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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 preva-

lence 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 func-

tion. 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 compo-

nents of the metabolic syndrome. The therapy warrants investigation in randomized

controlled trials.

K E YWORD S
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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.1 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 popula-

tion.3 Comorbid conditions such as obesity are present in 69.6% of

patients 18 years and older with type 2 diabetes, in the American
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Indian and Native Alaskan population.4 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.5

Type 2 diabetes is a multifactorial disease often associated with

obesity, insulin resistance, impaired control of hepatic glucose produc-

tion, and pancreatic beta-cell dysfunction.6,7 Genetics play an impor-

tant role in type 2 diabetes, and the high rates of concordance of the

disease in twins exemplify this association.8 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 distur-

bances in pancreatic islet function.9 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.7 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 pul-

satile fashion in humans, and these oscillations help to maintain fast-

ing plasma glucose concentrations within a narrow normal range.11

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, ana-

lytic 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 dis-

rupted 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.

2 | INSULIN SECRETION

Insulin secretion occurs primarily in response to an increase in circu-

lating glucose concentration in the post-prandial state. The metabo-

lism of glucose generates ATP, which closes ATP-sensitive potassium

channels to cause membrane depolarization and the consequent acti-

vation 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 insu-

lin is independent of potassium channel mechanisms. During the sec-

ond 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, acti-

vate 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 capa-

ble 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.15 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.17 were the first to report oscillations in insulin secre-

tion in humans and like another early study of in vivo insulin oscilla-

tions 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 insu-

lin levels approached the limits of detection of the insulin assays avail-

able at the time. Moreover, the analytic techniques and computing

systems available to quantify insulin pulses were not as advanced as

they are today.19 Subsequent studies have shown that the period of

the pulse is generally invariant and in the range of 4–6 min.20–23 Pro-

longed intervals in insulin oscillations known as ultradian and having a

period of 80–180 min have also been observed in measurements con-

ducted 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.25–29 Within islets, beta-cells exhibit tight syn-

chronization 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.30 Mathemati-

cal models also emphasize the dependency of these interactions on

the extracellular concentrations of glucose.31 In theory, plasma glu-

cose could increase plasma insulin by altering various characteristics

of the pulse such as amplitude, frequency, plateau fraction, or all

three.19 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.
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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.19 In patients with type 2 diabetes,

the oscillations were found to be shorter and highly irregular.34,35 In

relatives of patients with type 2 diabetes without fasting hyperglyce-

mia, the pulses were found to be irregular.11 Entrainment or the pro-

cess where small, subthreshold changes in plasma glucose regulate

insulin pulses and contribute to islet synchronization of regular oscilla-

tions 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.39–42 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.43

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.44–46 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.47,48 In striking contrast, the insulin pulse

amplitude reaching systemic circulation is reduced by �10-fold com-

pared to the portal vein.47 Using the hepatic vein catheterization tech-

nique, 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.49 Using a modeling

approach in conjunction with c-peptide deconvolution to assess insu-

lin kinetics, Smith et al.50 showed that the insulin secretion rate is

higher in individuals with obesity and impaired glucose tolerance com-

pared to lean controls without impairments in glucose homeostasis.

While extraction by extrahepatic tissues in response to glucose inges-

tion 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.50 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 con-

cluded 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.50

The evidence for saturable hepatic insulin extraction is consistent

with increasing arterial concentrations of insulin, following continuous

insulin infusion in fasted dogs.45 The modeling approach in the study

by Smith et al.50 was developed using a modified frequently sampled

intravenous glucose test that included a continuous infusion of insu-

lin.51 Whether different conclusions relating to hepatic insulin extrac-

tion would have been drawn if physiologic pulsatile insulin secretion

were considered in these studies45,50 remains to be determined. Nev-

ertheless, the hepatic capacity for extraction of insulin may render it

an important site for control of the proportion of secreted insulin

F IGURE 1 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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reaching the periphery. Moreover, hepatic insulin removal and hepatic

insulin action are correlated.52,53 Considering an evolutionary per-

spective, why would pancreatic insulin secretion be designed to flow

directly into the hepatic portal vein rather than into systemic circula-

tion, 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 deliv-

ered into systemic circulation.54

Basal insulin degradation exhibits tremendous individual variabil-

ity (22% to 77%).55 Nutrient intake also alters insulin clearance. For

instance, glucose-stimulated insulin secretion reduces hepatic extrac-

tion.56 Similarly, fatty acids also alter hepatic insulin extraction.56–58

The implications of these findings are that first pass hepatic insulin

removal can be controlled by modifying the diet or by directly modu-

lating 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.59 In sub-

jects 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.60 In healthy subjects and in subjects with type 2 dia-

betes, glucose uptake by tissues increased during the clamp when the

insulin infusion was pulsed compared to continuous.61,62 In contrast,

pulsatile delivery of insulin in humans during the clamp was shown to

have greater effects in modulating hepatic glucose production than

continuous infusion, without affecting glucose uptake by tissues.63

Mathematical and experimental modeling suggest that maximum

connectivity between signaling nodes is achieved at physiologic con-

centrations of insulin, and hyperinsulinemic states lower the connect-

edness.64 Moreover, in the context of gene transcription, noise in

biology is considered beneficial for regulating functional flexibility,

and hyperinsulinemic states diminish noise in signaling.64 Releasing

insulin in an intermittent fashion provides receptors with the neces-

sary 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.65 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.65

Laurenti et al.66 used nonparametric stochastic deconvolution

applied to peripheral c-peptide concentrations to characterize pulsa-

tile 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 con-

cordant. 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 study66 requires further evalua-

tion. 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.67 deter-

mined 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.67 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.68,69

On the other hand, the importance of the pulsatile release pattern

in regulating physiologic insulin action can be appreciated from exper-

imental models demonstrating that the response of key phosphoryla-

tion 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.64 Insulin infusion during the hyperinsulinemic euglycemic clamp

to measure insulin action could be a confounding factor for two rea-

sons: (1) the creation of non-physiologic insulin concentrations pur-

ported 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 (TCF7L2) gene par-

ticularly the rs7903146 variant are highly associated with a

4 of 12 REBELLO ET AL.
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predisposition for type 2 diabetes in several different populations

including those of European, Asian Indian, and Japanese origins.70–74

This variant raises postprandial glucose concentrations and decreases

peripheral concentrations of insulin in response to an oral glucose

challenge.72 In contrast, variation within TCF7L2 does not confer

major risk for type 2 diabetes in the Pima Indian population.75 How-

ever, the Native American genetic ancestry is associated with low

beta-cell function.76 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.77

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 clear-

ance 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.78 Among Native Americans, with declining insulin

action, the reduction in insulin secretion manifests before blood glu-

cose concentrations reach the diagnostic guidelines for impaired glu-

cose tolerance.79

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 clear-

ance 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 Americans78 and the genetic predispositions identified among

Native Americans,75,76 it appears that a metabolic phenotype predis-

poses them to type 2 diabetes independent of established risk factors.

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 indi-

vidualized based on the response to the treatment. An intravenous

(IV) 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 pan-

creas. 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 (HbA1C) 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 con-

centrations. 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 μU/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 mea-

sured 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. There-

fore, the HOMA-IR was calculated and compared to baseline for five

patients. We used paired t tests, and statistical significance was set at

ɑ = 0.05.

8.3 | Results and discussion

Baseline characteristics of the subjects are presented in Table 1.

HbA1C reduced from baseline by two percentage points (baseline:

REBELLO ET AL. 5 of 12

 1467789x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/obr.13625 by Pennington B

iom
edical R

esearch C
enter, W

iley O
nline L

ibrary on [15/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
1

B
as
el
in
e
ch

ar
ac
te
ri
st
ic
s
o
f
pa

ti
en

ts
in
cl
ud

ed
in

th
e
an

al
ys
is
an

d
th
ei
r
ch

an
ge

in
m
ed

ic
at
io
ns

o
ve

r
th
e
du

ra
ti
o
n
o
f
th
e
st
ud

y.

P
at
ie
nt

1
2

3
4

5

A
ge

(y
ea

rs
)

7
1

7
4

7
8

6
1

4
7

G
en

de
r

F
em

al
e

F
em

al
e

M
al
e

M
al
e

F
em

al
e

SB
P

N
o
t
av
ai
la
bl
e

1
4
4

1
3
3

1
3
9

1
1
5

D
B
P

N
o
t
av
ai
la
bl
e

8
1

7
8

8
9

7
3

B
o
dy

W
ei
gh

t
(k
g)

5
9
.1

6
5
.9

1
0
2
.7

9
9
.6

1
0
0
.0

B
M
I

2
5
.4

2
8
.0

3
6
.6

3
0
.6

3
6
.7

G
lu
co

se
(m

g/
dl
)

1
3
8

1
3
9

1
7
5

1
7
3

1
4
1

H
bA

1
c
(%

)
7
.1

7
.2

9
.9

7
.8

0
.0
7

G
F
R

9
9

8
9

5
6

1
4
6

1
0
3

A
ST

(IU
/L
)

3
6

1
8

2
3

3
7

1
3

A
LT

(IU
/L
)

2
8

1
5

2
0

7
6

2
2

T
o
ta
lC

ho
le
st
er
o
l

(m
g/
dL

)

1
2
5

1
7
9

1
9
5

2
1
0

1
9
1

LD
L
(m

g/
dL

)
6
0

1
0
1

9
8

1
4
8

1
2
4

T
ri
gl
yc
er
id
es

(m
g/
dL

)
1
0
4

1
6
7

3
2
4

2
8
0

1
0
9

H
D
L
(m

g/
dL

)
4
4

5
1

3
2

4
4

4
5

M
ed

ic
at
io
ns

M
et
fo
rm

in
1
0
0
0
m
g

B
ID

M
et
fo
rm

in
5
0
0
m
g
B
ID

M
et
fo
rm

in
5
0
0
m
g
Q
D
,L
ev

em
ir
9
0
un

it
s

B
ID

M
et
fo
rm

in
1
0
0
0
m
g
B
ID

,T
ra
d
je
n
ta

5
m
g
Q
D

M
et
fo
rm

in
5
0
0
m
g
Q
D

M
ed

ic
at
io
n
ch

an
ge

N
o
ch

an
ge

N
o
ch

an
ge

Le
ve

m
ir
7
0
un

it
s
Q
D

N
o
ch

an
ge

N
o
ch

an
ge

O
th
er

co
nd

it
io
ns

C
at
ar
ac
ts

N
eu

ro
pa

th
y,
gl
au

co
m
a,

hy
pe

rt
en

si
o
n

N
eu

ro
pa

th
y,
ca
ta
ra
ct
s,
C
A
D
,

hy
pe

rt
en

si
o
n

N
eu

ro
pa

th
y,
gl
au

co
m
a,
h
yp

er
te
n
si
o
n

H
yp

er
te
n
si
o
n
,

h
yp

er
lip

id
em

ia

A
bb

re
vi
at
io
ns
:A

LT
,a
la
ni
ne

am
in
o
tr
an

sf
er
as
e;

A
ST

,a
sp
ar
ta
te

tr
an

sf
er
as
e;

B
ID

,t
w
ic
e
da

ily
;B

M
I,
bo

dy
m
as
s
in
de

x;
C
A
D
,c
o
ro
na

ry
ar
te
ry

di
se
as
e;

C
K
D
,c
h
ro
n
ic
ki
d
n
ey

d
is
ea

se
;D

B
P
,d

ia
st
o
lic

b
lo
o
d
p
re
ss
u
re
;

H
bA

1
C
,h

em
o
gl
o
bi
n
A
1
C
;H

D
L,
hi
gh

de
ns
it
y
lip

o
pr
o
te
in

ch
o
le
st
er
o
l;
LD

L,
lo
w

de
ns
it
y
lip

o
pr
o
te
in

ch
o
le
st
er
o
l;
P
R
N
,a
s
ne

ed
ed

;Q
D
,e

ve
ry

da
y;

SB
P
,s
ys
to
lic

b
lo
o
d
p
re
ss
u
re
.

6 of 12 REBELLO ET AL.

 1467789x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/obr.13625 by Pennington B

iom
edical R

esearch C
enter, W

iley O
nline L

ibrary on [15/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
1

(C
o
nt
in
ue

d)

P
at
ie
nt

6
7

8
9

1
0

A
ge

(y
ea

rs
)

5
8

4
8

6
0

5
5

4
1

G
en

de
r

F
em

al
e

M
al
e

F
em

al
e

M
al
e

M
al
e

SB
P

1
2
9

1
2
9

1
1
9

1
1
4

1
1
1

D
B
P

7
4

8
1

9
0

7
1

6
8

B
o
dy

W
ei
gh

t
(k
g)

1
3
8
.7

1
5
3
.6

6
8
.2

8
6
.4

1
5
5
.9

B
M
I

5
4
.2

5
1
.5

2
7
.5

2
8
.9

4
6
.6

G
lu
co

se
(m

g/
dl
)

1
7
6

1
7
3

2
7
8

2
5
0

1
9
1

H
bA

1
c
(%

)
1
1
.3

7
.5

1
1
.8

8
.5

1
2
.2

G
F
R

7
9

1
0
2

9
6

5
7

1
3
2

A
ST

(IU
/L
)

1
3

1
6

3
2

2
2

2
5

A
LT

(IU
/L
)

1
6

2
1

5
3

3
6

4
1

T
o
ta
lC

ho
le
st
er
o
l

(m
g/
dL

)

1
5
4

1
2
8

2
0
2

8
2

2
1
0

LD
L
(m

g/
dL

)
3
7

5
8

1
2
2

2
3

1
4
8

T
ri
gl
yc
er
id
es

(m
g/
dL

)

3
6
9

2
0
1

3
0
6

8
4

1
7
8

H
D
L
(m

g/
dL

)
4
3

3
0

3
6

4
2

5
6

M
ed

ic
at
io
ns

M
et
fo
rm

in
1
0
0
0
m
g
Q
D
,g
lip

zi
de

1
0
m
g
Q
D
,

B
yd

ur
eo

n
2
m
g
w
ee

kl
y

M
et
fo
rm

in
1
0
0
0
m
g
B
ID

,

P
io
gl
it
az
o
ne

3
0
m
g
Q
D

M
et
fo
rm

in
,

1
0
0
0
m
g
B
ID

M
et
fo
rm

in
1
0
0
0
m
g
B
ID

Le
ve

m
ir
5
0
U
Q
D
,

H
u
m
al
o
g
5
U
P
R
N

M
ed

ic
at
io
n

ch
an

ge

M
et
fo
rm

in
1
0
0
0
m
g
B
ID

,V
ic
to
za

0
.6

m
g
Q
D

N
o
ch

an
ge

N
o
ch

an
ge

M
et
fo
rm

in
1
0
0
0
m
g
B
ID

,J
an

u
vi
a

1
0
0
m
g
Q
D

Le
ve

m
ir
an

d
H
u
m
al
o
g

d
is
co

n
ti
n
u
ed

O
th
er

co
nd

it
io
ns

N
eu

ro
pa

th
y,
hy

pe
rt
en

si
o
n,

hy
pe

rl
ip
id
em

ia
H
yp

er
te
ns
io
n

N
eu

ro
pa

th
y,

hy
pe

rt
en

si
o
n

N
eu

ro
pa

th
y,
ey

e
la
se
r
su
rg
er
y,
C
K
D
,

C
A
D

hy
p
er
te
n
si
o
n

H
yp

er
te
n
si
o
n
,

h
yp

er
lip

id
em

ia

A
bb

re
vi
at
io
ns
:A

LT
,a
la
ni
ne

am
in
o
tr
an

sf
er
as
e;

A
ST

,a
sp
ar
ta
te

tr
an

sf
er
as
e;

B
ID

,t
w
ic
e
da

ily
;B

M
I,
bo

dy
m
as
s
in
de

x;
C
A
D
,c
o
ro
na

ry
ar
te
ry

di
se
as
e;

C
K
D
,c
h
ro
n
ic
ki
d
n
ey

d
is
ea

se
;D

B
P
,d

ia
st
o
lic

b
lo
o
d
p
re
ss
u
re
;

H
bA

1
C
,h

em
o
gl
o
bi
n
A
1
C
;H

D
L,
hi
gh

de
ns
it
y
lip

o
pr
o
te
in

ch
o
le
st
er
o
l;
LD

L,
lo
w

de
ns
it
y
lip

o
pr
o
te
in

ch
o
le
st
er
o
l;
P
R
N
,a
s
ne

ed
ed

;Q
D
,e

ve
ry

da
y;

SB
P
,s
ys
to
lic

b
lo
o
d
p
re
ss
u
re
.

REBELLO ET AL. 7 of 12

 1467789x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/obr.13625 by Pennington B

iom
edical R

esearch C
enter, W

iley O
nline L

ibrary on [15/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



9.03% ± 2.08%, 6 months: 7.03% ± 0.73%, p = 0.008), which repre-

sents 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 deter-

mines the magnitude of the insulin secretory response and is gov-

erned by several metabolic signaling pathways that ultimately

converge to ensure a robust insulin secretion in response to nutrient

consumption.10 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 impor-

tant factor in the etiology of the disease.7 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.7

Aoki et al.85 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 TCF7L2 gene variant on type 2 diabetes risk in Native

Americans,75 although common in Whites, Asian Indians, and

Japanese,70–74 suggests that differences in metabolic phenotypes

among races may influence the type of treatment to which they

respond.

F IGURE 2 (A–D) Change from baseline in measures of glycemic control in Native Americans receiving physiologic hormone administration:
(A) HbA1C (p = 0.008, N = 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 (p = 0.005, N = 10).
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Pulse interval and insulin resistance exhibit a positive relation-

ship whereby as insulin resistance increases the pulses become

more frequent.86 Our data show that systemic 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 contin-

uous insulin infusion.60 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 Ameri-

can 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 hypoglyce-

mia which may limit its widespread use. Patients also have consider-

able support and care perhaps in excess of routine diabetes clinical

care, which may contribute to the outcomes. Nevertheless, physio-

logic 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. Oscilla-

tions 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 fluctua-

tions 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 mea-

surable 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 underly-

ing insulin secretion and action. Systemic delivery of pulsatile insulin

has therapeutic promise, which may have particular relevance to met-

abolic 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.
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