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Summary

Insulin is secreted in pulses from pancreatic beta-cells, and these oscillations maintain fasting
plasma glucose levels within a narrow normal range. Within islets, beta-cells exhibit tight
synchronization of regular oscillations. This control circuit is disrupted in type 2 diabetes, and
irregularities in pulse frequency and amplitude occur. The prevalence of type 2 diabetes is three
times higher in American Indian and Native Alaskans compared to Whites, and their genetic
ancestry is associated with low beta-cell function. Obesity in this population compounds their
vulnerability to adverse outcomes. The purpose of this article is to review insulin secretion and
action and its interaction with race. We also present the results from a 6-month retrospective chart
review of metabolic outcomes following intravenous physiologic hormone administration to 10
Native Americans. We found reductions in hemoglobin A1C (baseline: 9.03% + 2.08%, 6 months:
7.03% = 0.73%, p=0.008), fasting glucose (baseline: 176.0 + 42.85 mg/dL, 6 months: 137.11

+ 17.05 mg/dL, p = 0.02), homeostatic model assessment of insulin resistance (baseline: 10.39 +
4.66, 6 months: 7.74 + 4.22, p=0.008), and triglycerides (baseline: 212.20 + 101.44, 6 months:
165.50 + 76.48 mg/dL, p = 0.02). Physiologic hormone administration may improve components
of the metabolic syndrome. The therapy warrants investigation in randomized controlled trials.
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1| INTRODUCTION

American Indians and Native Alaskans represent a substantial and growing proportion of
the US population. In 2020, 7.1 million people in the United States identified as American
Indian and Native Alaskan alone or in combination with other race groups. The American
Indian and Native Alaskan population is projected to be 10.1 million in 2060, which

would constitute 2.5% of the total US population.! The health disparities are more than
apparent in their life expectancy that is the lowest at birth (71.8 years) compared with

the non-Hispanic White (78.8 years), non-Hispanic Black (74.8 years), and Hispanic (81.9
years) populations.2 Coronary heart disease is the leading cause of death among American
Indians and Native Alaskans, and diabetes is the most important risk factor for coronary
heart disease in this population.3 Comorbid conditions such as obesity are present in 69.6%
of patients 18 years and older with type 2 diabetes, in the American Indian and Native
Alaskan population.* Age-adjusted prevalence of diabetes is three times higher, and diabetes
mortality rates are 2.3 times greater in American Indian and Native Alaskans compared to
non-Hispanic Whites.

Type 2 diabetes is a multifactorial disease often associated with obesity, insulin resistance,
impaired control of hepatic glucose production, and pancreatic beta-cell dysfunction.6.
Genetics play an important role in type 2 diabetes, and the high rates of concordance of

the disease in twins exemplify this association.® Although each genomic polymorphism
contributes only a very small amount of disease risk, and causal variants have been difficult
to identify, the majority of genetic variants associated with type 2 diabetes are linked to
disturbances in pancreatic islet function.? An important outcome has been a paradigm shift
in the field towards the recognition that reduced beta-cell function lies at the crux of the
etiology of type 2 diabetes.’ Islet beta-cells are equipped with glucose-sensing machinery
that ensures a coordinated release of insulin, with exactly the right dynamics, to maintain
blood glucose concentrations within the euglycemic range.10 Accordingly, insulin is secreted
from the pancreatic beta-cells in a pulsatile fashion in humans, and these oscillations help to
maintain fasting plasma glucose concentrations within a narrow normal range.!!

Insulin secreted from islet beta-cells flows directly into the portal vein and passes through
the liver before entering systemic circulation. Access to the portal vein is anatomically
challenging. However, analytic methods for quantifying pulse timing and mass and modeling
of insulin kinetics have grown in sophistication over the past 20 years, which has

enhanced our understanding of the physiology underlying insulin secretion and its biological
advantages. Insulin secretion is disrupted in type 2 diabetes, and systemic pulsatile insulin
infusion has been investigated as a therapeutic option, with promising results.12-14 The
purpose of this article is to review insulin secretion and action and its interaction with

race. We also present the results from a six-month retrospective chart review of glycemic
outcomes following physiologic hormone administration to Native Americans.
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2| INSULIN SECRETION

Insulin secretion occurs primarily in response to an increase in circulating glucose
concentration in the post-prandial state. The metabolism of glucose generates ATP,

which closes ATP-sensitive potassium channels to cause membrane depolarization and the
consequent activation of voltage-gated Ca2+ channels. The rise in intracellular Ca2+ levels
precipitate the exocytosis of insulin secretory granules that are primed for release. This first
phase of insulin secretion causes a sharp peak that declines within 10-20 min following the
glucose stimulus. A secondary set of stimuli amplifies the first phase insulin secretion to
sustain insulin concentrations during the entire post-absorptive phase that lasts for several
hours and is a period referred to as the second phase. At this time, Ca2+ is at a maximal
level, and the release of insulin is independent of potassium channel mechanisms. During
the second phase, the beta-cell’s internal storage is tapped to complement the pool of readily
releasable insulin granules.10

3| OSCILLATIONS IN BIOLOGICAL SYSTEMS

Rhythmic activity in biological systems is ubiquitous. When the cell is challenged by an
external signal that varies within a physiologic range, specialized structures within the cell,
typically the cell membrane, activate a mechanism that generates a cellular oscillation. This
mechanism facilitates a stable output that varies continuously within a range. Oscillation
provides an efficient mechanism for grading the response to a signal. The frequency is
likely to be stable, and the system is capable of fairly accurate regulation through variations
in the amplitude. In highly evolved systems, it would be improbable that the oscillations
occur without good reason, but rather that they confer a measure of functional advantage
over steady-state systems resulting in enhanced precision of control.1> Thus, the beta-cell
secretes insulin in properly timed intermittent bursts of activity, and the loss of this capacity
is associated with dysfunction and disease.16

Lang et al.1” were the first to report oscillations in insulin secretion in humans and like
another early study of in vivo insulin oscillations estimated that the period between pulses
was 10-15 min.17:18 These pioneering studies were conducted prior to the 1990s and
measured basal insulin levels in fasted humans where the plasma insulin levels approached
the limits of detection of the insulin assays available at the time. Moreover, the analytic
techniques and computing systems available to quantify insulin pulses were not as advanced
as they are today.1% Subsequent studies have shown that the period of the pulse is generally
invariant and in the range of 4-6 min.20-23 Prolonged intervals in insulin oscillations known
as ultradian and having a period of 80-180 min have also been observed in measurements
conducted over a 24-h period.24

In vivo, pulsatile insulin secretion from numerous islets scattered throughout the pancreas
is a coordinated response. Many hypotheses have been proposed to account for islet
pulsatility, particularly using mathematical modeling.2>-2% Within islets, beta-cells exhibit
tight synchronization of regular oscillations, and this coordinated activity of beta cells

is primarily mediated by strong electrical coupling via gap junctions to ensure a normal
pulsatile release of insulin.3 Mathematical models also emphasize the dependency of these
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interactions on the extracellular concentrations of glucose.3! In theory, plasma glucose could
increase plasma insulin by altering various characteristics of the pulse such as amplitude,
frequency, plateau fraction, or all three.1® However, elevations in glucose concentrations
increase the mass but not the frequency of plasma insulin bursts, which has been confirmed
in several studies.20:32:33

4| PULSATILE INSULIN SECRETION IN TYPE 2 DIABETES

Following exposure to insulin, its receptors are quickly internalized and only reappear at the
cell surface after a period of recovery. During this recovery period, the autophosphorylated
receptors release bound insulin and are dephosphorylated before returning to the cell
surface. The rest and recovery period is broadly compatible with the timing of insulin pulses.
Furthermore, the rest period that follows each pulse is necessary for the negative feedback
present in the insulin signaling pathway sufficient time to decay.1® In patients with type

2 diabetes, the oscillations were found to be shorter and highly irregular.343% In relatives

of patients with type 2 diabetes without fasting hyperglycemia, the pulses were found to

be irregular.1! Entrainment or the process where small, subthreshold changes in plasma
glucose regulate insulin pulses and contribute to islet synchronization of regular oscillations
is disrupted in prediabetes and type 2 diabetes.36:37

Hollingdal et al.38 showed that following glucose pulsed infusions (every 10 min), small
excursions in plasma glucose concentrations occur in healthy subjects and in those with type
2 diabetes. However, glucose pulsed infusions induced synchronized insulin oscillations in
the healthy subjects but failed to entrain oscillatory insulin release in subjects with type

2 diabetes. (Figure 1). Persistent exposure of insulin-sensitive tissues to large amounts

of insulin precludes receptor rest and recovery, which can downregulate insulin receptor
binding affinity and insulin receptor numbers.3%-42 Whether impaired pulsatile secretory
pattern in type 2 diabetes develops as a consequence of increased beta-cell workload

or whether they reflect a genetically inherited defect of beta-cell function remains to be
established.*3

5] INSULIN EXTRACTION

A proportion of insulin secreted by beta-cells directly into the portal vein and delivered to
the liver is cleared through a receptor-mediated process.*4-46 In humans, ~50% of insulin
delivered to the liver is cleared during first pass transit, and subsequent passes account for
an additional ~20%. The insulin concentration presented to the liver exhibits oscillations
with an amplitude of ~200-500 pmol/L in the fasted state, which increases to ~1000-5000
pmol/L in response to glucose infusion or ingestion.#”48 In striking contrast, the insulin
pulse amplitude reaching systemic circulation is reduced by ~10-fold compared to the portal
vein.4” Using the hepatic vein catheterization technique, the importance of pulsatile insulin
delivery to the liver was demonstrated. Pulse amplitude was shown to be the predominant
determinant of hepatic insulin clearance and delivery to extrahepatic insulin sensitive tissues.
Basal non-pulsatile insulin secretion had no association with hepatic insulin clearance.*?
Using a modeling approach in conjunction with c-peptide deconvolution to assess insulin
kinetics, Smith et al.0 showed that the insulin secretion rate is higher in individuals with
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obesity and impaired glucose tolerance compared to lean controls without impairments

in glucose homeostasis. While extraction by extrahepatic tissues in response to glucose
ingestion increases linearly as insulin delivery into systemic circulation rises, the capacity
of the liver to extract insulin is a saturable process that can reach a maximum capacity.
Small differences between the rate of insulin secretion and removal between the groups with
normal and impaired glucose metabolism resulted in striking differences in plasma insulin
concentrations.>0 Thus, the limited capacity of the liver to extract insulin enhances the
amount of insulin delivered into systemic circulation and could predicate hyperinsulinemia.
The authors concluded that there was no intrinsic defect in hepatic or extrahepatic insulin
extraction and that hyperinsulinemia in people with obesity stems primarily from beta-cell
hypersecretion in conjunction with a saturable insulin extraction process.>0

The evidence for saturable hepatic insulin extraction is consistent with increasing arterial
concentrations of insulin, following continuous insulin infusion in fasted dogs.*® The
modeling approach in the study by Smith et al.?9 was developed using a modified frequently
sampled intravenous glucose test that included a continuous infusion of insulin.?! Whether
different conclusions relating to hepatic insulin extraction would have been drawn if
physiologic pulsatile insulin secretion were considered in these studies*>:°0 remains to

be determined. Nevertheless, the hepatic capacity for extraction of insulin may render it

an important site for control of the proportion of secreted insulin reaching the periphery.
Moreover, hepatic insulin removal and hepatic insulin action are correlated.52:53 Considering
an evolutionary perspective, why would pancreatic insulin secretion be designed to flow
directly into the hepatic portal vein rather than into systemic circulation, and in a pulsatile
fashion, if there was not good reason for it? It is likely that the flow pattern evolved

as a mechanism by which changes in hepatic insulin removal enabled the organism to
compensate for insulin resistance by enhancing the amount of secreted insulin delivered into
systemic circulation.>*

Basal insulin degradation exhibits tremendous individual variability (22% to 77%).55
Nutrient intake also alters insulin clearance. For instance, glucose-stimulated insulin
secretion reduces hepatic extraction.®® Similarly, fatty acids also alter hepatic insulin
extraction.?6-58 The implications of these findings are that first pass hepatic insulin removal
can be controlled by modifying the diet or by directly modulating endogenous insulin
secretion.

6| EFFECTS OF PULSATILE INSULIN SECRETION ON INSULIN ACTION

The hyperinsulinemic euglycemic clamp (hereinafter referred to as clamp) test involves a
continuous infusion of insulin and a variable infusion of a dextrose solution to clamp blood
glucose concentrations at ~5.5 mmol/L. The amount of glucose infused and the suppression
of hepatic glucose production are measures of insulin action.>® In subjects with type 1
diabetes, when the clamp was administered with pulsed insulin infusion, hepatic glucose
output was suppressed at 40% of the insulin needed to achieve the same effect with a
continuous insulin infusion.®% In healthy subjects and in subjects with type 2 diabetes,
glucose uptake by tissues increased during the clamp when the insulin infusion was pulsed
compared to continuous.8:62 In contrast, pulsatile delivery of insulin in humans during the
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clamp was shown to have greater effects in modulating hepatic glucose production than
continuous infusion, without affecting glucose uptake by tissues.®3

Mathematical and experimental modeling suggest that maximum connectivity between
signaling nodes is achieved at physiologic concentrations of insulin, and hyperinsulinemic
states lower the connectedness.8* Moreover, in the context of gene transcription, noise in
biology is considered beneficial for regulating functional flexibility, and hyperinsulinemic
states diminish noise in signaling.5 Releasing insulin in an intermittent fashion

provides receptors with the necessary recovery time and may to some extent mitigate
hyperinsulinemia during the clamp to improve connectedness in insulin signaling and
action. In subjects with type 2 diabetes, Laedtke et al.%> showed that somatostatin infusion
overnight (to inhibit insulin secretion and provide rest to the receptors) restored mean insulin
secretion to that of the control subjects without type 2 diabetes. The frequency of the

pulses resumed after stopping somatostatin infusion in subjects with type 2 diabetes and was
the same as the control group given saline treatment. Prior to somatostatin treatment, the
amplitude of the pulses was lower in subjects with type 2 diabetes compared to the controls.
However, somatostatin treatment improved insulin pulse amplitude and insulin secretion in
the subjects with type 2 diabetes.5>

Laurenti et al.5¢ used nonparametric stochastic deconvolution applied to peripheral c-peptide
concentrations to characterize pulsatile insulin secretion. In subjects without a history of
type 2 diabetes, they found no correlation between insulin pulse characteristics and hepatic
insulin action or whole-body insulin action assessed during the clamp. The method for
insulin pulse characterization was validated against sampling of blood from the hepatic vein
and found to be concordant. By sampling from the hepatic vein that represents post-portal
vein and post-liver pulsatility, this method excludes hepatic insulin extraction. In this study,
hepatic insulin action was measured during the clamp where insulin (albeit a low dose

[0.3 mU/kg/min]) was infused continuously. Additionally, the pulses were measured on a
separate day from hepatic insulin action. Thus, the lack of correlation between insulin pulse
characteristics and insulin action in subjects without type 2 diabetes found in this study®®
requires further evaluation. A critical limitation in investigations of the effect of pulsatile
insulin secretion on hepatic insulin extraction in humans appears to be the anatomical
difficulties in sampling blood from the portal vein.49.50.66

Using the computer program called Pulsar, Hunter et al.5” determined the frequencies and
amplitudes of short-term insulin oscillatory peaks in subjects with type 2 diabetes and a
control group without diabetes. In both groups, the frequency but not the amplitude of
insulin pulses correlated with glucose uptake by tissues measured during the clamp with
continuously infused insulin. However, neither pulse frequency nor amplitude correlated
with suppression of hepatic glucose production.6” Other studies have investigated the effect
of overnight pulsatile versus continuous basal insulin infusions on insulin action measured
during a clamp test administered in the morning. In subjects with and without diabetes, they
found no priming effect of basal pulsatile insulin on glucose uptake during the clamp.58.69

On the other hand, the importance of the pulsatile release pattern in regulating physiologic
insulin action can be appreciated from experimental models demonstrating that the response
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of key phosphorylation events in the insulin signaling cascade in the fed state are robust
when primed by fasted insulin pulses. It appears that pulses in the fasted state create

a memory that sensitizes the signaling in the fed state.54 Insulin infusion during the
hyperinsulinemic euglycemic clamp to measure insulin action could be a confounding factor
for two reasons: (1) the creation of non-physiologic insulin concentrations purported to be

a cause of the dysregulation in glucose homeostasis and (2) use of a continuous insulin
infusion to measure insulin action, and test its correlation with insulin pulses.

7| RACE DIFFERENCES IN INSULIN SECRETION AND EXTRACTION

Variations within the transcription factor 7 like 2 (7CF7L2) gene particularly the rs7903146
variant are highly associated with a predisposition for type 2 diabetes in several different
populations including those of European, Asian Indian, and Japanese origins.”%-"4 This
variant raises postprandial glucose concentrations and decreases peripheral concentrations
of insulin in response to an oral glucose challenge.”? In contrast, variation within 7CF7L2
does not confer major risk for type 2 diabetes in the Pima Indian population.”® However,
the Native American genetic ancestry is associated with low beta-cell function.”® In Pima
Indians followed for over 5 years, the cumulative incidence of type 2 diabetes (non-insulin
dependent) was 39% in subjects with a low insulin secretory response assessed by an
intravenous glucose tolerance test and low insulin action measured during a clamp.”’

Results from a population of 448 Native Americans observed over a 7.9-year period
showed that 32% of the cohort presented with type 2 diabetes. Low insulin clearance
measured as metabolic clearance rate of insulin during the hyperinsulinemic euglycemic
clamp was predictive of type 2 diabetes. Other risk factors, including age, sex, body

fat, heritage, and insulin action during the hyperinsulinemic euglycemic clamp, did not
influence the propensity for developing type 2 diabetes.”® Among Native Americans, with
declining insulin action, the reduction in insulin secretion manifests before blood glucose
concentrations reach the diagnostic guidelines for impaired glucose tolerance.’®

Similarly, in other races such as in Hispanics, low insulin clearance is associated with
increased risk of incident diabetes after adjusting for demographics, lifestyle factors, indices
of adiposity, and insulin secretion.80 In Blacks, hepatic first-pass insulin extraction has been
estimated to be two-thirds lower, whereas extrahepatic insulin clearance is similar, compared
to Whites.81 The low metabolic clearance rate may explain why Blacks have lower fasting
c-peptide but higher fasting insulin concentrations than Whites, which is consistent with
reduced insulin clearance.82 In Black women without diabetes, insulin secretion is similar
whereas the insulin response to glucose is higher and insulin clearance is lower than White
women.83 Together with data on reduced insulin clearance from the longitudinal study in
Native Americans’8 and the genetic predispositions identified among Native Americans,’>76
it appears that a metabolic phenotype predisposes them to type 2 diabetes independent of
established risk factors.

Obes Rev. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al. Page 8

8| RETROSPECTIVE CHART REVIEW

Data on insulin secretion and action in Native Americans are sparse. We report the results of
a retrospective chart review of 10 Native American patients receiving physiologic hormone
administration over a 4 to 6-month period in a clinical practice setting.

8.1| Subjects

Subjects in the study were Native Americans with a diagnosis of type 2 diabetes

receiving physiologic hormone administration at First American Wellness, which is a
clinic that delivers culturally respectful health services to Native American tribal members
and their families. Patients attend the clinic specifically to receive physiologic hormone
administration. Therefore, there is no control group in this study.

8.2| Methods

Physiologic pulsatile insulin was administered weekly for 4 to 6 months (depending upon
response to the treatment assessed by blood glucose control), followed by once every 2
weeks and was individualized based on the response to the treatment. An intravenous

(V) access was obtained for administration of insulin by means of an external pump
programmed to deliver insulin in pulses via peripheral IV so as to mimic the physiologic
secretion of insulin from the pancreas. Insulin was infused intermittently every 4-8 min
depending on the patient’s response to the algorithm employed. The concentration of
insulin infused (combined with 0.9% normal saline) was dynamic and is determined by

a proprietary scale based on the hemoglobin A1C (HbALC) initially and varies over time
depending upon the response to treatment. Blood glucose was monitored throughout the
pulsatile infusion period to maintain concentrations between 80 mg/dL to 180 mg/dL.
Patients were given a dextrose drink to prevent decline of blood glucose to hypoglycemic
levels. The procedure varied between 2 and 3 h depending upon stabilization of blood
glucose concentrations. At the end of the procedure, patients ate a meal, and blood glucose
concentrations were assessed before the patient was considered safe to return to the activities
of daily living. Changes in metabolic outcomes from baseline up to 6 months for 10 patients
were extracted from the medical records, and homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated as follows: fasting glucose in mmol/L*fasting insulin
in uu/mL/22.5.84

8.2.1| Statistical analysis—The means and standard deviations for the metabolic
outcomes were determined and compared to baseline. Generally, insulin is not measured in
a clinical setting. The medical records contained baseline and follow-up insulin measures
for three patients, baseline measure for one patient, and follow-up measure for one patient.
Values were imputed for the patient missing the baseline measure and the patient missing
the follow-up measure. The missing values were imputed by using the overall mean of the
available values and adding in random error based on the standard deviation of the available
values. Therefore, the HOMA-IR was calculated and compared to baseline for five patients.
We used paired ftests, and statistical significance was set at a = 0.05.

Obes Rev. Author manuscript; available in PMC 2024 December 01.
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Results and discussion

Baseline characteristics of the subjects are presented in Table 1. HbA1C reduced from
baseline by two percentage points (baseline: 9.03% + 2.08%, 6 months: 7.03% + 0.73%, p
= 0.008), which represents a 22% reduction from baseline. Compared to baseline, there was
a reduction in fasting blood glucose (baseline: 176.0 + 42.85 mg/dL, 6 months: 137.11 +
17.05 mg/dL, p=0.02), HOMA-IR (10.39 £ 4.66, 6 months: 7.74 + 4.22, p=0.008), and
the concentration of insulin infused in pulses (baseline: 0.95 + 0.34 mL, 6 months: 0.43 +
0.31 mL, p=0.005, Figure 2A-D). Except for triglycerides (baseline: 212.20 + 101.44, 6
months: 165.50 + 76.48 mg/dL, p = 0.02), none of the other outcomes measured (Table 1)
were significantly different compared to baseline.

Our analysis of data from a retrospective chart review showed that in Native American
patients, physiologic hormone administration for 4 to 6 months reduced fasting blood
glucose and HOMA-IR, which was accompanied by a striking decline in HbA1C by
two percentage points at approximately half the concentration of insulin infused. We
also observed a reduction in triglyceride concentrations, which like insulin resistance is
a component of the metabolic syndrome.

The rate of glucose metabolism within beta-cells primarily determines the magnitude of

the insulin secretory response and is governed by several metabolic signaling pathways

that ultimately converge to ensure a robust insulin secretion in response to nutrient
consumption.19 The finding that in type 2 diabetes insulin secretion is reduced more than
the reduction in insulin content implicates beta-cell function rather than beta-cell number

as being the more important factor in the etiology of the disease.” The increase in insulin
secretion by glucagon-like peptide-1 receptor agonists lends credence to the notion that even
in established type 2 diabetes, sufficient and perhaps latent beta-cell capacity exists.’

Aoki et al.8° treated patients who were insulin-dependent with systemic physiologic
hormone administration (7-10 intravenous pulses [~2 units of insulin per pulse]) over 1
hour, for three times per day. The treatment was initially twice weekly followed by one
treatment per week. Data from patients receiving the treatment from 7 to 71 weeks showed
a reduction in HbA1C from 8.5% (SE: 0.4%) at baseline to 7.0% (SE: 0.2%) at the time

of the analysis. The study was conducted at the University of California, Davis, and the
demographics of the population were not provided. Our analysis of HbA1C measured
between 4 and 6 months following the start of physiologic hormone administration showed
that in a small sample of 10 Native American patients, HbA1C reduced from baseline by
two percentage points. The genetic predisposition among Native Americans for reduced
beta-cell function and the finding that a low secretory response enhances the development of
type 2 diabetes suggest that this population may be more responsive to treatments directed
at the insulin secretory response. Moreover, the lack of an association of 7CF7L2gene
variant on type 2 diabetes risk in Native Americans,’® although common in Whites, Asian
Indians, and Japanese,’%-74 suggests that differences in metabolic phenotypes among races
may influence the type of treatment to which they respond.

Pulse interval and insulin resistance exhibit a positive relationship whereby as insulin
resistance increases the pulses become more frequent.86 Our data show that systemic
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physiologic hormone administration improved fasting blood glucose and insulin resistance
in the Native American population receiving physiologic hormone administration. The effect
on fasting blood glucose and HOMA-IR translated into a sustained improvement reflected

in HbA1C. Additionally, the physiologically administered insulin concentration needed to
achieve glycemia reduced by approximately half compared to baseline, which is consistent
with the study showing that hepatic glucose output was suppressed during the clamp at

40% of the insulin needed to achieve the same effect with a continuous insulin infusion.59
The results suggest a cumulative effect whereby exogenous insulin pulses improved insulin
resistance, which in turn had a beneficial effect on endogenous pulsatile insulin secretion.

The main limitation of our retrospective chart review is the lack of a control group, which
makes it difficult to ascribe the results wholly to physiologic hormone administration.
Patients visit the clinic to receive the treatment because they experience resolution of other
diabetes complications that occur with improvements in blood glucose control. Furthermore,
it is culturally inappropriate in the Native American population to withhold physiologic
hormone administration (which they perceive as beneficial) and provide usual care.
Therefore, respecting the culture precludes a control group. The treatment involves careful
monitoring in a clinical setting to prevent hypoglycemia which may limit its widespread
use. Patients also have considerable support and care perhaps in excess of routine diabetes
clinical care, which may contribute to the outcomes. Nevertheless, physiologic hormone
administration may improve outcomes in patients with type 2 diabetes and the therapy
warrants investigation in randomized controlled trials.

9| CONCLUSIONS

Blood glucose concentrations vary within a physiologic range, which is sensed by pancreatic
beta-cells and to which they respond. Oscillations in insulin secretion confer reasonably
accurate regulation through pronounced irregularity in amplitude, while the frequency

does not significantly vary from an average value. Given the fluctuations in insulin
concentrations, oscillatory control presents an enhanced precision of control. This control
circuit is disrupted in type 2 diabetes and irregularities in frequency and amplitude occur.

Human studies examining the direct effect of systemic pulsatile insulin administration on
insulin action largely demonstrate a measurable benefit. Studies examining the association
between insulin pulses and insulin action provide mixed results. In novel methods used to
model insulin Kinetics, continuous insulin infusions were a component of the models or the
stimulus to measure whole body or hepatic insulin action. Additionally, during the clamp,
insulin is infused at non-physiologic doses, which contradicts the premise that exposure

to high insulin concentrations precludes receptor rest and recovery. Insulin is secreted
directly into the portal vein, but access to the portal vein in humans presents an almost
insurmountable challenge for studying pulsatile insulin secretion and its actions in the liver.

Despite the limitations of peripheral blood sampling, experimental and mathematical
simulation-based approaches have contributed to our understanding of the physiology

and kinetic parameters underlying insulin secretion and action. Systemic delivery of
pulsatile insulin has therapeutic promise, which may have particular relevance to metabolic
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phenotype as determined by race. However, the real solution from the standpoint of a
therapy as well as in elucidating the network properties of insulin secretion may lie in a
method that simulates endogenous pulsatile secretion particularly in pathological states such
as obesity and type 2 diabetes.

ACKNOWLEDGMENTS

This work was supported in part by data generated at First American Wellness, a grant from the National Institute
on Aging (CJR, RO0AG065419), and from the National Institute of General Medical Sciences of the National
Institutes of Health, which funds the Louisiana Clinical and Translational Science Center (FLG and RAB, U54
GM104940).

Funding information

First American Wellness; National Institute on Aging, Grant/Award Number: ROOAG065419; National Institute of
General Medical Sciences, Grant/Award Number: U54 GM104940

REFERENCES

1. United States Census Bureau. Facts for features: American Indian and Alaska Native Heritage
Month: November 2021. https://www.minorityhealth.hhs.gov/omh/browse.aspx?Ivi=4&Ivlid=33

2. Arias E, Xu J, Curtin S, Bastian B, Tejada-Vera B. Mortality profile of the non-Hispanic American
Indian or Alaska native population, 2019. Natl Vital Stat Rep. 2021;70(18):1-27.

3. Breathett K, Sims M, Gross M, et al. Cardiovascular health in American Indians and Alaska natives:
a scientific statement from the American Heart Association. Circulation. 2020;141(25):e948-e959.
doi:10.1161/CIR.0000000000000773 [PubMed: 32460555]

4. Wilson C, Gilliland S, Moore K, Acton K. The epidemic of extreme obesity among American Indian
and Alaska native adults with diabetes. Prev Chronic Dis. 2007;4(1):A06. [PubMed: 17173714]

5. US Department of Health and Human Services, Office of Minority Health. Diabetes
and American Indians/Alaska natives. 2022. Accessed December 23, 2022. https://
www.minorityhealth.hhs.gov/omh/browse.aspx?Ivli=4&Ivlid=33

6. Klein S, Gastaldelli A, Yki-Jarvinen H, Scherer PE. Perspective why does obesity cause diabetes?
Cell Metab. 2022;34(1):11-20. doi:10.1016/j.cmet.2021.12.012 [PubMed: 34986330]

7. Ashcroft FM, Rorsman P. Diabetes mellitus and the beta cell: The last ten years. Cell.
2012;148(6):1160-1171. doi:10.1016/j.cell.2012.02.010 [PubMed: 22424227]

8. Willemsen G, Ward KJ, Bell CG, et al. The concordance and heritability of type 2 diabetes in 34,166
twin pairs from international twin registers: the Discordant Twin (DISCOTWIN) Consortium. Twin
Res Hum Genet. 2015;18(6):762—771. doi:10.1017/thg.2015.83 [PubMed: 26678054]

9. Krentz NAJ, Gloyn AL. Insights into pancreatic islet cell dysfunction from type 2 diabetes mellitus
genetics. Nat Rev Endocrinol. 2020;16(4):202-212. doi:10.1038/s41574-020-0325-0 [PubMed:
32099086]

10. Campbell JE, Newgard CB. Mechanisms controlling pancreatic islet cell function in insulin
secretion. Nat Rev Mol Cell Biol. 2021;22(2):142-158. doi:10.1038/s41580-020-00317-7
[PubMed: 33398164]

11. O’Rahilly S, Turner RC, Matthews DR. Impaired pulsatile secretion of insulin in relatives
of patients with non-insulin-dependent diabetes. N Engl J Med. 1988;318(19):1225-1230.
doi:10.1056/NEJM198805123181902 [PubMed: 3283553]

12. Quach S, Manessis A. 112-LB: pulsatile insulin treatment as a treatment option for patients
with type 2 diabetes and Stage 3 kidney failure. Diabetes. 2021;70(Supplement_1):112-LB.
doi:10.2337/db21-112-LB

13. Howard SW, Zhang Z, Linomaz J, et al. Efficacy evaluation study for microburst insulin infusion:
a novel model of care. Front Public Health. 2021;9:600906. doi:10.3389/fpubh.2021.600906
[PubMed: 34458216]

Obes Rev. Author manuscript; available in PMC 2024 December 01.


https://www.minorityhealth.hhs.gov/omh/browse.aspx?lvl=4&lvlid=33
https://www.minorityhealth.hhs.gov/omh/browse.aspx?lvl=4&lvlid=33
https://www.minorityhealth.hhs.gov/omh/browse.aspx?lvl=4&lvlid=33

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 12

Greenway F, Loveridge B, Grimes RM, et al. Physiologic insulin resensitization as a treatment
modality for insulin resistance pathophysiology. Int J Mol Sci. 2022;23(3):1884. doi:10.3390/
ijms23031884 [PubMed: 35163806]

Rapp PE, Mees Al, Sparrow CT. Frequency encoded biochemical regulation is

more accurate than amplitude dependent control. J Theor Biol. 1981;90(4):531-544.
doi:10.1016/0022-5193(81)90304-0 [PubMed: 6272030]

Nunemaker CS, Satin LS. Episodic hormone secretion: a comparison of the basis of pulsatile
secretion of insulin and GnRH. Endocrine. 2014;47(1):49-63. doi:10.1007/s12020-014-0212-3
[PubMed: 24610206]

Lang DA, Matthews DR, Peto J, Turner RC. Cyclic oscillations of basal plasma glucose and
insulin concentrations in human beings. N Engl J Med. 1979;301(19):1023-1027. doi:10.1056/
NEJM197911083011903 [PubMed: 386121]

Hansen BC, Jen KC, Belbez Pek S, Wolfe RA. Rapid oscillations in plasma insulin, glucagon,
and glucose in obese and normal weight humans. J Clin Endocrinol Metab. 1982;54(4):785-792.
doi:10.1210/jcem-54-4-785 [PubMed: 7037815]

Satin LS, Butler PC, Ha J, Sherman AS. Pulsatile insulin secretion, impaired glucose tolerance
and type 2 diabetes. Mol Aspects Med. 2015;42:61-77. doi:10.1016/j.mam.2015.01.003 [PubMed:
25637831]

Porksen N, Grofte B, Nyholm B, et al. Glucagon-like peptide 1 increases mass but not frequency
or orderliness of pulsatile insulin secretion. Diabetes. 1998;47(1):45-49. doi:10.2337/diab.47.1.45
[PubMed: 9421373]

Porksen N, Munn S, Steers J, Veldhuis JD, Butler PC. Impact of sampling technique on appraisal
of pulsatile insulin secretion by deconvolution and cluster analysis. Am J Physiol. 1995;269(6 Pt
1):E1106-E1114. doi:10.1152/ajpendo.1995.269.6.E1106 [PubMed: 8572204]

Matveyenko AV, Liuwantara D, Gurlo T, et al. Pulsatile portal vein insulin delivery enhances
hepatic insulin action and signaling. Diabetes. 2012;61(9):2269-2279. d0i:10.2337/db11-1462
[PubMed: 22688333]

Kjems LL, Kirby BM, Welsh EM, et al. Decrease in beta-cell mass leads to impaired pulsatile
insulin secretion, reduced postprandial hepatic insulin clearance, and relative hyperglucagonemia
in the minipig. Diabetes. 2001;50(9):2001-2012. doi:10.2337/diabetes.50.9.2001 [PubMed:
11522665]

Polonsky KS, Given BD, Hirsch LJ, et al. Abnormal patterns of insulin secretion in non-
insulin-dependent diabetes mellitus. N Engl J Med. 1988;318(19):1231-1239. doi:10.1056/
NEJM198805123181903 [PubMed: 3283554]

Ashcroft FM, Rorsman P. Electrophysiology of the pancreatic beta-cell. Prog Biophys Mol Biol.
1989;54(2):87-143. doi:10.1016/0079-6107(89)90013-8 [PubMed: 2484976]

Cook DL, Satin LS, Hopkins WF. Pancreatic B cells are bursting, but how? Trends Neurosci.
1991;14(9):411-414. doi:10.1016/0166-2236(91)90033-Q [PubMed: 1720583]

Sherman A Lessons from models of pancreatic beta cells for engineering glucose-sensing cells.
Math Biosci. 2010;227(1):12-19. doi:10.1016/j.mbs.2010.05.005 [PubMed: 20580727]

Fridlyand LE, Tamarina N, Philipson LH. Bursting and calcium oscillations in pancreatic
beta-cells: specific pacemakers for specific mechanisms. Am J Physiol Endocrinol Metab.
2010;299(4):E517-E532. doi:10.1152/ajpendo.00177.2010 [PubMed: 20628025]

Cha CY, Powell T, Noma A. Analyzing electrical activities of pancreatic beta cells

using mathematical models. Prog Biophys Mol Biol. 2011;107(2):265-273. doi:10.1016/
j.pbiomolbio.2011.08.001 [PubMed: 21843545]

Gosak M, Markovi¢ R, Dolenek J, et al. Network science of biological systems at different scales:
a review. Phys Life Rev. 2018;24:118-135. d0i:10.1016/j.plrev.2017.11.003 [PubMed: 29150402]
Zavala E, Wedgwood KCA, Voliotis M, et al. Mathematical modelling of endocrine

systems. Trends in Endocrinology and Metabolism: TEM. 2019;30(4):244-257. doi:10.1016/
j.tem.2019.01.008 [PubMed: 30799185]

Juhl CB, Parksen N, Hollingdal M, et al. Repaglinide acutely amplifies pulsatile insulin secretion
by augmentation of burst mass with no effect on burst frequency. Diabetes Care. 2000;23(5):675—
681. doi:10.2337/diacare.23.5.675 [PubMed: 10834429]

Obes Rev. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 13

Juhl CB, Porksen N, Pincus SM, Hansen AP, Veldhuis JD, Schmitz O. Acute and short-term
administration of a sulfonylurea (gliclazide) increases pulsatile insulin secretion in type 2 diabetes.
Diabetes. 2001;50(8):1778-1784. doi:10.2337/diabetes.50.8.1778 [PubMed: 11473038]

Lang DA, Matthews DR, Burnett M, Turner RC. Brief, irregular oscillations of basal plasma
insulin and glucose concentrations in diabetic man. Diabetes. 1981;30(5):435-439. doi:10.2337/
diab.30.5.435 [PubMed: 7014311]

Gumbiner B, van Cauter E, Beltz WF, et al. Abnormalities of insulin pulsatility and glucose
oscillations during meals in obese noninsulin-dependent diabetic patients: effects of weight
reduction. J Clin Endocrinol Metab. 1996;81(6):2061-2068. doi:10.1210/jcem.81.6.8964829
[PubMed: 8964829]

O’Meara NM, Sturis J, Herold KC, Ostrega DM, Polonsky KS. Alterations in the patterns

of insulin secretion before and after diagnosis of IDDM. Diabetes Care. 1995;18(4):568-571.
doi:10.2337/diacare.18.4.568 [PubMed: 7497873]

O’Meara NM, Sturis J, Van Cauter E, Polonsky KS. Lack of control by glucose of ultradian
insulin secretory oscillations in impaired glucose tolerance and in non-insulin-dependent diabetes
mellitus. J Clin Invest. 1993;92(1):262-271. doi:10.1172/JCI1116560 [PubMed: 8325993]

Hollingdal M, Juhl CB, Pincus SM, et al. Failure of physiological plasma glucose excursions to
entrain high-frequency pulsatile insulin secretion in type 2 diabetes. Diabetes. 2000;49(8):1334—
1340. doi:10.2337/diabetes.49.8.1334 [PubMed: 10923634]

Buren J, Liu HX, Lauritz J, Eriksson JW. High glucose and insulin in combination cause insulin
receptor substrate-1 and -2 depletion and protein kinase B desensitisation in primary cultured

rat adipocytes: possible implications for insulin resistance in type 2 diabetes. Eur J Endocrinol.
2003;148(1):157-167. doi:10.1530/eje.0.1480157 [PubMed: 12534369]

Kobayashi M, Olefsky JM. Effect of experimental hyperinsulinemia on insulin binding and
glucose transport in isolated rat adipocytes. Am J Physiol. 1978;235(1):E53-E62. doi:10.1152/
ajpendo.1978.235.1.E53 [PubMed: 677310]

Blackard WG, Guzelian PS, Small ME. Down regulation of insulin receptors in primary

cultures of adult rat hepatocytes in monolayer. Endocrinology. 1978;103(2):548-553. doi:10.1210/
endo-103-2-548 [PubMed: 744100]

Kalant N, Ozaki S, Maekubo H, Mitmaker B, Cohen-Khallas M. Down-regulation of insulin
binding by human and rat hepatocytes in primary culture: the possible role of insulin
internalization and degradation. Endocrinology. 1984;114(1):37-43. doi:10.1210/endo-114-1-37
[PubMed: 6360664]

Porksen N, Hollingdal M, Juhl C, Butler P, Veldhuis JD, Schmitz O. Pulsatile insulin secretion:
detection, regulation, and role in diabetes. Diabetes. 2002;51(Suppl 1):S245-S254. doi:10.2337/
diabetes.51.2007.5245 [PubMed: 11815487]

Field JB. Extraction of insulin by liver. Annu Rev Med. 1973;24(1):309-314. doi:10.1146/
annurev.me.24.020173.001521 [PubMed: 4575861]

Polonsky K, Jaspan J, Emmanouel D, Holmes K, Moossa AR. Differences in the hepatic and renal
extraction of insulin and glucagon in the dog: evidence for saturability of insulin metabolism. Acta
Endocrinol. 1983;102(3):420-427. doi:10.1530/acta.0.1020420

Duckworth WC, Bennett RG, Hamel FG. Insulin degradation: progress and potential. Endocr Rev.
1998;19(5):608-624. [PubMed: 9793760]

Song SH, Mclntyre SS, Shah H, Veldhuis JD, Hayes PC, Butler PC. Direct measurement of
pulsatile insulin secretion from the portal vein in human subjects. J Clin Endocrinol Metab.
2000;85(12):4491-4499. doi:10.1210/jc.85.12.4491 [PubMed: 11134098]

Porksen N, Munn S, Steers J, Veldhuis JD, Butler PC. Effects of glucose ingestion versus infusion
on pulsatile insulin secretion. The incretin effect is achieved by amplification of insulin secretory
burst mass. Diabetes. 1996;45(10):1317-1323. doi:10.2337/diab.45.10.1317 [PubMed: 8826965]
Meier JJ, Veldhuis JD, Butler PC. Pulsatile insulin secretion dictates systemic insulin delivery

by regulating hepatic insulin extraction in humans. Diabetes. 2005;54(6):1649-1656. doi:10.2337/
diabetes.54.6.1649 [PubMed: 15919785]

Obes Rev. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 14

Smith GI, Polidori DC, Yoshino M, et al. Influence of adiposity, insulin resistance, and intrahepatic
triglyceride content on insulin kinetics. J Clin Invest. 2020;130(6):3305-3314. doi:10.1172/
JCI136756 [PubMed: 32191646]

Polidori DC, Bergman RN, Chung ST, Sumner AE. Hepatic and extrahepatic insulin clearance are
differentially regulated: results from a novel model-based analysis of intravenous glucose tolerance
data. Diabetes. 2016;65(6):1556-1564. doi:10.2337/db15-1373 [PubMed: 26993071]

Caro JF, Amatruda JM. Functional relationships between insulin binding, action, and degradation.
A reassessment. J Biol Chem. 1980;255(21):10052-10055. doi:10.1016/S0021-9258(19)70425-6
[PubMed: 7000769]

Caro JF, Amatruda JM. Evidence for modulation of insulin action and degradation independently
of insulin binding. Am J Physiol. 1981;240(3):E325-E332. doi:10.1152/ajpend0.1981.240.3.E325
[PubMed: 7011054]

Bergman RN, Kabir M, Ader M. The physiology of insulin clearance. Int J Mol Sci.
2022;23(3):1826. doi:10.3390/ijms23031826 [PubMed: 35163746]

Asare-Bediako I, Paszkiewicz RL, Kim SP, et al. Variability of directly measured first-pass
hepatic insulin extraction and its association with insulin sensitivity and plasma insulin. Diabetes.
2018;67(8):1495-1503. d0i:10.2337/db17-1520 [PubMed: 29752425]

Hennes MM, Dua A, Kissebah AH. Effects of free fatty acids and glucose on splanchnic insulin
dynamics. Diabetes. 1997;46(1):57-62. doi:10.2337/diab.46.1.57 [PubMed: 8971082]

Kim SP, Ellmerer M, Kirkman EL, Bergman RN. Beta-cell “rest” accompanies reduced first-pass
hepatic insulin extraction in the insulin-resistant, fat-fed canine model. Am J Physiol Endocrinol
Metab. 2007;292(6):E1581-E1589. doi:10.1152/ajpendo.00351.2006 [PubMed: 17284579]

Svedberg J, Bjorntorp P, Smith U, Lonnroth P. Free-fatty acid inhibition of insulin binding,
degradation, and action in isolated rat hepatocytes. Diabetes. 1990;39(5):570-574. doi:10.2337/
diab.39.5.570 [PubMed: 2185108]

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for quantifying
insulin secretion and resistance. Am J Physiol. 1979;237(3):E214-E223. d0i:10.1152/
ajpendo.1979.237.3.E214 [PubMed: 382871]

Bratusch-Marrain PR, Komjati M, Waldhausl WK. Efficacy of pulsatile versus continuous insulin
administration on hepatic glucose production and glucose utilization in type | diabetic humans.
Diabetes. 1986;35(8):922-926. doi:10.2337/diab.35.8.922 [PubMed: 3525288]

Schmitz O, Arnfred J, Nielsen OH, Beck-Nielsen H, Orskov H. Glucose uptake and pulsatile
insulin infusion: euglycaemic clamp and [3-3H]glucose studies in healthy subjects. Acta
Endocrinol. 1986;113(4):559-563. doi:10.1530/acta.0.1130559

Paolisso G, Sgambato S, Gentile S, et al. Advantageous metabolic effects of pulsatile insulin
delivery in noninsulin-dependent diabetic patients. J Clin Endocrinol Metab. 1988;67(5):1005—
1010. doi:10.1210/jcem-67-5-1005 [PubMed: 3053747]

Paolisso G, Scheen AJ, Albert A, Lefebvre PJ. Effects of pulsatile delivery of insulin and glucagon
in humans. Am J Physiol. 1989;257(5 Pt 1):E686—E696. doi:10.1152/ajpendo.1989.257.5.E686
[PubMed: 2688437]

Shukla N, Kadam S, Padinhateeri R, Kolthur-Seetharam U. Continuous variable responses and
signal gating form kinetic bases for pulsatile insulin signaling and emergence of resistance.

Proc Natl Acad Sci U S A. 2021;118(41):e2102560118. doi:10.1073/pnas.2102560118 [PubMed:
34615716]

Laedtke T, Kjems L, Pagrksen N, et al. Overnight inhibition of insulin secretion restores

pulsatility and proinsulin/insulin ratio in type 2 diabetes. Am J Physiol Endocrinol Metab.
2000;279(3):E520-E528. doi:10.1152/ajpend0.2000.279.3.E520 [PubMed: 10950818]

Laurenti MC, Dalla Man C, Varghese RT, et al. Insulin pulse characteristics and insulin action

in non-diabetic humans. J Clin Endocrinol Metab. 2021;106(6):1702-1709. doi:10.1210/clinem/
dgab100 [PubMed: 33606017]

Hunter SJ, Atkinson AB, Ennis CN, Sheridan B, Bell PM. Association between insulin

secretory pulse frequency and peripheral insulin action in NIDDM and normal subjects. Diabetes.
1996;45(5):683-686. doi:10.2337/diab.45.5.683 [PubMed: 8621023]

Obes Rev. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 15

Au S, Courtney CH, Ennis CN, Sheridan B, Atkinson AB, Bell PM. The effect of manipulation
of basal pulsatile insulin on insulin action in type 2 diabetes. Diabet Med. 2005;22(8):1064-1071.
doi:10.1111/j.1464-5491.2005.01607.x [PubMed: 16026374]

Courtney CH, Atkinson AB, Ennis CN, Sheridan B, Bell PM. Comparison of the priming effects of
pulsatile and continuous insulin delivery on insulin action in man. Metabolism. 2003;52(8):1050-
1055. doi:10.1016/S0026-0495(03)00156-2 [PubMed: 12898472]

Grant SF, Thorleifsson G, Reynisdottir I, et al. Variant of transcription factor 7-like 2 (TCF7L2)
gene confers risk of type 2 diabetes. Nat Genet. 2006;38(3):320-323. doi:10.1038/ng1732
[PubMed: 16415884]

Humphries SE, Gable D, Cooper JA, et al. Common variants in the TCF7L2 gene and
predisposition to type 2 diabetes in UK European Whites, Indian Asians and Afro-Caribbean
men and women. J Mol Med (Berl). 2006;84(12):1005-1014. doi:10.1007/s00109-006-0108-7
[PubMed: 17665514]

Florez JC, Jablonski KA, Bayley N, et al. TCF7L2 polymorphisms and progression to

diabetes in the Diabetes Prevention Program. N Engl J Med. 2006;355(3):241-250. doi:10.1056/
NEJMo0a062418 [PubMed: 16855264]

Chandak GR, Janipalli CS, Bhaskar S, et al. Common variants in the TCF7L2 gene are strongly
associated with type 2 diabetes mellitus in the Indian population. Diabetologia. 2007;50(1):63-67.
doi:10.1007/s00125-006-0502-2 [PubMed: 17093941]

Hayashi T, lwamoto Y, Kaku K, Hirose H, Maeda S. Replication study for the association
of TCF7L2 with susceptibility to type 2 diabetes in a Japanese population. Diabetologia.
2007;50(5):980-984. doi:10.1007/s00125-007-0618-z [PubMed: 17340123]

Guo T, Hanson RL, Traurig M, et al. TCF7L2 is not a major susceptibility gene for type 2 diabetes
in Pima Indians: analysis of 3501 individuals. Diabetes. 2007;56(12):3082-3088. do0i:10.2337/
db07-0621 [PubMed: 17909099]

Caro-Gomez MA, Naranjo-Gonzalez CA, Gallego-Lopera N, et al. Association of Native
American ancestry and common variants in ACE, ADIPOR2, MTNR1B, GCK, TCF7L2 and

FTO genes with glycemic traits in Colombian population. Gene. 2018;677:198-210. doi:10.1016/
j.gene.2018.07.066 [PubMed: 30063936]

Lillioja S, Mott DM, Spraul M, et al. Insulin resistance and insulin secretory dysfunction as
precursors of non-insulin-dependent diabetes mellitus. Prospective studies of Pima Indians. N Engl
J Med. 1993;329(27):1988-1992. doi:10.1056/NEJM199312303292703 [PubMed: 8247074]

Shah MH, Piaggi P, Looker HC, Paddock E, Krakoff J, Chang DC. Lower insulin clearance
is associated with increased risk of type 2 diabetes in Native Americans. Diabetologia.
2021;64(4):914-922. doi:10.1007/s00125-020-05348-5 [PubMed: 33404681]

Heinitz S, Piaggi P, Bogardus C, Krakoff J. Decline in the acute insulin response in relationship
to plasma glucose concentrations. Diabetes Metab Res Rev. 2018;34(2):e2953. doi:10.1002/
dmrr.2953

Lee CC, Haffner SM, Wagenknecht LE, et al. Insulin clearance and the incidence of type 2 diabetes
in Hispanics and African Americans: the IRAS Family Study. Diabetes Care. 2013;36(4):901-907.
d0i:10.2337/dc12-1316 [PubMed: 23223351]

Piccinini F, Polidori DC, Gower BA, Bergman RN. Hepatic but not extrahepatic insulin clearance
is lower in African American than in European American women. Diabetes. 2017;66(10):2564—
2570. doi:10.2337/db17-0413 [PubMed: 28710139]

Harris MI, Cowie CC, Gu K, Francis ME, Flegal K, Eberhardt MS. Higher fasting insulin but
lower fasting C-peptide levels in African Americans in the US population. Diabetes Metab Res
Rev. 2002;18(2):149-155. doi:10.1002/dmrr.273 [PubMed: 11994907]

Chung ST, Galvan-de la Cruz M, Aldana PC, et al. Postprandial insulin response and clearance
among Black and White women: the Federal Women’s Study. J Clin Endocrinol Metab.
2019;104(1):181-192. doi:10.1210/jc.2018-01032 [PubMed: 30260396]

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;28(7):412-419. doi:10.1007/BF00280883 [PubMed:
3899825]

Obes Rev. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rebello et al. Page 16

85. Aoki TT, Benbarka MM, Okimura MC, et al. Long-term intermittent intravenous
insulin therapy and type 1 diabetes mellitus. Lancet. 1993;342(8870):515-518.
doi:10.1016/0140-6736(93)91645-3 [PubMed: 8102666]

86. Peiris AN, Stagner JI, Vogel RL, Nakagawa A, Samols E. Body fat distribution and peripheral
insulin sensitivity in healthy men: role of insulin pulsatility. J Clin Endocrinol Metab.
1992;75(1):290-294. [PubMed: 1619021]

Obes Rev. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rebello et al.

10 (A)

glucose

—a— insulin

Plasma glucose (mM)

- 100

@
(=]

- 60

AL a0

T
n
o

0 10 20 30 40 S50 60 70 80 90

Time (min)

FIGURE 1.

-0

Serum Insulin (pM)

Plasma glucose (mM)

(B)

glucose

Page 17

r 160

AL 120

- 80

40

=< insulin

0 10 20 30 40 50 60 70 80 90

Time (min)

-0

Difference in insulin concentrations in adults (A) healthy controls and (B) with type 2
diabetes. Circulating insulin concentrations do not fall sufficiently in subjects with type
2 diabetes who have insulin secretory capacity, as in healthy controls. Reproduced with
permission from Hollingdal et al.38 Copyright and all rights reserved. Material from this
publication has been used with the permission of American Diabetes Association.
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FIGURE 2.

(A-D) Change from baseline in measures of glycemic control in Native Americans receiving
physiologic hormone administration: (A) HbA1C (p= 0.008, /= 10); (B) fasting blood
glucose (p=0.02, N=9); and (C) homeostatic model assessment of insulin resistance
(HOMA-IR: p=0.008, N=5); (D) insulin infusion (o= 0.005, V= 10).
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