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The pathophysiology of diabetes mellitus is complex
and not fully understood. However, it emerges as an
abnormal metabolic condition associated with a syste-
mic damage to the vascular bed. Cumulative evidence
also reveals that the endocrine system is not intact in
patients with diabetes mellitus. It is not clear whether
the changes observed in the endocrine system represent
a primary defect or reflect the effects of the impaired
insulin action and abnormal carbohydrate and lipid
metabolism on the hormonal milieu. Review of the liter-
ature reveals that the function of the entire endocrine
system including the functions of hormones from the
hypothalamus, pituitary, adrenal, thyroid, parathyroid,
the vitamin D system, the gonads, and the endocrine
function of the adipose tissue, is impaired. Good meta-
bolic control and insulin treatment may reverse some
of these abnormalities.

Itremains unanswered as to what extent these changes
in the endocrine system contribute to the vascular path-
ologies observed in individuals affected by diabetes mel-
litus and whether part of the abnormalities observed
in the endocrine system reflect a basic cellular defect
in the diabetic syndrome.
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Introduction

Although its etiology is still unclear, diabetes mellitus
emerges as an abnormal chronic systemic condition, char-
acterized metabolically by a decrease in insulin action and
hyperglycemia. The decrease in insulin action may be sec-
ondary to a decrease in insulin secretion, increased insulin
resistance, or both. It is associated with a systemic damage
to the function of the vasculature, and both the microvas-
cular and macrovascular beds are involved.
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Consequently, abnormalities were found in every organ
and tissue tested in individuals affected by diabetes. Tradi-
tionally, the emphasis was placed mainly on the kidneys, eyes,
and peripheral nerves as far as the microvascular bed is con-
cerned and on the heart and peripheral arteries as far as the
macrovascular bed is concerned. This is not surprising in
view of the major impact that the impairment in these organs
have on the morbidity and mortality in diabetes mellitus.

However, a search of the literature reveals that the endo-
crine system is also not spared in diabetes mellitus. Although
more research is needed in order to further explore the abnor-
malities in the endocrine system observed in diabetes melli-
tus, it emerges that almost the entire system is not function-
ing normally in this condition.

Furthermore, there might be an interrelationship between
the diabetes condition and the endocrine system. For ex-
ample, although severe hyperthyroidism may aggravate the
impairment in metabolic control in diabetes, severe decom-
pensation of the metabolic control may further impair the
thyroid function.

In this review we will summarize, in a systematic manner,
most of the described pathologies of the endocrine system
seen in both human and experimental diabetes. We will also
attempt to evaluate the potential impact of these changes on
the pathologies observed in the diabetes condition.

Growth Hormone-Insulinlike Growth Factor Axis

Growth hormone (GH) plays a significant role in pro-
tein synthesis, stimulates lipolysis, and antagonizes insulin
action. Many of its effects are also mediated by insulinlike
growth factor-1 (IGF-1), a potent growth and differentiation
factor (1).

In animal diabetes, there is a decrease in the gene expres-
sion of the hypothalamic somatostatin and GH-releasing
hormone (GHRH) as well as the pituitary GH and GH recep-
tor (2). The circulating levels of growth hormone are sup-
pressed (3,4), with decreased amplitude and duration and
reduced frequency of the GH pulses (3).

In humans, poorly controlled type 1 diabetes is associ-
ated with high plasma levels of GH and low levels of IGF-1
(6,7). Furthermore, intensive metabolic control does not nor-
malize the increased mean 24-h GH concentration (8). Also,
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urinary GH excretion is increased in type 1 diabetics, and
the urinary GH concentration correlates with the daily dose
of'insulin (9). Interestingly, in type 1 diabetes, glucose fails
to suppress GH levels and may even raise them paradoxi-
cally (10,11). In addition, GH levels may also rise during
insulin administration even without concomitant hypogly-
cemia (12,13).

It has been shown that uncontrolled type 1 diabetics have
an exaggerated GH response to exogenous GHRH along with
a blunted IGF-1 response (74), suggesting a central hyper-
sensitivity to GHRH and a peripheral resistance to GH. The
GH resistance state may be partially explained by the down-
regulation of hepatic growth hormone receptors (GHR)
(15—18). In addition, insulin is needed for hepatic IGF-1
synthesis and secretion (79), and because there is an insuffi-
cient portal insulinization in type 1 diabetics, this may con-
tribute to the decreased IGF-1 response. In turn, decreased
IGF-1 levels may impair the negative feedback on GH secre-
tion, resulting in high levels of the hormone. Increasing the
IGF-1 levels by administration of rh-IGF-1 decreases GH
secretory bursts in type 1 diabetics (20).

In poorly controlled type 1 diabetic patients, GH levels
fluctuate more with increased daytime pulse frequency and
higher amplitude (8,217). Tight metabolic control does not
change the amplitude and width of the GH pulses, but does
equalize daytime and nighttime pulse frequency (8). Sim-
ilarly, abnormal pulsatile secretion of GH has also been
described in patients with type 2 diabetes (22), who have
more frequent secretory bursts, but the amplitude of the
bursts is smaller than in nondiabetics. These changes may
be the result of the commonly associated obesity and corre-
late with the long-term glycemic control (22).

The IGF-1 level is decreased in type 1 diabetes (6,7) and
insulin treatment partially reverses this defect (23). Also,
the IGF-1 activity is decreased in type 1 diabetes and the
level of the activity correlates with the level of the glyce-
mic control (24). Some studies have shown that improved
glycemic control may increase IGF-1 levels in type 1 diabe-
tics (6,25), whereas others did not (26,27). Levels of IGF-1
are also decreased in type 2 diabetic patients (28).

Insulin deficiency decreases liver GHR gene expression
and GH-binding protein (GHBP) levels. These defects are
reversed by insulin administration (/5—-18,29). GHBP levels
are also decreased in patients with type 1 diabetes and patients
with type 2 diabetes who have low insulin levels. The levels
of GHBP correlate with the degree of the insulinopenia (30).

However, continuous exposure to insulin may also reduce
GH binding (37). Insulin is an important inhibitor of hepa-
tic insulinlike growth factor binding protein-1 (IGFBP-1)
synthesis and secretion, and IGFBP-1 levels tend to be
increased in patients with type 1 diabetes (32,33). The diur-
nal IGFBP-1 pattern, with increasing concentrations during
the night and early morning hours and falling concentrations
during daytime, is preserved in type 1 diabetics (34). There
is an inverse correlation between IGFBP-1 and insulin levels,

whereas hyperglycemia per se does not affect IGFBP-1 levels
(34). Intype 1 diabetic patients, insulin withdrawal increases
IGFBP-1 and IGFBP-3 levels and decreases the free IGF-1
levels (23).

It was proposed that the impairment in the GH-IGF-1
axis might play a role in the pathogenesis and progression
of diabetic complications such as retinopathy, microalbu-
minuria, and diabetic nephropathy (35). Others showed that
pharmacological levels of IGF-1 are needed to increase glom-
erular filtration rate (GFR) and renal plasma flow (RPF)
and suggested that the level of alteration in the GH-IGF-1
axis in diabetics is not sufficient to cause an increase in GFR
or RPF (36). It was also proposed that IGF-1 might play a
role in the pathogenesis of proliferative diabetic retinopathy
(PDR). This is supported by various observations, includ-
ing PDR improvement after hypophysectomy (37,38), rarity
of PDR in GH-deficient diabetic dwarfs (39), and the high
levels of vitreous IGF-1 levels in patients with PDR com-
pared with controls (40,41). Finally, treatment with octreo-
tide may retard the progression of advanced diabetic reti-
nopathy and may delay the initiation of photocoagulation
therapy (42).

Hypothalamic—Pituitary—Adrenocortical Axis

Glucocorticoids

Corticotropin-releasing hormone (CRH) secretion is im-
paired in both animal and human diabetes mellitus. Hypo-
thalamic CRH gene expression is decreased in STZ diabetic
rats (43,44) and is normalized by treatment with insulin (43).
It was suggested that in addition to CRH, other hypothal-
amic factors activate the hypothalamic—pituitary—adrenal axis
in uncontrolled diabetes and inhibit the CRH gene expres-
sion indirectly by a negative glucocorticoid feedback (44).

In type 2 diabetic patients, basal serum CRH levels are
decreased (45) and basal serum adrenocorticotropic hormone
(ACTH) levels are increased (46—48). Type 2 diabetes is
also associated with an abnormal circadian rhythm of serum
ACTH and cortisol (49,50). This increase in plasma ACTH
and cortisol in patients with type 2 diabetes is not caused
by CRH stimulation (45). In this regard, insulin itself may
stimulate the hypothalamic—pituitary—adrenocortical secre-
tory activity in humans at both the peripheral and the cen-
tral levels of the axis (57).

Diabetes mellitus is associated with hypercortisolism (52).
Type 2 diabetic patients have higher fasting serum cortisol
levels (48), an exaggerated nocturnal rise in plasma corti-
sol (51), and elevated 24-h plasma cortisol profiles (52,53).
Poor glycemic control may increase cortisol production (54,
55). Type 2 diabetic patients have also diminished suppres-
sion of cortisol metabolites in response to dexamethasone
(49,56). These changes in cortisol metabolism may contrib-
ute to the hypertension, obesity, and menstrual irregularity
seen commonly in type 2 diabetes, which are similar to what
is seen in Cushing’s syndrome.
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Patients with type 1 diabetes mellitus have increased 24-h
urinary free-cortisol (UFC) excretion, and there is a correla-
tion between the 24-h UFC excretion and the duration of
the disease (57). Twenty-four-hour UFC excretion is also
higher in diabetic patients with retinopathy or with cardio-
vascular complications compared with patients without these
complications (57).

Tight glycemic control diminishes the response of ACTH
and cortisol to hypoglycemia (58,59). This could be caused
by a hypothalamic—pituitary adaptation to hypoglycemia
rather than by an alteration in the adrenal gland function
(58). This phenomenon might be of significance in the treat-
ment of diabetic patients.

Adrenal Androgens

Serum levels of dehydroepiandrosterone (DHEA) and
dehydroepiandrosterone sulfate (DHEA-S) are decreased
in type 2 diabetic male patients (60—63). It has been shown
that the decreased levels of serum DHEA and DHEA-S cor-
relate with an increased incidence of atherosclerosis in men
(63). Thus, the decrease in DHEA and DHEA-S levels in
type 2 diabetics may contribute to the increased incidence
of ischemic heart disease in this population. Poor glycemic
control may further decrease DHEA levels (64).

There is a negative correlation between serum insulin
levels and DHEA and DHEA-S levels (65). A marked decline
in serum DHEA-S levels was observed in normal men and
women during experimentally induced hyperinsulinemia
irrespective of glycemic level (62,66). Others reported that
in male patients with either type 2 diabetes or impaired glu-
cose tolerance (IGT), hyperglycemia induced a decline in
both DHEA and DHEA-S and this decline was independent
of the serum insulin levels (60,63).

Unlike observations in type 2 diabetes, there is no differ-
ence between levels of DHEA-S and androstenedione seen
in patients with type 1 diabetes and those seen in their non-
diabetic siblings (67). In women with type 2 diabetes, DHEA-
S levels are normal or increased (68,69).

Renin—Angiotensin—Aldosterone System

The renin—angiotensin—aldosterone system (RAAS) plays
an essential role in cardiovascular function and electro-
lyte balance. Renin release from renal juxtaglomerular cells
results in a cascade of events, which ultimately generate
angiotensin II. Angiotensin I, in turn, induces systemic and
intraglomerular hypertension, increases glomerular capillary
permeability, stimulates aldosterone secretion, and promotes
production of the presclerotic cytokine transforming growth
factor (TGF-B) (70).

The identification of many components of the renin—angio-
tensin system (RAS) in various organs, including fat tissue
(71,72), suggest that this system may also play a role in the
regulation of local tissue functions. Furthermore, the intra-
renal RAS may act independently of the systemic renin—angio-
tensin in diabetic patients (73,74), and there is evidence

for a role of the renal RAS in the pathogenesis of diabetic
nephropathy (75-77).

Studies in animal diabetes suggest that plasma levels of
angiotensinogen, angiotensin II, rennin, and aldosterone
are unchanged (78-81). However, local renal RAS is acti-
vated at early stages, leading to increased local production
of angiotensin II (§1). Others have found that in type 1 and
type 2 human diabetes as well as animal diabetes, plasma
renin activity (80,82—84) and serum aldosterone levels are
decreased (85,86). The hyporeninemic hypoaldosterone-
mic state in animal and human diabetes has been associated
with a variety of conditions, including hypertension, nephr-
opathy, neuropathy with attenuated sympathetic nerve activ-
ity, and angiopathy (87,88).

Some investigators have found an increased activity of the
renal renin system in animal and type 1 and type 2 human
diabetes and have suggested that it might be caused by an
autonomous and an unsuppressed local RAAS function (73,
89-91). 1t is possible that the differences in the described
RAS function in diabetes may reflect different phases in the
progression of the diabetic state.

Atthe receptor level, in animal diabetes, angiotensin recep-
tor 1 (AT1) density and angiotensin II binding to its recep-
tor in the glomerulus are decreased (79,91,92). Treatment
with insulin reverses this abnormality (93). Myocardial AT
receptors (81,94), on the other hand, are increased in diabe-
tes, and this change is less responsive to insulin therapy (81).
These findings suggest a differential regulation of the AT
receptors in the kidney and heart in diabetes. Finally, at the
adrenal level, aldosterone response to angiotensin II is un-
altered in type 2 diabetic patients (73).

Taken together it seems that diabetes may result in an
initial stage of RAAS hyperactivation, followed by a state
of hypo-reninemic hypoaldosteronism at later stages. The
increased renal RAS activity in diabetics may explain their
favorable response to treatment with angiotensin-convert-
ing enzyme inhibitors.

Adrenal Medulla

Adrenal medullary epinephrine secretion plays an impor-
tant role in the body response to hypoglycemia. When glu-
cose concentration falls below overnight fasting levels,
regulatory glucose-sensitive neurons in the central nervous
system initiate a prompt increase in adrenal medullary secre-
tion. This increase, which may reach levels of 25-50 times
above baseline, increases hepatic glucose output and pro-
vides an alternative substrate in the form of free fatty acids,
suppressing insulin release and inhibiting insulin-mediated
glucose utilization in muscles. Diabetes may affect the adre-
nal medulla and its function. (95).

Experimental diabetes is associated with an increase in
the weight and size of the adrenal medulla and an increase
in the adrenal concentration of epinephrine, norepineph-
rine, and dopamine (96,97).
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Intype 1 diabetic patients, 24-h urinary epinephrine excre-
tion is increased and this is only partially reversed by im-
provement in the glycemic control (98). Although the mean
daily epinephrine level is increased, the circadian rhythm
of its secretion is preserved (99).

Adrenal medullary fibrosis and medullitis were observed
in autopsies of patients with type 1 diabetes, and there was
an association between the duration of the diabetes and the
degree of fibrosis. This medullary fibrosis was not observed
in type 2 diabetes (/00,101). Circulating anti-adrenal-med-
ullary antibodies were demonstrated in new-onset type 1
diabetic patients (102), even before the onset of the clinical
diabetes (103).

Patients who have diabetes for a long time and have auton-
omic neuropathy may fail to exhibit the physiologic increase
in circulating epinephrine levels in response to hypoglyce-
mia (104). This defect, in addition to a defective glucagon
response (/05), is of significance in the pathogenesis of the
hypoglycemia unawareness condition seen in individuals
with long-standing type 1 diabetes (/06).

Strict glycemic control is associated with a lowering of
the threshold of the plasma glucose that triggers epineph-
rine release (107). In animal diabetes, epinephrine secre-
tion by the adrenal glands in response to a direct electrical
stimulation of the splanchnic nerve terminals is severely
attenuated (708).

Experimental diabetes is also associated with changes
in the physiologic response to catecholamines. A decrease
in the adrenergic receptors of the myocardium (96) and an
enhanced vasoconstrictive effect of catecholamines on the
blood vessels were described (/09—111). This increased cate-
cholamine vasoconstrictive effect in diabetes was proposed
as a potential contributing factor to the increased preva-
lence of hypertension seen in this condition.

The lipolytic response to epinephrine is either increased
(112) or not affected by diabetes (173).

Hypothalamic—Pituitary—Gonadal Axis in the Male

The major functions of androgens are the formation of
male phenotype and induction of sexual maturation and fer-
tility. They also play a role in the anabolic status of soma-
tic tissues. Diabetes may affect androgen metabolism (774).

In diabetic rats, the hypothalamic luteinizing hormone-
releasing hormone (LHRH) release has been reported to be
intact (115) or decreased (116). Physiologically, neither a loss
of LHRH neurons in the hypothalamic nuclei nor a decrease
in the hypothalamic responsiveness to an adrenergic stimu-
lation has been found (715,117).

Conflicting results have been observed with regard to the
ambient gonadotropin hormones levels, and their response
to gonadotropin-releasing hormone (GnRH) or to castra-
tion ranged from decreased to normal (7/8—122). The blunted
response could be explained, in part, by a defect in the gly-
coprotein component of the LH receptor as a result of abnor-

mal glucose metabolism in diabetes (723). However, insu-
lin treatment reverses this pituitary defect (7/24). In human
studies, some investigators found no significant abnormali-
ties in gonadotropin secretion in diabetic patients (125).
Others reported elevated gonadotropin levels in both type
1 and type 2 diabetic men (126,127). In addition, reports
concerning serum testosterone levels in diabetic male rats
(118,119) and in type 1 and type 2 diabetic men (125,128-
132) are inconsistent. Some studies showed normal total
testosterone levels in type 1 and type 2 diabetic men (725,
128,129), whereas others found them to be low in type 1
and 2 diabetic patients (130—132). Furthermore, some con-
sidered type 2 diabetes mellitus to be a relative hypogonad-
ism state (68,133).

When interpreting the results of total testosterone levels
in diabetic patients, one has to take into consideration the
sex-hormone-binding globulin (SHBG) levels, which has
been found to be low in type 2 diabetic men (68,69,132,133).
The SHBG levels correlate positively with the improve-
ment in the level of glycemic control and negatively with
the degree of insulin-resistance (133,134). Decreased pro-
duction of SHBG might be explained by the negative effect
of insulin on production of SHBG in the liver (/35) and by
the hyperinsulinemia seen in insulin-resistant states. It is
important to note that SHBG levels are also lower in obe-
sity, which is a common finding in type 2 diabetic patients.

When total testosterone and SHBG levels were measured
together in type 2 diabetic men, it was found that their ratio
was not changed and that free-testosterone level was nor-
mal (68). Similarly, mean testosterone levels in type 1 and
type 2 diabetic men complaining of impotence do not dem-
onstrate a significant abnormality (136,137). Thus, it is not
clear to what extent changes in testosterone metabolism
contribute to the impotence seen in diabetic patients.

The inconsistency in the reports on the effects of diabetes
upon the hypothalamic—pituitary—gonadal axis in men might
be explained, in part, by a lack of addressing potential con-
founding factors, such as the type of diabetes, level of obe-
sity, level of glycemic control, age, time of sampling, and
the methodology used in the measurement of the hormones.

Hypothalamic—Pituitary—Gonadal Axis in the Female

Although estrogens enhance insulin sensitivity in women
(138), the prevalence of type 2 diabetes is higher in women
(139). This may be related, in part, to the higher prevalence
of female obesity (140).

Lutenizing hormone (LH) and follicle-stimulating hor-
mone (FSH) levels in postmenopausal type 1 diabetic women
reveal a physiologic increase (146), whereas in type 2 dia-
betic women, this increase is blunted (141).

In women with type 2 diabetes, free-testosterone levels are
increased (68,69). In contrast, in men with type 2 diabetes,
free-testosterone levels are normal, as has been addressed
earlier. It is unclear what mechanisms lead to the hyperan-
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drogenemia in type 2 diabetic women. Because the adrenal
androgens are normal or only mildly increased in women
with type 2 diabetes (66,67), the androgen excess is prob-
ably mainly of ovarian origin. In premenopausal and post-
menopausal type 2 diabetic women, bioavailable testoster-
one levels correlate positively with the glucose and insulin
levels (68,69,131,142). High serum insulin concentration may
stimulate the activity of the ovarian steroidogenic enzymes
(143,144). This may also explain the increase in estrogen
levels seen in type 1 and 2 diabetic women (69,131,145—147).

In contrast to men, SHBG levels are elevated in type 1
premenopausal diabetic women (745). On the other hand,
SHBG levels are normal in insulin-treated postmenopausal
type 2 diabetic women (69). Finally, the total testosterone/
SHBG ratio is increased in type 2 diabetic women (68).

In regularly menstruating type 1 diabetic women, estradiol
levels are elevated (745). Similarly, in women with type 2
diabetes, total and bioavailable estradiol levels are increased
(69,131,146,147), and the estradiol levels correlate with the
fasting plasma glucose levels (131). In postmenopausal type
2 diabetic women, estrone (the main postmenopausal estro-
gen) is also increased (68).

Because estrogens may have a protective effect on the
heart in premenopausal women, one might wonder why pre-
menopausal diabetic women who have higher levels of estro-
gen lose the sex-mediated protection against coronary heart
disease. This phenomenon can be explained, in part, by the
failure of the estrogens to stimulate basal nitric oxide (NO)
release (148) as well as by an impaired NO biological activ-
ity in diabetes (749).

Animal and human studies reveal that diabetes mellitus
also affects progesterone metabolism and LH response to
ovariectomy (134,150). Progesterone levels are lower dur-
ing the luteal phase in diabetic rats (/57), and insulin therapy
partially corrects this abnormality (752). In type 1 diabetic
women, progesterone levels are decreased during the follic-
ular phase but not during the luteal phase (150). In addition,
cultured granulosa cells derived from diabetic patients reveal
decreased progesterone production (153).

Taken together, it seems that type 2 diabetic women have
a higher incidence of hyperandrogenemia and hyperestro-
genemia. The latter may contribute to the increased risk of
uterine cancer seen in these women (154). The low progester-
one and high androgen levels may contribute to the increased
incidence of infertility seen in diabetes, which might improve
with insulin therapy (755).

Oxytocin

Lactation is divided into two phases: milk synthesis and
milk release. Oxytocin is essential for the second phase.
However, other hormones are also required for optimal lac-
tation, including prolactin, cortisol, estrogen, progesterone,
and insulin (756).

In postpartum diabetic rats, both milk synthesis and milk
release are decreased. These abnormalities are reversed by
insulin therapy (156,157). Labeling of oxytocin in the hypo-
thalamus is increased in diabetic rats, indicating an increase
in the synthesis of the hormone (157-159). Increased oxy-
tocin production was also shown in type 1 diabetic patients
in the absence of osmolality changes (760).

Differing from observations in the hypothalamus, immu-
noreactive levels of oxytocin in the posterior pituitary of dia-
betic rats are decreased, and insulin treatment reverses this
defect (157). These data may indicate increased hypotha-
lamic synthesis as well as rapid pituitary release in diabetes.

Oxytocin is potentially involved in glucose homeostasis
by increasing glycogenolysis (158) as well as gluconeogen-
esis (161). Thus, in addition to the action of oxytocin on
myoepithelial cells and the uterine myometrium, oxytocin
may have a potential counter-regulatory effect by stimulat-
ing glucagon and possibly epinephrine in response to hypo-
glycemic episodes in type 1 diabetes (762). This response to
hypoglycemia is exaggerated in type 1 diabetic patients (160).

Prolactin

Prolactin has an essential role in milk synthesis. Induc-
tion of diabetes in postpartum rats results in a reduction in
serum prolactin level as well as in milk synthesis (156,163).
Also, prolactin response to suckling is decreased in diabe-
ticrats (163). Interestingly, although insulin treatment does
not normalize serum prolactin levels in the diabetic rats,
their milk production is completely regained (163).

In spite of the unchanged circulating prolactin levels in
nonpregnant diabetic animals, prolactin responses to dif-
ferent stimuli such as stress and TRH are decreased (764).

Human studies reveal that in type 1 and type 2 diabetic
men, prolactin levels are normal (165, 166) or increased (167,
168), whereas levels in type 1 diabetic women are decreased
(169,170).

An abnormal and diminished circadian pattern of plasma
prolactin is found in poorly controlled type 1 diabetic patients
(171,172), which may suggest hypothalamic dysfunction
(172,173) or diminished pituitary responses to TRH (174).
The abnormality in prolactin production in diabetic patients
may be related to the decreased insulin-mediated prolactin
gene expression (175).

There is no difference in the mean serum prolactin levels
between type 1 and type 2 diabetics (167,168), and no cor-
relation was found between serum prolactin levels and
the duration of diabetes, or the glycosylated hemoglobin
levels (168).

Taken together, it is unclear whether diabetes mellitus
has a clinically significant effect on prolactin function. It is
unlikely that changes in prolactin levels in diabetes melli-
tus lead to impotence. Also, prolactin levels in diabetic men
of’both types do not correlate with sexual potency (167,168).
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Vasopressin

Vasopressin is synthesized in the hypothalamus and
released into the blood by the neurohypophysis in response
to hyperosmolarity, hypovolemia, and stress (176).

Plasma vasopressin levels are elevated in animal diabe-
tes and in poorly controlled type 1 diabetic patients (/77—
179), probably secondary to the hyperglycemia-related hypo-
volemia.

Although the basal discharge rate of vasopressinergic
neurons is increased in diabetic rats (7/80), the response to
osmotic stimulation is relatively low. This blunted vasopres-
sin response may reflect an osmoregulation dysfunction
and may explain the lack of circadian vasopressin secretion
seen in rats with uncontrolled diabetes mellitus (181).

The sensitivity of vasopressin release in response to osmo-
tic stimuli depends on the duration of the hyperglycemic
state. A reduction in the sensitivity is noted in newly diag-
nosed untreated hyperglycemic patients (/82), whereas rapid
insulin withdrawal in type 1 diabetes results in an unchanged
or an increased osmoreceptor sensitivity during the hyper-
glycemic state (183,184). However, other factors, such as
sodium levels, volume status, effects of nonosmotic stimuli,
and the integrity of the autonomic nervous system, have to
be taken into account when interpreting these results.

Vasopressin storage in the pituitary’s posterior lobe in
patients with uncontrolled type 2 diabetes is reduced or
depleted (185—187). This is partially reversed with improve-
ment in the glycemic control (185).

Vasopressin receptors are classified as V1 and V2. The
antidiuretic effect of vasopressin is mediated by V2 recep-
tors, located at the collecting duct in the kidney. V1 recep-
tors, present in the kidney, brain, and blood vessels, mediate
vasopressin action on the vascular tissue and on hepatic
glycogenolysis. In hyperglycemic states, vasopressin levels
are elevated and the renal V1 receptors are downregulated
(188). This is not seen with either the antidiuretic V2 recep-
tor or with its second-messenger system activity (189).

Vasopressin may contribute to the diabetic complications.
It may be involved in the early phase of diabetic nephropa-
thy (190). It has been demonstrated that urinary levels of
aquaporin 2, the vasopressin-sensitive water channels that
promote tubular water reabsorption, are lower in type 2 dia-
betic patients compared with control. This defect is reversed
with improvement in the diabetes control (/97). Thus, the
polyuria seen in the hyperglycemic state may be related, in
part, to a decrease in the ability to concentrate urine because
of'this acquired form of relative nephrogenic diabetes insip-
idus. However, glycosuria secondery to increased glucose
load remains the main reason for the polyuria seen in hyper-
glycemic states (192).

Thyroid

Plasma thyroid hormones levels are generally normal in
stable, controlled diabetic patients, and hormones levels are

similar in individuals with type 1 or type 2 diabetes (193).
However, diabetes may also alter the hypothalamic—pitui-
tary—thyroid peripheral axis at different levels.

At the periphery, uncontrolled diabetes mellitus, like many
other nonthyroidal illnesses, causes a decrease in T3 and an
increase in reverse T3 (rT3) levels (194-196), reflecting an
impairment in T4 peripheral monodeiodination (/97). There
is a negative correlation between the T3 and glycosylated
hemoglobin levels (193) and the most severe decline in T3
levels is seen in patients with diabetic ketoacidosis (194—198).
The abnormalities in thyroid hormone levels usually nor-
malize after achieving better glycemic control (7194,199).

In addition to the disturbances in the peripheral metabo-
lism of the thyroid hormones, experimental diabetes is asso-
ciated with a primary impairment in hormone secretion and
a diminished thyroidal response to thyroid-stimulating hor-
mone (TSH) (200).

The effect of diabetes on the hypothalamic—pituitary axis
has been extensively studied. In diabetic rats, both a decrease
in systemic TRH levels and in the hypothalamic TRH con-
tent along with a decreased serum TSH concentration were
observed (201,202), suggesting impairment at the hypotha-
lamic level. In turn, the reduction in the hypothalamic secre-
tion of TRH could contribute to the reduced plasma TSH and
thyroid hormone levels (203). However, diabetes in the rats
may alter pituitary function independent of a hypothalamic
effect (204).

Evaluation of TSH secretion in type 1 and 2 diabetic patients
reveals conflicting findings. TSH levels have been reported
to be increased (205,206), normal (207-210), or decreased
(199). Similar conflicting results were found regarding the
TSH response to TRH stimulation in diabetic patients (798,
199,210,211), but the metabolism of exogenous TSH is not
affected by diabetes (208).

Nocturnal TSH peak, a sensitive marker of the central con-
trol of the hypothalamic—pituitary—thyroid axis, was found
to be blunted in diabetes in both types (212). These abnor-
malities in TSH secretion are reversed by better glycemic
control (197,212).

Consequently, in animal diabetes and in humans with
uncontrolled diabetes, severe hyperglycemia may cause thy-
roidal abnormalities resembling secondary or tertiary hypo-
thyroidism (202,212).

Parathyroid Hormone
and Calcium/Vitamin D Metabolism

Vitamin D5 (Vit D) synthesized in the skin is processed
in the liver to 25-hydroxyvitamin D; [25(OH) Vit D] and
then in the kidney to the active metabolite 1,25-dihydroxy-
vitamin D5 [1,25(OH), Vit D]. The main function of the Vit
D system is to maintain constant plasma calcium (Ca) levels
by increasing Ca absorption from the gut. Reports regard-
ing plasma Ca levels vary in type 1 and type 2 diabetes. Low
plasma-ionized Ca levels were reported in type 1 diabetic
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patients (213,214), whereas normal or increased serum Ca in
type 1 and 2 diabetic patients have been described (215-217).

Hypercalciuria is seen in animal and human diabetes
(218-220). Several factors may contribute to the increased
urinary Ca, including intestinal hyperabsorption associ-
ated with intestinal mucosa hypertrophy, hyperfiltration,
and osmotic diuresis (221), and tubular defects (222). The
hypercalciuria tends to be more severe intype 1 than in type
2 diabetes (218).

Rats with short-term insulin-deficient diabetes have
impaired intestinal absorption of Ca (223), probably sec-
ondary to low 1,25(OH), Vit D. Insulin is required for PTH
stimulation of 1,25(OH), Vit D production (224). However,
rats with chronic diabetes show increased intestinal Ca absorp-
tion (225), possibly secondary to intestinal mucosal hyper-
trophy and a compensatory increase in intestinal 1,25(OH),
Vit D receptors (226).

Reports concerning Vit D metabolism in both animal and
human diabetes are inconsistent. 25(OH) Vit D and 1,25(0OH),
Vit D levels were reported to be low (213,227-230) or
normal (237/-233). The decrease in 1,25(OH), Vit D levels
may be secondary to a decrease in 1-o hydroxylation (237)
or to a decrease in the binding protein (223). The clearance
of 1,25(0OH), Vit D is not altered in animal diabetes (224).
Insulin therapy reverses the defect in 1,25(OH), Vit D pro-
duction (234,235).

The levels of calcitonin, which may have a stimulatory
effect on the 1-alpha hydroxylase activity in the renal prox-
imal tubule (236), are decreased in animal diabetes and
can be increased by insulin treatment (220,237,238). How-
ever, in type 1 pediatric diabetics, a state of chronic C-cell
stimulation and a reduction in calcitonin reserve has been
observed (239), which may play a role in the development
of diabetic osteopenia. In type 2 diabetes, the calcitonin
level seems to be normal (240).

Inconsistent results were also reported with regard to
24,25(0H), Vit D levels and 24-hydroxylase activity in
animal and human diabetes (220,229,241,242). Infusion
of glucose into normal rats reduces the activity of the 24-
hydroxylase-enzyme (242), which may account for the
decrease in 24,25(0OH), Vit D levels. Decreased receptors
in the kidney may contribute to the decreased effect of
24,25(0OH), Vit D in diabetes (243).

The effects of diabetes on PTH levels vary and may
depend on its duration. Short-term diabetes in rats increases
PTH levels (237), whereas rats with chronic diabetes have
decreased PTH levels (225,226). Others found normal PTH
levels but a decreased responsiveness to PTH in converting
25(0OH) Vit D to 1,25(0OH), Vit D (220,241). Reports con-
cerning PTH levels in diabetic patients vary. Some investi-
gators found that PTH levels in type 1 and type 2 diabe-
tics remain in the normal range (244-246), whereas others
reported decreased PTH levels in patients with type 1 dia-
betes (218). However, these levels may be inappropriate to
the ambient plasma Ca levels in the diabetic patients (275—

217). PTH levels in patients with type 1 diabetes are lower
than levels seen in type 2 diabetes (218). Although PTH may
increase insulin production (247), it may decrease the hor-
mone’s peripheral action (248).

Interestingly, there is a clear link between the prevalence
of diabetes mellitus and primary hyperparathyroidism. The
prevalence of diabetes mellitus in primary hyperparathy-
roidism is around 8%, and that of primary hyperparathy-
roidism in type 1 and 2 diabetic patients is around 1%. Both
values are about threefold to fourfold higher than the expected
prevalence in the general population (249). The increased
incidence of insulin resistance in primary hyperparathyroid-
ism (250) may explain the higher prevalence of diabetes (251)
in these patients. On the other hand, the increased inci-
dence of primary hyperparathyroidism in diabetic patients
(252) may be attributed to the chronic stimulation of the
parathyroid glands as aresult of low 1,25(0OH), VitD (238).

Patients with type 1 diabetes have an increased incidence
of osteopenia and bone fractures (232,253,254). The low-
turnover osteopenia seen in type 1 diabetes is severer in those
with microalbuminuria (2/7). The etiology of the osteopenia
is multifactorial and may involve low Ca and low 1,25(OH),
Vit D levels, hypercalciuria, and impaired osteoid forma-
tion (255). Less consistent are the observations in patients
with type 2 diabetes (253,256,257).

The Adipose Endocrine System

Recently, it has been recognized that the adipose tissue is
not only a fat reservoir but also a source for several metabolic
factors and hormones such as leptin, adiponectin, resistin,
rennin—angiotensin components, TNF-o., and plasminogen
activator inhibitor-1 (PAI-1).

Leptin

Leptin circulates in the blood at levels proportionate to
the body fat mass and acts in the brain to reduce food intake
and stimulate energy expenditure (258, 259).

It has been shown in both animals (260) and less clearly in
humans (261,262) that the expression of leptin mRNA may
be modulated by insulin. Although not universally accepted
(263,264), some studies found a positive correlation between
plasma leptin and plasma insulin levels (263,265,266).

Interestingly, the elevated plasma leptin levels in hyper-
insulinemic individuals were found to be independent of the
presence of obesity (263,267). Data are inconsistent con-
cerning the acute effects of hyperinsulinemia on leptin pro-
duction (264,268,269), and chronic hyperinsulinemia might
be needed (262,270). In STZ-induced diabetes in pigs,
leptin mRNA levels are decreased (271), and insulin treat-
ment raises the leptin mRNA levels in the adipose tissue to
levels seen in controls (271).

It was suggested that glucose uptake in the fat cells, and
not a direct effect of insulin, regulates leptin secretion (272).
Some investigators found a positive correlation between
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plasma leptin and plasma glucose (273), whereas others did
not (274). A negative correlation between glycosylated hemo-
globin and serum leptin levels was described in type 2 dia-
betes (275). However, plasma leptin levels in diabetic animals
and in type 2 diabetic humans are similar to those of their
controls when adjusted for body mass index (BMI) (258,276).

In nondiabetics, postprandial leptin levels do not change
(277). In contrast, diabetic patients on insulin therapy show
an increase in plasma leptin levels postprandially (268,269).
However, in patients with type 2 diabetes who are not on
insulin therapy, there are no acute changes in circulating lep-
tin levels postprandially despite an increase in postprandial
insulin and glucose (274).

In type 1 diabetic patients treated with insulin, the serum
leptin level is increased (278). However, the increased lep-
tin levels in the insulin treated type 1 diabetics is probably
a result of changes in BMI (278,279) and not the result of
a direct effect of insulin (280).

It has been suggested that leptin may have a physiological
and clinical role in pancreatic beta-cell function and insulin
secretion. Leptin may inhibit glucose-stimulated insulin secr-
etion and insulin gene expression in animal and human cul-
tured cells (281,282).

It has been proposed that leptin may play a role in the
pathophysiology of diabetic retinopathy. In fact, leptin levels
are elevated in patients with diabetic retinopathy even after
adjusting for BMI (283,284). Additionally, leptin levels are
reported to be increased in the vitreous of patients with dia-
betes (284), and these levels correlate with the severity of
the diabetic retinopathy (284).

Observations that leptin may increase glucose uptake
and type I collagen in mesangial cells and stimulate the intra-
glomerular TGF-f system (285) in kidneys of diabetic ani-
mals could suggest that leptin may also be involved in the
glomerulosclerotic process of diabetic nephropathy. Elevated
serum leptin levels are found in patients with diabetic nephrop-
athy and renal failure, but these elevated levels may reflect
decreased leptin clearance (286).

Adiponectin

Adiponectin is a recently discovered adipocyte-derived
factor (287). Adiponectin may have anti-inflammatory (288)
as well as antiatherogenic effects (288,289).

The reduced adipose tissue apM1 gene expression in ob/
ob mice (290) and in obese Caucasians with type 2 diabetes
(291) has led to the hypothesis that adiponectin may have a
role in the pathogenesis of obesity and type 2 diabetes (291).

Adiponectin levels are decreased in obesity (292), type
2 diabetic monkeys (293), type 2 diabetic humans (294),
and other insulin resistant states (295), irrespective of the
ethnicity of the individual (296). The hormone’s levels may
be related to the level of insulin sensitivity (296,297), and
weight reduction may increase serum leptin levels (298).

Replacement treatment with recombinant adiponectin in
physiological doses improve insulin sensitivity and ameli-

orates the hyperglycemia (295). Interestingly, plasma adipo-
nectin levels are lower in diabetics with coronary artery
disease (CAD) as compared with those in diabetics without
CAD (294-296). Thus, the low level of adiponectin in type
2 diabetics may contribute to the increased risk of athero-
sclerotic disease in this condition.

The antidiabetic property of adiponectin may be secon-
dary to an increased influx and combustion of free fatty acids
in the skeletal muscle, thereby reducing its triglyceride con-
tent (295). Adiponectin may also enhance insulin action
and suppress hepatic glucose production (298). The role of
adiponectin in the pathogenesis of diabetes needs further
investigations.

Resistin

Resistin is a signaling molecule that gets induced during
adipogenesis. Resistin levels are increased in animals with
diet-induced and genetic obesity that display insulin resis-
tance. The insulin-antagonistic effect of resistin, which has
been shown in vitro and in vivo (299), may be mediated by
suppressing the insulin stimulation of glucose uptake. There-
fore, it has been initially proposed that resistin could poten-
tially be a link between obesity and diabetes (299).

The role of resistin in human diabetes is less clear. In fact,
recent human studies did not detect significant correlation
between diabetes and resistin (300-303). Similar negative
findings have been found concerning the relationship of
resistin to obesity and insulin-resistance states (304). The
discrepancy between the significance of the role of resistin
in animals and in humans may be explained, in part, by the
fact that human fat cells, in contrast to rodent fat cells, do
not express resistin at all or only at extremely low levels in
some individuals (301). Therefore, resistin may not be the
hormonal link between obesity and human diabetes, as was
thought earlier (302).

Plasminogen Activator Inhibitor-1

Plasminogen activator inhibitor-1 (PAI-1) is a biochemi-
cal marker of impaired fibrinolysis. High PAI-1 levels have
been found in insulin-resistant states such as hypertriglyc-
eredemia (305), obesity (306), CAD (307), and type 2 dia-
betes (308). Levels are also increased in diabetic rats (309).

In type 2 diabetes, a positive correlation is found between
PAI-1 levels and the insulin and insulin resistance levels
(310-312). Interestingly, although insulin stimulates hepatic
synthesis of PAI-1 (31/3), insulin infusion reduces PAI-1
levels (314,315).

The PAI-1 activity is increased in type 2 diabetes inde-
pendent of insulin and triglyceride levels (3/6). This may
suggest a direct stimulatory effect by the increased glucose
levels. The PAI-1 levels have been reported to be elevated
also in the atherosclerotic lesions of diabetic patients (3/7)
and in the aortic wall in animal diabetes. Also, PAI-1 levels
may also be elevated in type 1 diabetes mellitus (378), but
this was not confirmed (3/9).



Vol. 18, No. 2 Endocrine System in Diabetes Mellitus / Alrefai et al. 113
Table 1
Summary of the Observed Hormonal Changes in Type 1 and Type 2 Diabetic Patients
Hormone Changes in type 1 diabetes (ref.) Changes in type 2 diabetes (ref.)

Growth hormone

IGF-1
ACTH

Cortisol
DHEA-S
Serum RAS

Intrarenal RAS
LH, FSH in males

LH, FSH in females
Free testosterone in males

Free testosterone in females
Estrogen in females
Progesterone

Prolactin in females
Prolactin in males

Vasopressin
TSH

Free thyroxin
Calcitonin
Parathyroid hormone
Leptin

Adiponectin
PAI-1

Increased (6,7)
Pulsatile changes (8,21)
Decreased (6,7)

Increased (57)

Normal (67)

Normal (77)

Suppressed (77,82)

Strong evidence of being activated (75-77)
Normal (125)

Increased (126)

Normal (7146)

Normal (7129,130)

Decreased (131)

Increased (145)

Normal (746)

Increased (146)

Decreased (142)

Decreased in follicular phase (150)
Normal in luteal phase (7150)
Decreased (169,170)

Normal (165,166)

Increased (167,168)

Increased in poorly controlled (177)
Normal (207,210)

Blunted nocturnal peak (212)
Normal (793)

Chronic C-cell stimulation (239)
Normal (244,245)

Decreased (218)

Normal (279)

Decreased in untreated (278)
Increased in treated (278)

Increased (318)

Pulsatile changes (22)

Decreased (28)

Increased (46—48)

Pulsatile changes (49,50)
Increased (48)

Decreased (60—63)

Normal (77)

Suppressed (76-78)

Strong evidence of being activated (75-77)
Normal (125)

Increased (127)

Low in postmenopausal (141)
Normal (125)

Decreased (68,127,131,132)
Increased (68,69,131)

Increased (69,131)

Normal (165,166)

Increased (167,168)

Increased in poorly controlled (178)
Normal (207,210)

Blunted nocturnal peak (272)
Normal (793)

Normal (239)

Low-normal to normal (235)

Normal (274,276)
Increased in diabetic nephropathy (286)

Decreased (291,294)
Increased (308)

Abbreviations: 1GF-1: insulinlike growth factor-1; ACTH: adrenocorticotropic hormone; DHEA-S: dehydroepiandrosterone sulfate;
RAS: renin—angiotensin system; LH: luteinizing hormone; FSH: follicle-stimulating hormone; TSH: thyroid-stimulating hormone; PAI-1:

plasminogen activator inhibitor-1.

In summary, PAI-1 may be considered to be one of the
features of the insulin-resistance syndrome that may contrib-
ute to the increased incidence of CAD in diabetic patients
(302). Thus, reducing the PAI-1 level by targeting hyper-
insulinemia and correcting the hyperglycemia, in the treat-
ment of diabetic patients, may have a protective effect against
potential cardiovascular and thrombotic events.

Summary

It is clear from this review that the entire endocrine sys-
tem is not functioning normally in individuals affected by
diabetes mellitus. Both the hormone secretion and action
may be affected.

Tables 1 and 2 summarize the major findings in the hor-
monal status in patients with type 1 and type 2 diabetes and
in animal diabetes. More details are given in the text in the
subsection for each hormone.

The striking feature is the heterogeneity in the findings.
This heterogeneity may reflect the heterogeneity of the dia-
betes syndrome, in which there is a continuous dynamic inter-
play between a continuous decrease in insulin secretion and
a more constant level of increased insulin resistance.

The level of the metabolic control may also play a signif-
icant role in determining the degree of impairment in the
hormone’s function. However, as detailed in the text, not
all of the observed abnormalities in the hormones’ function
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Table 2

Summary of the Observed Hormonal Changes in Diabetic Animals

Hormone

Changes in animal diabetes (ref.)

Growth hormone
Epinephrine

Serum RAS
Intrarenal RAS

LH, FSH in males
LH, FSH in females
Testosterone in males
Progesterone
Prolactin in pregnant
Prolactin in postpartum
Vasopressin

TRH, TSH
Calcitonin
Parathyroid hormone

Leptin
Resistin
Adiponectin
PAI-1

Decreased (3,4); pulsatile changes (5)

Increased (96)

Suppressed (78)

Activated (77,78)

Decreased or normal (7118-122)

Relatively low (134,150)

Decrease (118,119)

Decreased in luteal phase (151)

Normal with blunted response to stimuli (764)

Decreased with decreased milk synthesis (156,163)

Increased with blunted response to stimuli (180)

Decreased (201-203)

Decreased (237)

Increased in short-term diabetes (237);
decreased in long-term diabetes (225,226)

Normal (258)

Increased (299)

Decreased (293)

Increased (309)

Abbreviations: RAS: renin—angiotensin system; LH: luteinizing hormone; FSH: fol-
licle-stimulating hormone; TRH: thyrotropin-releasing hormone; TSH: thyroid-stimulating
hormone; PAI-1: plasminogen activator inhibitor-1.

are fully reversed by an improvement in the metabolic con-
trol or by insulin treatment. This lack of full reversibility
may result from the following:

1. The metabolic condition is not fully normalized.

2. The length of improvement in the metabolic control was not
sufficientto fully reverse the abnormalities in the hormone’s
function.

3. Some of the changes in the hormone’s function become
irreversible.

However, it is also potentially possible that the observed
abnormalities in the hormones’ function in diabetes may
partially stem from more basic defects at the cellular level.
Such defects may include the impairments in cellular cal-
cium homeostasis (320) that was reviewed earlier.

It is not clear to what extent these additional changes in
the hormonal milieu contribute to the observed complica-
tions seen in diabetes. For example, changes in androgens
status and catecholamine function may be of significance
in the pathogenesis of the cardiovascular complications seen
in diabetes.

However, it is clear that more investigations are needed.
These should include the following:

1. Studies that will explore the mechanisms leading to the
changes in the hormone’s function in diabetes.

2. Studies that will explore the role of the changes in the hor-
monal milieu in the pathogenesis of the diabetes syndrome.

3. Studies that will explore the role of the abnormalities in the
hormonal milieu on the diabetic vascular complication.

Such investigations may contribute to our better under-
standing of the diabetes condition.
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