
have the specific intent of affecting an aspect of health [61].

Several studies have identified an association between regular physical activity 
and/or aerobic fitness, one of such study explained that exercise interventions have 
an ameliorative effect or in some cases, lead to complete reversal of insulin resistance 
thereby, reducing the risk of T2D by ~9% [62]. Physical activity has both immedi-
ate (acute) and longer-term effects on insulin sensitivity. The immediate effects are 
the direct result of a single exercise bout and may be evident during and/or for up to 
72 hours post-exercise [63]. If repeated regularly these bouts produce additional long-
term chronic improvements to insulin sensitivity, thereby providing superior baseline 
glycemic control compared with that typically seen in less active individuals [60]. In 
this healthy, physically active, “trained” condition, the effects of individual exercise 
bouts may then produce further acute responses from this already elevated insulin 
sensitivity state and thereby promote optimal insulin sensitivity and glycemic control.

3.5  Practical tips for incorporating exercise into our routine

As such, individuals should be slowly introduced to both aerobic and resistance 
exercises to avoid injury and dropout as a result of being overwhelmed. Patients should 
be made aware that resistance exercise improves health risks and quality of life, but it 
takes time and effort to achieve its advantages, which include decreased body fat and 
increased muscle mass. It is important to prioritize physical activity as part of a lifestyle 
change rather than just structured exercise. Participants may choose more energy-dense 
lifestyles such as athletics, dance, gaming, and daily living. There are other options, 
including bicycling instead of driving or using the stairs instead of the elevator. Patients 
with metabolic dysfunction must exercise often. Bouts of physical activity should 
be performed with a high frequency on most, if not all, days of the week [64], with 
72 hours between workouts. This allows individuals to optimize the transient effects of 
physical activity on insulin sensitivity. A high frequency of weekly physical activity can 
be maintained by using a combination of workout intensities, such that lower intensi-
ties are utilized on “recovery days” following higher-intensity workout days. If individ-
uals with pre-diabetes are able to perform both aerobic and resistance physical activity, 
they should be encouraged to adopt both types of exercise to receive the overlapping 
and complementary effects on insulin sensitivity and glycemic control [65].

4.  Sleep and influence of sleep patterns on insulin regulation

Sleep is a periodic, consciously controlled state of reduced awareness, relaxed 
muscles, and changed reaction to stimuli and it is believed that sleep is harmless [66]. 
Adequate sleep is necessary for vital functions and overall health while lack of sleep 
has an impact on immune system performance, mood, autonomic nervous system 
activity, and attentiveness [67].

Changes in insulin sensitivity and production, which control glucose homeostasis, 
lead to T2DM. Sleep and normal glucose homeostasis are related. Insulin and plasma 
glucose production are increased during early nocturnal sleep, but they revert to pre-
sleep levels during late sleep. Insulin and glucose secretion are dramatically changed 
by sleep loss. In that case, even with bed rest, they stay steady for the first part of the 
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night before dropping off significantly. Six in a 24-hour cycle involving continuous 
enteral feeding, Simon et al. [68] investigated whether the ultradian and circadian 
glucose and insulin secretion rates of eight night shift workers responded to a per-
manent nocturnal schedule. Eight-day active participants with nocturnal and acute 
8-hour shifting sleep were compared to these subjects. Insulin and glucose secretion 
rates in patients who were awake during the daytime shifted from high levels through-
out the night to low levels during the poor night and daytime sleep that followed the 
acute sleep transition. The glucose rise only shifted 6 hours with the sleep shift in 
night shift workers, and the sleep-related amplification of the oscillations did not 
happen simultaneously. Instead, the peak levels of the glucose and insulin secretion 
rates shifted 8 hours with the sleep shift.

In another significant 1999 work, Spiegel et al. investigated the effects of six nights 
of 4-hour sleep restriction on glucose metabolism as assessed by intravenous glucose 
tolerance testing (IVGTT) [69]. When compared to a fully rested 12-hour TIB condi-
tion, a 4-hour sleep restriction resulted in a 24% decrease in insulin sensitivity and 
a 30% decrease in acute insulin response to glucose, suggesting an inadequate β-cell 
response to developing insulin resistance [69, 70]. This decline in insulin sensitivity 
was comparable to both gestational diabetes and aging. Heart sympatho-vagal activity 
was unbalanced, favoring greater sympathetic tone, in addition to alterations in glucose 
metabolism. The 24-hour cortisol profile revealed higher afternoon and evening levels.

4.1  Sleep restriction and insulin resistance: possible mechanism

Numerous physiological processes, including as muscle insulin resistance, adipocyte 
function, and the release of insulin and glucagon, are impacted by sympathetic 
nervous system activity [71]. Moreover, one possible contributing factor is activation 
of the hypothalamic-pituitary-adrenal (HPA) axis. Studies on sleep loss have shown 
a potential link between increases in cortisol levels in the afternoon and evening 
and insulin resistance. Insulin resistance in the morning can be exacerbated by GH 
secretion at night following sleep restriction [72, 73]. Increased inflammatory mark-
ers have also been linked to sleep deprivation [74]. Among them are hsCRP, TNF-α, 
IL-1β, IL-6, IL-17, and elevated leukocytes and monocytes [71]. Insulin resistance 
is linked to the markers [75]. Adipocyte dysfunction is now associated with sleep 
deprivation and metabolic problems. “Adipocyte insulin resistance” may result from 
sympathetic nervous system activity and HPA axis activation. Four nights without 
sleep decreased adipocyte insulin signaling by 30%, according to research by [76]. 
Insulin sensitivity throughout the body decreased, according to IVGTT. Insulin resis-
tance may increase as a result of lipolysis and NEFA release brought on by reduced 
insulin signaling in adipocytes [71]. Insulin sensitivity dropped and fasting and 
24-hour NEFA increased in many sleep restriction experiments [73]. These changes 
may possibly be involved because the rise in nighttime NEFA was found to be strongly 
correlated with longer GH and higher levels of adrenaline in the early morning [73]. A 
lack of sleep has an impact on hormones that control hunger, food intake, and energy 
expenditure. These factors may have an indirect effect on the metabolism of glucose 
and the risk of developing diabetes by promoting weight gain and insulin resistance.

4.2  Sleep hygiene to enhance the quality and duration of sleep

Good sleep enhances both physical and mental well-being and increases 
 productivity. Everyone, from young children to elderly people, may benefit from good 
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sleep hygiene. Excellent habits are critical to health, according to research [77]. Good 
habits become almost instinctual via the development of enduring and advantageous 
routines that provide continuous reinforcement. Even if harmful habits are bad for 
you, they may nonetheless become ingrained.

A regular sleep schedule in sync with the circadian rhythm is necessary to opti-
mize insulin management. Sleep rhythm is supported by a regular wake-up time on 
the weekends and throughout the week. Sleep should be prioritized, even when faced 
with tempting activities like work, study, or socializing. It is advisable to calculate a 
target bedtime based on the fixed wake-up time and make it a priority to be ready for 
bed around that time each night. If there is a need to shift sleep times, gradual adjust-
ments should be made in small steps, up to an hour or two, to avoid disrupting the 
schedule. Napping can be useful for energy boosters, but keeping them short and lim-
ited to the early afternoon helps prevent interference with nighttime sleep. Creating 
an optimal sleep environment involves factors like darkness and temperature, which 
support hormonal regulation and enhance sleep quality [78, 79].

Having a comfortable mattress and pillow, using excellent bedding, setting a cool yet 
comfortable temperature, blocking out light, drowning out noise, and trying calming 
scents contribute to a peaceful sleep environment. Reducing screen time before bed helps 
insulin regulation and melatonin production in accordance with circadian rhythms. The 
body relaxes when it engages in circadian sleep habits like reading or resting.

To reduce disruptions to sleep, avoiding large meals and caffeine close to bedtime 
should align with circadian metabolic processes. Reducing stress at night enhances 
insulin sensitivity, demonstrating the connection between stress and metabolic well-
being. Exercise earlier in the day is beneficial since it may improve insulin regulation 
late in the day [78, 79]. Insulin sensitivity, sleep-wake cycles, and circadian rhythms 
are all regulated by sunlight, particularly in the morning. These strategies focus on 
aligning lifestyle decisions with circadian principles to improve metabolic health and 
insulin regulation.

5.  Stress and role of stress in insulin resistance

Stress is defined as a state of altered body homeostasis brought on by somatic 
stressors such as, nutritional deprivation, viral infections, chemical toxins, ischemia, 
heat shock, inflammation and lipid accumulation as well as psychological causes such 
as depression, worry, and fear. Any of these may result in physiological alterations 
that support the organism’s survival and equilibrium [80]. Stress affects the CNS 
and peripheral neuroendocrine systems, which are intricate systems. The primary 
hormonal effectors of the stress system are glucocorticoids and catecholaminas, 
which are ultimate mediators of the hypothalamic-pituitary-adrenal-axis and sym-
pathetic nervous system. Hormones associated with chronic stress can alter glucose 
homeostasis, whereas acute stress may not. Acute stress, in particular, raises insulin 
secretion and glucose concentration, which promotes glucose clearance and preserves 
normoglycemia. Allostatic processes are triggered by ongoing stresses. The phrase 
“glucose allostasis” was first used by Ref. [81] to describe the mechanism wherein 
glucose levels stay raised after prolonged stress, thereby warning the β-cell of insulin 
resistance. This causes T2DM and elevated glycemia even in the presence of normal 
beta-cell function.

Glucocorticoids are so named due to their impact on glucose metabolism [82]. The 
body uses all of its energy reserves to maintain homeostasis when glucocorticoids 
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stimulate the liver’s gluconeogenesis and glycogen storage. Furthermore, glucocorti-
coids decrease the absorption and use of glucose in white adipose tissue and skeletal 
muscle, leading to hyperglycemia—the most prevalent and quickly aggravating 
adverse impact of drug usage and hyperstimulation [82–84]. Hypercortisolemia 
brought on by prolonged stress may cause insulin resistance, visceral obesity, and a 
reduction in lean body mass. The liver produces more glucose as a direct consequence 
of glucocorticoids’ stimulation of glucose-6-phosphatase and phosphoenolpyruvate 
carboxykinase. The metabolism of insulin is indirectly hampered by glucocorticoids 
[85]. Glucocorticoids promote the liver’s synthesis of glucose via acting on glucagon 
and adrenaline [82]. Glucocorticoids counteract the effects of insulin signaling by 
decreasing the absorption of glucose in peripheral tissue and skeletal muscle.

Insulin-dependent peripheral glucose absorption is regulated by a transporter 
called GLUT 4 [86]. Insulin increases the expression of this transporter, which is 
mostly found in skeletal muscle. In these tissues, GLUT 4 is expressed more when 
glucocorticoids are present, but they also stop it from moving to the cell surface in 
response to insulin and other stimuli (including hypoxia) [85]. As a consequence, 
when glucose is consumed, less of it is absorbed. Glucocorticoids cause white adipose 
tissue to undergo lypolisis, which produces glycerol needed for the gluconeogenic 
process. As a consequence, non-esterified fatty acids build up in muscle cells, 
interfering with insulin signaling and preventing the absorption and use of glucose. 
Insulin synthesis and β-cell secretion are impeded by the pancreatic presence of 
costicosteroids [86].

A prolonged period of stress may heighten the sympathetic nervous system’s activ-
ity, which can lower glucose tolerance and raise the risk of an acute cardiovascular 
event [87]. The body responds to catecholamine infusion by increasing gluconeo-
genesis, glycolysis, and glycogenolysis [88]. It could prevent insulin from facilitating 
glycogenesis, which would cause hyperglycemia and hyperlactatemia. Insulin resis-
tance can be brought on by epinephrine, norepinephrine, and β adrenergic receptor 
(AR) activation [89]. In adipocytes, the β3 AR triggers hormone-sensitive lipase, 
which results in the build-up of free fatty acids, heightened MAPK activation, and the 
production of ceramides [90]. By inhibiting the activity of protein kinase B (PKB), 
ceramide exacerbates insulin resistance [91]. Increased insulin resistance in tissues is a 
result of all the processes mentioned above, and in these patients, type II diabetes can 
develop.

5.1  Mindfulness practice and meditation as tools for stress reduction

Purposeful, nonjudgmental focus on the present is what is meant by mindfulness. It 
entails having an inquiring, receptive, and welcoming attitude toward one’s present 
feelings, ideas, physical experiences, and environment [92]. Mindfulness is devel-
oped by meditation, which focuses on breathing, bodily sensations, a thought, or a 
phrase. Numerous studies have been conducted on the advantages of mindfulness 
for reducing stress, mental health, well-being, and cognitive performance [93]. In 
MBSR and MBCT, mindfulness exercises are often used. The goal of these treatments 
is to support patients in controlling their feelings, thoughts, and mental health [94]. 
Additionally, studies have shown that mindfulness therapies help diabetics with their 
chronic pain, insulin resistance, irritable bowel syndrome symptoms, and glycemic 
management [95]. Enhancing attention, mood, and self-awareness with mindfulness 
may help control CVD risk variables such physical activity, medication adherence, 
smoking, and nutrition [96].
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Yoga, an ancient Indian practice, has demonstrated promising glycemic control in 
T2DM patients [97, 98]. Yoga practice consists of two components: physical activity 
(postures/asana) and relaxation (meditation, shavasana). Yoga, with its emphasis on 
breath control, posture holding, and meditation, helps practitioners focus on body 
sensations and present-moment experiences. This state of nonjudgment and attention 
to one’s present experiences contributes to yoga’s mindfulness-based nature [99]. This 
may help with diabetes management because mindfulness training has been shown to 
improve one’s ability to recognize and respond to emotional stress, resulting in effec-
tive coping responses [100].

It is yet unclear how mindfulness affects physical health at its fundamental level. 
Three pathways make up its mechanism of action, according to Creswell et al. [92]: 
biological, health behavior, and psychological. The biological mechanism is one of the 
most important in figuring out how mindfulness affects glucose metabolism among 
them. Controlling the prefrontal cortex’s stress regulation areas (also known as the 
regulatory route) and the brain’s stress alarm system (also known as the reactivity 
pathway) is the main physiologic impact of mindfulness. Prior studies have demon-
strated that mindfulness therapies can alter the autonomic nervous system (ANS) and 
the hypothalamic-pituitary-adrenal (HPA) axis in response to external stress, as well 
as lower interleukin (IL)-6 levels in stressed individuals [95].

6.  Conclusion

This book chapter explores the complex relationships between lifestyle factors and 
insulin sensitivity. The elements of stress management, exercise, sleep, and diet are 
given special consideration. Many well accepted notions about diet are questioned, 
and the effects of high sugar and specific fats on insulin resistance are shown. It has 
been shown that eating entire foods, especially plant-based diets, may improve insulin 
sensitivity via a variety of biochemical pathways. It focuses on the molecular mecha-
nisms by which exercise increases insulin sensitivity. This study examines the role that 
exercise—which encompasses both strength and aerobic training—plays. Even though 
it is sometimes disregarded, sleep is well recognized as a factor that affects insulin 
regulation. This chapter examines the potential effects of stress—both psychological 
and physical—on insulin resistance, focusing in particular on stress hormones. The 
last section of the chapter looks at mindfulness and meditation as potential methods 
for controlling insulin resistance and lowering stress. This makes it hard to overstate 
the importance of treating and preventing metabolic illnesses with a comprehensive 
strategy that takes into account all of these interconnected lifestyle factors.
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Chapter 9

Exploring the Function of 
Inflammatory Routes in Insulin 
Resistance: Interpreting the 
Inflammatory Veil of Medusa
Anchala Kumari

Abstract

A common component of metabolic diseases including metabolic syndrome and 
type 2 diabetes, insulin resistance is now known to be closely linked to persistent  
low-grade inflammation. This chapter explores the intricate connection between 
insulin resistance and inflammatory pathways, clarifying the molecular processes 
that underlie inflammation-induced insulin resistance. We examine the part that 
important inflammatory mediators play in upsetting insulin signalling pathways and 
encouraging insulin resistance, including cytokines, chemokines, and adipokines. We 
also go over how inflammatory signalling cascades, like the JNK and NF-κB pathways, 
affect insulin sensitivity and cellular metabolism. Understanding the interaction 
between insulin resistance and inflammation can help to better understand the 
pathogenesis of metabolic diseases and identify possible treatment targets. In people 
who are at risk of developing issues associated with insulin resistance, strategies 
targeted at reducing inflammatory responses may be able to reduce insulin resistance 
and enhance metabolic health.

Keywords: insulin resistance, metabolic syndrome, type 2 diabetes, Medusa, 
inflammation

1.  Introduction

Insulin resistance (IR) is a major contributor to the pathophysiology of metabolic 
diseases, such as metabolic syndrome and type 2 diabetes mellitus (T2DM), and it 
has a substantial impact on global health. According to newly available data, insulin 
resistance develops and progresses as a result of a complex interplay between inflam-
matory and metabolic pathways and persistent low-grade inflammation. Insulin 
resistance has many facets, and the idea that it is the “Medusa of the 21st Century” 
effectively conveys this. One of its veils is inflammation, which obscures its underly-
ing mechanisms.

Several studies have demonstrated the connection between inflammation and insu-
lin resistance, linking inflammatory mediators to insulin signalling pathway disruption 
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and glucose homeostasis impairment [1, 2]. These mediators include cytokines, chemo-
kines, and adipokines. Among them, interleukin-6 (IL-6), adiponectin, and tumour 
necrosis factor-alpha (TNF-α) have become important participants in the inflamma-
tory cascade, influencing insulin sensitivity both locally and systemically [3, 4].

Furthermore, complex signalling pathways, such as c-Jun N-terminal kinase 
(JNK) and nuclear factor kappa B (NF-κB), facilitate the interaction between insulin 
resistance and inflammation, causing metabolic processes to become dysregulated 
and accelerating the development of metabolic diseases [5, 6]. Insulin receptor 
substrate (IRS) proteins get phosphorylated when these pro-inflammatory pathways 
are activated, upsetting insulin signalling cascades and ultimately resulting in insulin 
resistance [7].

To reduce inflammation and restore metabolic balance, specific therapeutic 
approaches that comprehend the molecular pathways behind inflammation-induced 
insulin resistance are necessary. We can create individualised strategies for treating 
insulin resistance and its related problems by dissecting the intricacies of this compli-
cated interaction.

We explore the role of inflammatory pathways in insulin resistance in this chapter, 
looking at the molecular mechanisms through which inflammation fuels insulin resis-
tance and the consequences for metabolic health. We seek to clarify the inflammatory 
veil that covers Medusa and provide insight into prospective targets and tactics for 
treating insulin resistance-related illnesses by conducting a thorough analysis of 
recent literature and emerging research discoveries.

2.  Literature review

The pathophysiology of insulin resistance and related metabolic problems is 
largely dependent on persistent low-grade inflammation, as demonstrated by a large 
number of studies. Clarifying the processes behind inflammation-induced insulin 
resistance and discovering possible treatment targets require an understanding of the 
complex interactions between inflammatory mediators and signalling pathways.

TNF-α has been identified as a crucial mediator between inflammation and insulin 
resistance. Through the activation of serine kinases including c-Jun N-terminal kinase 
(JNK) and IκB kinase (IKK), which phosphorylate insulin receptor substrate (IRS) 
proteins and interfere with downstream insulin signalling, TNF-α has been shown 
in experimental experiments to block insulin signalling pathways [1, 2]. Clinical 
research has demonstrated increased TNF-α levels in patients with type 2 diabetes 
mellitus (T2DM) and obesity, further linking TNF-α to the aetiology of insulin 
resistance [2, 8].

Another pro-inflammatory cytokine linked to the emergence of insulin resistance 
is interleukin-6 (IL-6). Research has indicated that persistent increase in IL-6 levels 
impedes insulin signalling and glucose absorption in skeletal muscle, which in turn 
leads to insulin resistance [9, 10]. Acute-phase proteins like C-reactive protein (CRP), 
which worsen insulin resistance and prolong the inflammatory response, are also 
secreted in greater amounts when IL-6 is present [11].

Adiponectin is a hormone generated from adipocytes that has anti-inflammatory 
characteristics. It is essential for regulating insulin sensitivity. Adiponectin levels and 
insulin resistance are inversely correlated, according to clinical research, with patients 
with metabolic diseases and obese people having lower adiponectin levels [4, 12]. 
Mechanistic investigations have demonstrated that adiponectin improves insulin 
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sensitivity by triggering fatty acid oxidation and activating AMP-activated protein 
kinase (AMPK), which counteracts the inflammatory effects of IL-6 and TNF-α [4, 13].

Adipokines including resistin and leptin, in addition to cytokines, have been linked 
to the pathophysiology of insulin resistance. The hormone leptin, which is mostly 
released by adipocytes, controls hunger and energy balance. By influencing hypotha-
lamic signalling pathways, it can also affect insulin sensitivity [14, 15]. Another adi-
pokine called resistin has been demonstrated to increase insulin resistance in skeletal 
muscle and adipose tissue by obstructing insulin signalling and glucose uptake [16, 17].

One key mechanism connecting inflammation and insulin resistance is the activa-
tion of inflammatory signalling pathways, such as c-Jun N-terminal kinase (JNK) and 
nuclear factor kappa B (NF-κB). Experiments have shown that activation of NF-κB 
causes the expression of chemokines and pro-inflammatory cytokines, which exacer-
bates insulin resistance and accelerates the development of metabolic diseases [1, 2]. 
Similarly, by phosphorylating IRS proteins and upsetting insulin signalling pathways, 
JNK activation leads to insulin resistance [6, 7].

Overall, the review of the literature emphasises how important it is to target 
inflammatory pathways to prevent and treat metabolic illnesses, as well as how 
important inflammation is in the pathophysiology of insulin resistance.

3.  Mechanisms of insulin resistance caused by inflammation

Insulin resistance is defined by a reduced ability of target tissues, including adipose, 
liver, and skeletal muscle, to respond to the effects of insulin. This leads to a decrease in 
the absorption and metabolism of glucose. As insulin resistance develops and progresses, 
chronic low-grade inflammation has been shown to play a significant role. Inflammatory 
mediators interfere with insulin signalling pathways on several levels [1, 2].

3.1  Insulin signalling pathway dysregulation

3.1.1  IRS protein serine phosphorylation

Serine kinases, such as IκB kinase (IKK) and c-Jun N-terminal kinase (JNK), are 
activated by inflammatory cytokines like TNF-α and IL-6. These kinases phosphory-
late insulin receptor substrate (IRS) proteins on serine residues [2, 8]. By preventing 
the tyrosine phosphorylation of IRS proteins, this serine phosphorylation reduces 
insulin sensitivity and messes with downstream insulin signalling cascades [9, 10].

3.1.2  Blocking the PI3K/Akt pathway

By phosphorylating Akt (protein kinase B), phosphatidylinositol 3-kinase (PI3K) 
is essential for modulating the metabolic effects of insulin. Impaired glucose uptake 
and glycogen production can result from direct or indirect suppression of PI3K/Akt 
signalling by inflammatory signalling pathways such as NF-κB and JNK [18, 19].

3.1.3  Protein kinase C (PKC) isoform activation

PKC isoforms are activated by elevated amounts of the lipid second messenger diacyl-
glycerol (DAG), which phosphorylates insulin receptor substrate-1 (IRS-1) and inhibits 
insulin-stimulated glucose uptake. These actions disrupt insulin signalling [20, 21].
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3.2  Mitochondrial dysfunction and oxidative stress

3.2.1  Impairment in oxidative metabolism

Prolonged inflammation can cause disturbances in the synthesis and operation of 
mitochondria, resulting in impaired oxidative metabolism and mitochondrial dys-
function [22]. Insulin resistance is a result of decreased mitochondrial ATP synthesis 
and elevated reactive oxygen species (ROS) production, which impede insulin signal-
ling and trigger cellular stress responses [23].

3.2.2  ROS-generated inflammatory pathways

Inflammatory signalling pathways, including NF-κB and JNK, are activated by 
ROS produced during mitochondrial failure, aggravating inflammation and insulin 
resistance [24].

3.3  Lipid accretion and lipotoxicity

3.3.1  Improved lipolysis and release of free fatty acids (FFA)

TNF-α and IL-6 are examples of inflammatory cytokines that promote lipolysis 
in adipose tissue, which increases the amount of free fatty acids released into the 
bloodstream [25]. Increased circulating FFA levels encourage the buildup of lipids in 
non-adipose tissues such as the liver and skeletal muscle, which exacerbates insulin 
resistance [26].

3.3.2  Lipid intermediate formation

Overindulgence in free fatty acids (FFAs) leads to the metabolism of lipid interme-
diates, including DAG and ceramides, which impede insulin signalling and enhance 
cellular stress responses [27]. For example, ceramides activate protein phosphatase 2A 
(PP2A), which inhibits insulin signalling and dephosphorylates Akt [28].

3.4  Dysregulation of adipokines and inflammation of adipose tissue

3.4.1  Macrophages in adipose tissue infiltration

Adipose tissue experiences dynamic remodelling in obesity and insulin resistance, 
which is typified by an increase in the infiltration of immune cells and pro-inflam-
matory macrophages [29]. TNF-α and IL-6 are among the inflammatory cytokines 
secreted by these activated immune cells, which lead to both local inflammation and 
systemic inflammation [30].

3.4.2  Dysregulated adipokine secretion

Insulin sensitivity and energy balance are regulated by adipokines, which 
are secreted by adipose tissue and include adiponectin, leptin, and resistin [31]. 
Dysregulated insulin signalling and metabolic dysfunction might result from adipo-
cyte malfunction and inflammatory cytokines upsetting the balance of adipokine 
production [32].
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Comprehending the complex processes via which inflammation leads to insulin resis-
tance offers valuable perspectives on possible treatment targets and intervention tactics.

4.  Clinical implications and associations

The development and progression of several metabolic disorders, such as type 2 
diabetes mellitus (T2DM), cardiovascular disease (CVD), and non-alcoholic fatty 
liver disease (NAFLD), are closely linked to insulin resistance, which is characterised 
by impaired target tissue responsiveness to insulin action. Insulin resistance has 
significant clinical implications. The pathophysiology of insulin resistance is largely 
influenced by chronic low-grade inflammation, which also contributes to the clinical 
symptoms and related consequences of the condition.

4.1  Correlation to T2DM (type 2 diabetes mellitus)

One of the main characteristics of type 2 diabetes is insulin resistance, which 
is characterised by peripheral organs such as the liver, adipose tissue, and skeletal 
muscle having decreased sensitivity to insulin action [1, 2].

Pro-inflammatory cytokines including TNF-α and IL-6, which are high in chronic 
inflammation, lead to insulin resistance and β-cell dysfunction, which in turn acceler-
ates the development and progression of type 2 diabetes [2, 8].

High-sensitivity C-reactive protein (hs-CRP) and the risk of acquiring type 2 dia-
betes (T2DM) have been linked to inflammation through epidemiological research, 
indicating the clinical importance of inflammation-induced insulin resistance in the 
pathophysiology of diabetes [9, 10].

4.2  Correlation with cardiovascular disease (CVD)

Atherosclerosis, hypertension, and coronary artery disease are all made more 
likely in people who are insulin-resistant [33]. Insulin resistance is a major factor in 
determining cardiovascular risk.

By encouraging endothelial dysfunction, oxidative stress, and vascular inflam-
mation, chronic inflammation adds to the pathophysiology of CVD by hastening the 
development of atherosclerosis and raising the risk of cardiovascular events [34].

The clinical relevance of inflammation-induced insulin resistance in cardiovascu-
lar health is highlighted by the greatly increased risk of cardiovascular disease (CVD) 
in patients with metabolic syndrome and insulin resistance [35].

4.3  Correlation with non-alcoholic fatty liver disease (NAFLD)

The emergence of NAFLD, a group of liver diseases that includes cirrhosis, non-
alcoholic steatohepatitis (NASH), and simple steatosis, is directly linked to insulin 
resistance [36].

The aetiology of non-alcoholic fatty liver disease (NAFLD) is aided by hepatic 
insulin resistance, which raises hepatic glucose synthesis, de novo lipogenesis, and 
triglyceride accumulation [37].

Pro-inflammatory cytokines stimulate hepatic inflammation, fibrosis, and hepa-
tocyte death, all of which are important factors in the development of non-alcoholic 
fatty liver disease (NAFLD) [38].
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4.4  Clinical relevance for risk evaluation and control

Evaluation of inflammatory markers, including hs-CRP, interleukins, and adipo-
kines, might give important information on the underlying inflammatory state and 
cardiovascular risk profile of insulin-resistant people [39].

It has been demonstrated that dietary changes, physical activity, and weight 
loss are among the lifestyle therapies that target inflammation and can enhance 
insulin sensitivity and lower cardiovascular risk in people with metabolic  
disorders [40].

Additional advantages in lowering cardiovascular risk and enhancing clinical out-
comes for people with insulin resistance may come from pharmacological therapies 
like anti-inflammatory drugs and statins [41].

In order to reduce the burden of metabolic disorders and cardiovascular conse-
quences, it is imperative to understand the clinical implications and connections of 
inflammation-induced insulin resistance. This will help with risk assessment, early 
detection, and focused intervention options.

5.  Diagnostic tools and biomarkers

Determining the risk of the disease, directing therapeutic approaches, and gaug-
ing the effectiveness of treatment all depend on the accurate diagnosis and monitor-
ing of inflammation-induced insulin resistance. In clinical practice and research 
settings, a variety of diagnostic instruments and biomarkers have been developed to 
measure insulin sensitivity and identify inflammation.

5.1  Inflammatory markers

5.1.1  High-sensitivity C-reactive protein (hs-CRP)

hs-CRP is a commonly used biomarker of cardiovascular risk and systemic inflam-
mation. Insulin resistance, metabolic syndrome, and an increased risk of cardiovas-
cular events are all linked to elevated levels of hs-CRP [42, 43].

5.1.2  Interleukins (ILs)

The pro-inflammatory cytokines IL-6, IL-1β, and IL-18 are linked to the aetiology 
of metabolic diseases and insulin resistance. When circulating IL levels are measured 
in insulin-resistant individuals, it offers valuable information about their level of 
inflammation and the severity of their condition [9, 10].

5.1.3  Tumour necrosis factor-alpha (TNF-α)

TNF-α is an important modulator of insulin resistance brought on by inflamma-
tion, causing IRS protein serine phosphorylation and disrupting insulin signalling. 
Obesity, type 2 diabetes, and other metabolic diseases are associated with elevated 
levels of TNF-α [3, 8].
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5.2  Adipokines

5.2.1  Adiponectin

This hormone, which is produced from adipocytes, has anti-inflammatory and 
insulin-sensitising characteristics. Obesity, insulin resistance, and cardiovascular risk 
are linked to decreased adiponectin levels [4, 12].

5.2.2  Leptin

Adipocytes secrete the hormone leptin, which controls hunger and energy bal-
ance. Obesity and insulin resistance are associated with elevated leptin levels, which 
are indicative of leptin resistance and dysfunctional adipose tissue [14, 15].

5.3  Lipid biomarkers

5.3.1  Free fatty acids (FFAs)

By encouraging fat accumulation in non-adipose tissues and disrupting insulin 
signalling, elevated circulating FFAs contribute to insulin resistance. In those with 
metabolic diseases, measuring FFAs offers information on insulin sensitivity and lipid 
metabolism [26].

5.3.2  Lipid intermediates

Insulin resistance and metabolic dysfunction have been linked to ceramides, 
diacylglycerols (DAGs), and other lipid intermediates. Type 2 diabetes, NAFLD, and 
obesity are all associated with elevated levels of lipid intermediates [44].

5.4  Imaging techniques

5.4.1  Magnetic resonance imaging (MRI) and positron emission tomography (PET)

These methods provide non-invasive evaluation of metabolic activity, insulin sen-
sitivity, and tissue-specific glucose uptake. The pathogenesis of insulin resistance and 
metabolic diseases can be better understood by using these imaging modalities [45].

5.4.2  Dual-energy X-ray absorptiometry (DEXA) and computed tomography (CT)

These scans are used to measure visceral adiposity and ectopic fat deposition. 
Insulin resistance and an elevated risk of cardiovascular disease are linked to ectopic 
fat deposition and abdominal obesity [46].

5.5  Functional tests

5.5.1  Hyperinsulinemic euglycemic clamp and oral glucose tolerance test (OGTT)

Both are the gold standard tests for determining insulin sensitivity and glucose 
tolerance, respectively. In those with insulin resistance, these functional tests offer 
quantitative assessments of insulin action and metabolic function [47].
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5.6  Molecular and genetic biomarkers

5.6.1  Single-nucleotide polymorphisms (SNPs)

The pathophysiology of insulin resistance and metabolic diseases has been linked 
to genetic variants linked to genes related to inflammation, such as TNF-α and IL-6. 
People who are more likely to develop insulin resistance due to inflammation may 
benefit from genetic testing [48].

5.6.2  Gene expression profiling

This technique enables a thorough examination of the gene expression patterns 
linked to insulin resistance and inflammation. The development of tailored thera-
peutics may be aided by molecular profiling approaches, which offer insights into the 
molecular pathways underlying disease pathogenesis [49].

6.  Therapeutic strategies

Targeting both inflammatory pathways and metabolic dysfunction is nec-
essary for the effective therapy of inflammation-induced insulin resistance. 
Numerous medication and lifestyle strategies have been created to enhance 
insulin sensitivity, lower inflammation, and lessen the chance of related meta-
bolic problems.

6.1  Pharmacological interventions

6.1.1  Anti-inflammatory agents

The potential of nonsteroidal anti-inflammatory medicines (NSAIDs) like aspirin 
and ibuprofen, as well as selective inhibitors of inflammatory pathways like TNF-α 
antagonists and IL-1β blockers, to reduce systemic inflammation and improve insulin 
sensitivity has been studied [50, 51].

6.1.2  PPAR-γ agonists

The nuclear receptor known as peroxisome proliferator-activated receptor 
gamma (PPAR-γ), which is involved in the control of adipogenesis and insulin 
sensitivity, is agonistic to thiazolidinediones (TZDs), which include pioglitazone 
and rosiglitazone. By regulating adipokine production and reducing the expres-
sion of inflammatory genes, TZDs enhance insulin sensitivity and decrease 
inflammation [52, 53].

6.1.3  AMPK activators

A major modulator of insulin sensitivity and cellular energy metabolism is AMP-
activated protein kinase (AMPK). Metformin and thiazolidinediones are examples 
of AMPK activators that improve insulin signalling and glucose absorption in target 
tissues by blocking mTOR signalling and activating AMPK [54, 55].
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6.1.4  SGLT2 inhibitors

In people with type 2 diabetes mellitus, sodium-glucose cotransporter 2 (SGLT2) 
inhibitors, such as dapagliflozin and empagliflozin, decrease renal glucose reabsorp-
tion and increase urine glucose excretion, improving glycemic control and insulin 
sensitivity [56, 57].

6.1.5  GLP-1 receptor agonists

GLP-1 receptor agonists (GLP-1RAs) have surfaced as promising therapeutic 
options, boasting potent anti-inflammatory characteristics and a wide range of clini-
cal applications [58].

6.2  Combination therapies

6.2.1  Dual PPAR-α/γ agonists

Preclinical and clinical investigations have demonstrated the potential of combi-
nation treatments that target various metabolic pathways to improve insulin sensitiv-
ity and reduce inflammation [59, 60].

6.2.2  Multimodal interventions

Behavioural counselling, exercise, and diet combined with pharmaceutical medi-
cations may provide synergistic effects in the management of metabolic diseases and 
inflammation-induced insulin resistance [61, 62].

6.3  Emerging therapeutic targets

6.3.1  Microbiome modulation

There may be a connection between insulin resistance, inflammation, and the gut 
microbiota composition, as per emerging research. Probiotics, prebiotics, and faecal 
microbiota transplantation are examples of strategies that target the gut microbiome 
and show promise as innovative therapeutic approaches for enhancing metabolic 
health [63, 64].

6.3.2  Epigenetic modification

Patterns of gene expression linked to inflammation and insulin resistance are 
regulated by epigenetic changes, including DNA methylation and histone acetylation. 
Histone deacetylase inhibitors and DNA methyltransferase inhibitors are examples of 
epigenetic modulators that may be used as therapeutic targets [65, 66].

7.  Lifestyle interventions

7.1  Dietary changes

Embracing a nutritious diet high in fruits, vegetables, whole grains, and lean meats 
can help lower inflammation and enhance insulin sensitivity. Low-glycemic index and 
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Mediterranean-style diets have been linked to better metabolic health and decreased 
systemic inflammation [67, 68].

7.2  Frequent exercise

Exercise is essential for lowering inflammation, encouraging weight loss, and 
enhancing insulin sensitivity. In those with insulin resistance, aerobic exercise and 
resistance training have both been demonstrated to improve glucose uptake, insulin 
action, and metabolic function [69, 70].

7.3  Handling weight

Insulin resistance and systemic inflammation are closely linked to obesity. Insulin 
sensitivity and metabolic parameters can be significantly improved by weight loss 
attained through calorie restriction, behavioural therapies, and bariatric surgery [71, 72].

8.  Prospects for future research and directions

Progress in comprehending the intricate relationship among inflammation, insulin 
resistance, and metabolic dysfunction has created opportunities for novel approaches 
to treatment and investigation. It is highly promising that future research will clarify 
the molecular processes of inflammation-induced insulin resistance and find new 
targets for treatment, as these efforts will help to improve metabolic health and lessen 
the burden of related disorders.

8.1  Targeted therapies

8.1.1  Precision medicine methods

Individualised treatment plans based on genetic predispositions, inflammatory 
status, and metabolic profiles may enhance therapeutic efficacy and minimise side 
effects. Targeted therapeutics for inflammation-induced insulin resistance can be 
developed more easily when genomic, proteomic, and metabolomic data are inte-
grated into clinical practice [73, 74].

8.1.2  Novel drug targets

The discovery and confirmation of new pharmacological targets related to the control 
of insulin signalling, metabolic homeostasis, and inflammatory pathways present prom-
ising prospects for the creation of next-generation treatments. The potential of emerging 
targets, like cytokine receptors, Toll-like receptors (TLRs), and inflammasomes, to 
reduce inflammation and enhance insulin sensitivity calls for more research [75, 76].

8.2  Metabolic crosstalk and immunometabolism

8.2.1  Immunometabolic pathways

Immunometabolism, the integration of immunological and metabolic signalling 
pathways, offers new perspectives on the aetiology of metabolic diseases including 
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insulin resistance. Finding new treatment targets for inflammation-induced insulin 
resistance may be possible by clarifying the molecular mechanisms underlying 
immune cell metabolism, cytokine signalling, and metabolic reprogramming [77, 78].

8.2.2  Metabolic crosstalk

The control of systemic inflammation and insulin sensitivity is greatly influenced 
by communication between several metabolic organs and tissues, including adipose 
tissue, the liver, muscle, and the gut microbiota. Novel treatments that target meta-
bolic crosstalk and dysregulation may be developed as a result of a better understand-
ing of the reciprocal connections between immune cells and metabolic organs [78, 79].

8.3  Integrated omics methods

8.3.1  Multi-omics profiling

Integrating data from multiple fields, including proteomics, metabolomics, 
transcriptomics, and genomes, holds potential for a thorough understanding of the 
molecular mechanisms driving inflammation-induced insulin resistance. Network 
analysis and pathway modelling are two examples of systems biology techniques that 
can offer comprehensive insights into the pathophysiology of disease and suggest 
possible targets for treatment [80, 81].

8.3.2  Artificial intelligence and machine learning

Identification of predictive biomarkers, disease subtypes, and therapeutic 
response profiles are made possible by the use of artificial intelligence (AI) techniques 
and machine learning algorithms to large-scale omics datasets. The development of 
innovative therapeutic approaches and individualised treatment plans for inflamma-
tion-induced insulin resistance may proceed more quickly if AI-driven analytics is 
fully utilised [82, 83].

8.4  Behaviour interventions and lifestyle changes

8.4.1  Digital health technologies

By incorporating wearables, smartphone apps, and remote monitoring platforms 
with lifestyle treatments and behavioural change programmes, digital health technolo-
gies can improve patient outcomes, adherence, and engagement. Digital health platforms 
that enable social support networks, real-time feedback, and personalised coaching may 
enhance metabolic results and long-term adherence to healthy behaviours [84, 85].

8.4.2  Behavioural economics

The development of successful interventions targeted at encouraging healthy 
lifestyle choices and reducing the risk of inflammation-induced insulin resistance can 
be aided by behavioural economics insights such as choice architecture and nudge 
theory. Behavioural interventions that apply behavioural economics concepts—like 
default options, framing effects, and incentive structures—may help modify behav-
iour in a sustainable way and enhance metabolic health outcomes [86, 87].
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9.  Conclusion

Insulin resistance brought on by inflammation is a complicated metabolic disease 
with wide-ranging effects on human health. Despite tremendous advancements in 
our comprehension of the underlying pathophysiological pathways, effective thera-
peutic approaches for insulin resistance caused by inflammation are still unattainable.

In order to fully understand the complex interactions between inflammation and 
insulin signalling pathways, a multidisciplinary approach integrating knowledge 
from immunology, metabolism, genetics, and systems biology is essential going 
ahead. Personalised treatment plans, lifestyle changes, and targeted pharmaceutical 
interventions have the potential to enhance metabolic health and lessen the impact of 
comorbidities linked to inflammation-induced insulin resistance.

Furthermore, improving our knowledge of inflammation-induced insulin 
resistance and integrating scientific findings into clinical practice depend on ongo-
ing research efforts focused on identifying novel therapeutic targets, clarifying the 
molecular mechanisms underlying disease pathogenesis, and creating cutting-edge 
diagnostic tools and biomarkers.

We can overcome the obstacles presented by inflammation-induced insulin resis-
tance and open the door to the creation of efficient preventive and treatment plans 
that enhance the lives of those impacted by this common and crippling metabolic 
illness by adopting a collaborative and interdisciplinary research paradigm.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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