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PROSPECTS

Defective Insulin Secretion in NIDDM: Integral Part of a
Multiplier Hypothesis

R. Paul Robertson

Diabetes Center and the Division of Endocrinology and Metabolism, Department of Medicine, University
of Minnesota Medical School, Minneapolis, Minnesota 55455

Abstract Non-insulin dependent diabetes mellitus (NIDDM) is characterized by a specific defect in glucose
recognition by the pancreatic islet beta cell. This is in clear distinction to patients with insulin dependent diabetes
mellitus (IDDM) who undergo pancreatic islet beta cell death and no longer have the ability to synthesize, store, and
release insulin. Defective glucose-induced first phase insulin responses in patients with NIDDM can be partially
restored by exogenous insulin treatment and by other pharmacologic therapy. These observations provide strength for
the theory of glucose desensitization of the pancreatic beta cell as an important secondary defect in the pathogenesis of
abnormal insulin secretion in NIDDM. However, even though defective insulin secretion is an essential part of the
pathogenesis of NIDDM, in itself it is not sufficient. A multiplicative effect is required involving interaction between
tissue resistance to insulin action and defective insulin secretion whose product is the syndrome of NIDDM.
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Non-insulin dependent diabetes mellitus
(NIDDM) is readily distinguishable from insulin
dependent diabetes mellitus (IDDM). NIDDM—
which used to be called adult-onset diabetes
mellitus and is also referred to as Type II diabe-
tes mellitus—characteristically occurs in middle-
aged to elderly adults. Clinically, the onset of
this disease is insidious and approximately 80%
of affected individuals are obese. A family his-
tory of NIDDM is common and the estimated
concordance rate in identical twins approaches
100%. In contrast, IDDM characteristically af-
fects younger individuals with a peak incidence
in young adolescence. This disease has an explo-
sive onset and the affected individuals are usu-
ally lean. In further contrast to NIDDM, pa-
tients with IDDM have circulating islet cell
antibodies which strongly supports the theory
that the pathogenesis of IDDM involves a strong
autoimmune component. The concordance rate
in identical twins is approximately 50% for
IDDM. As this nomenclature implies, patients
with IDDM will develop diabetic ketoacidosis if
they are not treated daily with exogenous insu-
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lin. Patients with NIDDM have more therapeu-
tic options such as dietary management, weight
loss, and oral hypoglycemic agents. Although
they may be better controlled by using exoge-
nous insulin treatment, NIDDM patients gener-
ally will not develop ketoacidosis in the absence
of insulin treatment no matter how poorly con-
trolled the level of glycemia becomes. The expla-
nation for these two markedly different disease
states can be readily seen through the micro-
scope. The pancreaticislet in patients with IDDM
is devoid of beta cells whereas islets in patients
with NIDDM have normal-appearing beta cells.
Moreover, patients with NIDDM retain the abil-
ity to synthesize, store, and secrete insulin as
will be discussed below. This is in obvious con-
trast to patients with IDDM who no longer have
the ability to synthesize and release insulin.
This consideration of insulin secretory defects
in NIDDM will begin with the description of
normal insulin secretion in humans and be fol-
lowed by a consideration of abnormal insulin
secretion in patients with NIDDM. However, it
is important to emphasize that contemporary
theory of the pathogenesis of NIDDM involves
two primary and equal factors—defective insu-
lin secretion and tissue insulin resistance. Both
factors play a role in the pathogenesis of NIDDM
and neither alone is sufficient to induce the
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disease. Although an integration of both these
factors will be presented at the conclusion of
this manuseript, a full consideration of the deter-
minants of insulin sensitivity and the pathogen-
esis of insulin resistance is beyond the scope of
this manuscript which focuses on insulin secre-
tory defects in NIDDM.

NORMAL REGUILATION OF HUMAN
INSULIN SECRETION

Stimulation of Insulin Secretion

The concept that dietary carbohydrate stimu-
lates insulin release from pancreatic islet beta
cells is a very familiar one. This occurs both by
direct stimulation of the beta cell by glucose as
well as augmentation of glucose-stimulated insu-
lin secretion by gut factors that are released
during meals. The oral glucose tolerance test is a
common clinical tool that has been used for
many years. Well-established criteria exist to
decide whether results from the oral glucose
tolerance test are consistent with the diagnosis
of normality, impaired glucose tolerance, or overt
diabetes mellitus. The intravenous glucose toler-
ance test is a more clinically cumbersome but
much more informative test. Intravenous glu-
cose causes biphasic insulin release [1,2]. Char-
acteristically, first phase insulin release is maxi-
mal within 3 to 5 minutes of intravenous
injection of glucose. This is followed by a second
phase of insulin release which is normally evi-
dent by 15 minutes and persists as long as
glucose elevations remain. A measure of glucose
tolerance during injection with intravenous glu-
cose can be obtained by measuring the glucose
disappearance rate or K, which is calculated as
the slope of the line reflecting the natural log of
glucose concentration as a function of elapsed
time from 10 to 30 minutes following intrave-
nous glucose injection.

Even though the pancreatic beta cell is exquis-
itely sensitive to glucose and glucose is normally
considered the primary secretagogue for insulin
secretion, it is important to realize that non-
glucose agonists of beta cell function also exist.
Biphasic insulin responses can be elicited by
intravenous injection of other substances such
as arginine [3], B-adrenergic agonists [4], gluca-
gon [5], and secretin [6].

A somewhat complicated but experimentally
useful assessment of beta cell function is re-
ferred to as glucose potentiation of non-glucose
stimulated insulin secretion [7,8]. Glucose poten-
tiation is quantified by comparing the insulin

response to agents such as arginine given intra-
venously before and then during purposeful ele-
vation of the circulating glucose level by a concur-
rent infusion of intravenous glucose. Higher
levels of circulating glucose induced by the glu-
cose infusion cause greater degrees of augmenta-
tion of the insulin response to the non-glucose
secretagogue. Eventually, a plateau in potentia-
tion is reached which allows the construction of
a glucose concentration-potentiation response
curve. From such curves are calculated the
plasma glucose level at which 50% potentiation
occurs (PG,,), the maximal level of potentiation
obtainable, and the slope of potentiation which
is calculated as the difference between the maxi-
mally potentiated insulin response minus the
insulin response obtained at basal glucose levels
divided by the glucose level at which the maxi-
mal response was obtained minus the basal glu-
cose level. The physiologic importance of glucose
potentiation studies lies in the theory that they
provide an assessment of the functional reserve
of pancreatic beta cells [7,8].

Inhibition of Insulin Secretion

Both basal and stimulated insulin secretion is
normally regulated by hormones and autacoids.
Perhaps the earliest demonstration of negative
regulation of insulin secretion by a hormone
came from studies of epinephrine which inhibits
glucose-induced insulin secretion [9]. Epineph-
rine and norepinephrine stimulate o,-adrener-
gic receptors in the pancreatic islet, presumably
on the beta cell. This permits fine regulation of
insulin secretion by norepinephrine released
from adrenergic nerve terminals within the islet
and stress-related regulation of islet function by
epinephrine secreted from the adrenal medulla.
Interestingly, a,-adrenergic activity profoundly
blocks glucose-stimulated insulin secretion but
does not affect secretin-induced insulin secre-
tion [10]. Similarly, the B-adrenergic antago-
nist, propranolol, completely blocks isoprotere-
nol-induced insulin secretion but does not affect
glucose-induced insulin secretion [4].

Other endogenous inhibitors of insulin secre-
tion include somatostatin [11], prostaglandin E,
(PGE,) [12,13], and galanin [14]. All these sub-
stances can be viewed as local regulators of
insulin secretion since there is synthesis and
release of norepinephrine and galanin from pan-
creatic islet nerves, somatostatin from pancre-
atic islet delta cells, and PGE, from pancreatic
islet beta cells. Guanine nucleotide binding pro-
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teins (G-proteins) serve as a common mecha-
nism of action for these four inhibitors [15]. In
our laboratory three forms of G, alpha and three
forms of G, alpha have been identified in beta
cells in experiments by Seaquist et al. utilizing
pertussis toxin to identify substrates sensitive
to ADP-ribosylation and immunoblots with an-
tisera specific for different species of G, alpha
and G, alpha. Recently, we have observed that
epinephrine, somatostatin, and PGE, have ef-
fects on insulin mRNA levels in HIT cells [16].
Within 24-48 hours of incubation with these
substances, insulin mRNA levels decrease by
approximately 50%. It has not yet been ascer-
tained whether these effects are expressed at the
level of insulin gene transcription or insulin
message degradation. However, one likely mech-
anism of action may involve the cyclic AMP
response element (CRE) of the insulin gene since
epinephrine, somatostatin, and PGE, have in
common the ability to lower cyclic AMP in the
pancreatic islet. Thus, these regulators can have
readily reversible, short-term effects on insulin
exocytosis and secretion as well as more long-
term effects on insulin mRNA levels and synthe-
sis [16].

DEFECTIVE INSULIN SECRETION IN NIDDM
Defective Glucose Recognition

Patients with NIDDM retain the ability to
synthesize, store, and normally release insulin
in response to intravenous stimulation with all
known agonists except glucose (Fig. 1). Thus,
when presented with an intravenous challenge
of arginine, isoproterenol, glucagon, or secretin,
NIDDM patients release both first and second
phases of insulin secretion [3—6]. However, when
glucose is injected intravenously, NIDDM pa-
tients fail to have first phase insulin secretion
and second phase secretion, although usually
present, is markedly diminished [17]. This selec-
tive defect in beta cell responsiveness to intrave-
nous glucose provides strong evidence for the
theory of defective glucose recognition as a pri-
mary defect in NIDDM patients [18]. Experi-
ments assessing glucose potentiation of non-
glucose induced insulin secretion in NIDDM
lends further support of this theory. Patients
with NIDDM characteristically have similar PG,
values as non-diabetic patients, but the maximal
degree of potentiation and the slope of potentia-
tion are decreased {7,8}. This phenomenon can
be observed if one compares results after argin-
ine stimulation of NIDDM patients when hyper-

glycemic to the responses observed in normogly-
cemic individuals. Usually, the magnitude of
insulin responses will be indistinguishable. How-
ever, after lowering the hyperglycemic blood
levels in NIDDM patients to the normal range,
the responses to arginine are clearly lower then
those observed in non-diabetic controls. Con-
versely, after infusing glucose in normal con-
trols to reach the hyperglycemic levels found
spontaneously in NIDDM patients, the insulin
secretory response to intravenous arginine is of
greater magnitude. Thus, there is defective rec-
ognition of glucose as a potentiating factor for
insulin responses to arginine and other non-
glucose secretagogues.

Glucose Toxicity or Glucose Desensitization

The hypothesis of glucose desensitization en-
visions glucose per se as having deleterious ef-
fects on pancreatic islet beta cell function. While
this may seem paradoxical at first glance, an
important feature of this argument is the idea
that chronic, prolonged hyperglycemia rather
than normal, periodic elevations of circulating
glucose can be harmful. While no mechanism for
glucose desensitization has yet been identified,
support for this hypothesis can be found from
experiments in patients with NIDDM. For exam-
ple, the magnitude of first phase insulin secre-
tion in non-diabetics negatively correlates with
the magnitude of the fasting plasma glucose
level [17]. Importantly, first phase insulin secre-
tion to intravenous glucose disappears if the
plasma glucose level exceeds 115 mg/dl as found
in NIDDM [17]. A more direct line of evidence
that chronic hyperglycemia can adversely affect
islet beta cell function can be found from experi-
ments in which first phase insulin responses to
intravenous glucose were assessed in patients
before and after normalizing hyperglycemic
blood levels by insulin treatment [19,20]. In one
such study (Fig. 2), glucose-induced first phase
insulin secretion was restored after fasting glu-
cose levels had been returned to the normal
range for approximately 20 hours {23]. More
recently, it has been observed that feeding of
sucrose in sufficient amounts to cause hypergly-
cemia for two weeks in partially pancreatecto-
mized animals is sufficient to cause chronic hy-
perglycemia even when sucrose feeding is
discontinued [21-23].

Importantly, absent glucose-induced first
phase insulin responses in NIDDM are revers-
ible even when these patients are hyperglyce-
mic. At least three separate pharmacologic
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Fig. 1. Comparison of first phase insulin responses to glucose and non-glucose intravenous
stimulation in normal subjects and patients with either Type Il (NIDDM) or Type 1 (IDDM)
diabetes mellitus. Note that no first phase insulin response is present in IDDM patients whereas
first phase insulin responses to glucose only are absent in patients with NIDDM.

agents—phentolamine [24], sodium salicylate
[25], and naloxone [26]—have been shown to
partially restore defective first phase responses
in NIDDM patients. When given intravenously
for 1 hour, phentolamine, an a-adrenergic antag-
onist, partially restores absent glucose-induced
first phase insulin responses in NIDDM pa-
tients. Similar cbservations were made with so-
dium salicylate (Fig. 3), a cyclooxygenase inhibi-
tor that prevents PGE, synthesis by the

pancreatic islet, and naloxone, an antagonist of
endogenous opioid action. That the drugs are
effective even when the patients are hyperglyce-
mic raises the intriguing possibility that there
may be mechanisms of action for glucose desen-
sitization that depend on hypersensitivity to
catecholamines, PGE,, or opioids. Other poten-
tial mechanisms of action for glucose desensiti-
zation that should be considered include effects
on the pancreatic islet glucose transporter
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Fig. 2. Comparison of first phase insulin responses to intravenous glucose and intravenous tolbutamide before and
after a 20-hour overnight insulin infusion in NIDDM patients. Restoration of normal fasting plasma glucose levels by
the insulin infusion allowed partial restoration of glucose-induced first phase insulin responses and no change in
tolbutamide-induced first phase insulin responses. Reproduced from [20] with permission of W.B. Saunders
Company.
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Fig. 3. Comparison of glucose-induced first phase insulin responses before and during an intravenous infusion of
sodium salicylate in six patients with NIDDM and one patient with recent onset IDDM who had not yet undergone
insulin therapy. The absent first phase insulin responses in the NIDDM patients were partially restored after 60
minutes infusion of sodium salicylate whereas treatment with this agent had no beneficial effects on the patient with
IDDM. These data are consistent with reversibly defective glucose recognition by the beta cell in patients with
NIDDM and, in contrast, beta cell death in patients with IDDM which explains absence of glucose-induced first
phase insulin secretion. Reproduced from (18] with permission.
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(GLUT-2) and glucokinase, the glucose sensor
of the islet [27]. However, no solid evidence has
been reported suggesting defects in GLUT-2 or
glucokinase in NIDDM patients.

Finally, chronic exposure to hyperglycemia
may have deleterious effects at various sites
along the exocytotic pathway that are important
for insulin release such as adenylate cyclase,
potassium and calcium channels, and the exocy-
totic apparatus. We have recently found that
prolonged high concentrations of glucose may
adversely affect the availability of insulin mRNA.
These observations were made in HIT cells which
had undergone extensive passaging in media
containing high glucose concentrations. Such
cells eventually lose insulin mRNA whereas cells
passaged for the same amount of time in media
containing low glucose concentrations retain in-
sulin mRNA. Moreover, after loss of insulin
mRNA in HIT cells passaged in media contain-
ing high glucose, mRNA can be regained if cells
are subsequently cultured in media containing
low glucose concentrations. The mechanism of
this effect is not yet known but may involve
paradoxically adverse effects of high glucose con-
centrations on insulin gene transcription and/or
mRNA stability.

CONCLUSION

The pancreatic islet beta cell is normally un-
der complex regulation by a variety of sub-
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strates, fuels, and hormones. Patients with
NIDDM, in contrast to patients with IDDM,
retain the ability to normally synthesize, store,
and release insulin to virtually all insulin secret-
agogues with the single exception of intrave-
nous glucose. This defect is evidenced by lack of
first phase insulin secretion to intravenous glu-
cose although second phase responses to intrave-
nous glucose and insulin responses to oral glu-
cose remain intact. This and other observations
strongly support the notion of abnormal glucose
recognition by the pancreatic islet as a funda-
mental defect in NIDDM. Another important
element of this defect is that it is at least par-
tially reversible by restoring circulating glucose
levels to normal or by treating hyperglycemic
NIDDM patients with pharmacologic agents.
Such observations lend support for the concept
that exposure to chronic hyperglycemia itself
may secondarily have deleterious effects on pan-
creatic islet function.

No consideration of the pathogenesis of hyper-
glycemia in NIDDM would be complete without
emphasizing that this syndrome involves equally
the processes of defective insulin secretion and
tissue insulin resistance. Although a discussion
of insulin resistance is beyond the scope of this
manuscript, it is clearly a primary force in the
pathogenesis of NIDDM. However, neither defec-
tive insulin secretion nor insulin resistance by
itself is sufficient to cause NIDDM. Thus, al-
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Fig. 4. A multiplier hypothesis. Two defects are required for NIDDM to be manifest—that is, defective glucose-
induced insulin secretion and defective tissue response to circulating insulin. These two defects in concert lead to
increased liver glucose production, decreased cellular glucose uptake, and hyperglycemia. Hyperglycemia then
secondarily leads to glucose desensitization of the beta cell which in turn leads to further impairment of beta cell
function. Hyperglycemia is also associated with decreased glucose transport, basal hyperinsulinemia, decreased
insulin binding, and post-receptor defects—all of which promote insulin resistance. Relentlessly progressive
impairments in insulin secretion and insulin sensitivity ultimately produce the syndrome of NIDDM.
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though insulin resistance is commonly found in
obese patients, most obese patients do not have
NIDDM. It is generally assumed that non-
diabetic obese patients have sufficient pancre-
atic beta cell reserve to secrete enough insulin to
overcome insulin resistance in tissues. Simi-
larly, there are individuals with insulin secre-
tory defects who do not have NIDDM. For exam-
ple, patients with ¢ystic fibrosis [28] and healthy,
hemi-pancreatectomized donors for pancreas
transplantation [29] often fail to have normal
glucose-induced first phase insulin secretion yet
may have glucose disappearance rates that are
within the normal range and do not have
NIDDM. It can only be assumed that such pa-
tients have enhanced insulin- or glucose-medi-
ated glucose disposal in tissues. Hence, it ap-
pears that a multiplicative effect exists between
defects in insulin secretion and tissue insulin
resistance such that NIDDM is the product of
these two forces. A corollary of this multiplier
hypothesis (Fig. 4) is that if either of these
abnormal defects is absent, NIDDM fails to de-
velop.

ACKNOWLEDGMENTS

This work was supported by grants R0O1 DK
38325 from the National Institutes of Health.
The author gratefully acknowledges the excel-
lent secretarial assistance of Paula Rossin and
Mersini Spiropoulos for manuscript prepara-
tion.

REFERENCES

1. Porte D, Pupo AA: J Clin Invest 48:2309-2318, 1969.

. Cerasi E, Luft R: Acta Endocrinol 55:278-304, 1967.

3. Palmer JP, Benson JW, Walter RM, Ensinck JW: J Clin
Invest 58:565-570, 1976.

4. Robertson RP, Porte D: J Clin Invest 52:870-876, 1973.

[sV]

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

. Crockford PM, Hazzard WR, Williams RH: Diabetes

18:216-224, 1969.

. Lerner RL: J Clin Endocrinol Metab 48:462-466, 1979.
. Halter JB, Graf RdJ, Porte D: J Clin Endocrinol Metab

48:946-954, 1979.

. Ward WK, Wallum BJ, Beard JC, Taborsky GdJ Jr, Porte

D Jr: Diabetes 37:723-729, 1988.

. Porte D Jr, Graber AL, Kuzuya T, Williams RH: J Clin

Invest 45:228-236, 1966.

Lerner RL, Porte D Jr: J Clin Invest 51:2205-2210,
1972.

Koerker DJ, Ruch W, Chideckel E, Palmer J, Goodner
Cd, Ensinck J, Gale CC: Science 184:482-484, 1974,
Robertson RP, Gavareski DJ, Porte D Jr, Bierman EL: J
Clin Invest 54:310--315, 1974.

Burr IM, Sharp R: Endocrinology 94:835-839, 1974.
McDonald TJ, Dupre J, Tatemoto K, Greenberg GR,
Radziuk J, Mutt V: Diabetes 34:192-196, 1985.
Robertson RP, Seaquist ER, Walseth TF: Diabetes 40:
1-6, 1991.

Zhang H-J, Redmon JB, Andresen JM, Robertson RP:
Endocrinology (in press), 1991.

Brunzell JD, Robertson RP, Lerner RL, Hazzard WR,
Ensinck JW, Bierman EL, Porte D: J Clin Endocrinol
Metab 42:222-229, 1976.

Robertson RP: Diabetes 38:1501-1505, 1989.

Turner RC, McCarthy ST, Holman RR, Harris E: BMJ
1:1252-1254, 1976.

Vague P, Moulin JP: Metabolism 31:139-142, 1982.
Leahy JL, Bonner-Weir S, Weir GC: J Clin Invest 81:
1407-1414, 1988.

Rossetti L, Shulman GI, Zawalich W, DeFronzo RA: J
Clin Invest 80:1037-1044, 1987.

Imamura T, Koffler M, Helderman JH, Prince D, Thirlby
R, Inman L, Unger RH: Diabetes 37:600-609, 1988.
Robertson RP, Halter JB, Porte D: J Clin Invest 57:791—
795, 1976.

Robertson RP, Chen M: J Clin Invest 60:747-753, 1977.
Giugliano D, Ceriello A, Di Pinto P, Saccomanno F,
Gentile S, Cappiapuoti F: Diabetes 31:367-370, 1982.
Matchinsky FM, Ellerman JE: J Biol Chem 243:2730-
2736, 1968.

Moran A, Diem P, Klein DJ, Levitt MD, Robertson RP: J
Pediatr 118:715-723, 1991.

Seaquist ER, Robertson RP: Diabetes 39 (Suppl 1):5A
(abstract), 1990.





