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Abstract Complex interactions exist amongst the various components of the

neuroendocrine system in order to maintain homeostasis, energy balance and
reproductive function. These components include the hypothalamus-pituitary-
adrenal and -gonadal axes, the renin-angiotensin-aldosterone system, the sympa-
thetic nervous system and the pancreatic islets. These hormones, peptides and
neurotransmitters act in concert to regulate the functions of many organs, notably
the liver, muscles, kidneys, thyroid, bone, adrenal glands, adipocytes, vasculature,
intestinal tract and gonads, through many intermediary pathways. Endocrine and
metabolic disorders can arise from imbalance amongst numerous hormonal fac-
tors. These disturbances may be due to endogenous processes, such as increased
secretion of hormones from a tumour, as well as exogenous drug administration.
Drugs can cause endocrine abnormalities via different mechanisms, including
direct alteration of hormone production, changes in the regulation of the hormonal
axis, effects on hormonal transport, binding, and signalling, as well as similar
changes to counter-regulatory hormone systems. Furthermore, drugs can affect
the evaluation of endocrine parameters by causing interference with diagnostic
tests. Common drug-induced endocrine and metabolic disorders include disorders
of carbohydrate metabolism, electrolyte and calcium abnormalities, as well as
drug-induced thyroid and gonadal disorders. An understanding of the proposed
mechanisms of these drug effects and their evaluation and differential diagnosis
may allow for more critical interpretation of the clinical observations associated
with such disorders, better prediction of drug-induced adverse effects and better
choices of and rationales for treatment.

There are complex interactions amongst various
components of the neuroendocrine system to main-
tain homeostasis, energy balance and reproductive
function. These components include the hypothala-
mus-pituitary-adrenal (HPA) and -gonadal axes, the
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renin-angiotensin-aldosterone system (RAAS), the
sympathetic nervous system (SNS) and the pancre-
atic islets. These hormones, peptides and neuro-
transmitters act in concert to regulate the functions
of many organs, notably the liver, muscles, kidneys,

Drug Safety 2007; 30 (3)



Drug-Induced Endocrine and Metabolic Disorders

217

thyroid, bone, adrenal glands, adipocytes and
gonads, through many intermediary pathways. The
cellular responses to these hormones in turn are
dependent on the number, structure and activity of
their respective receptors, binding ligands and
downstream signalling pathways. These interacting
pathways are tightly regulated at multiple levels that
can be influenced by endogenous pathological
processes and exogenous drug administration.

The clinical manifestations of endocrine and met-
abolic disorders can be varied, non-specific and
often subclinical, leading to diagnostic challenges.
On the other hand, many endocrine diseases are
closely, although not invariably, associated. Hence,
the drugs used to treat one condition may have
effects on other pathways, either unmasking sub-
clinical conditions or giving rise to adverse effects.
Many of these endocrine or metabolic conditions
require hormone therapy either for replacement or
treatment, which can give rise to different clinical
effects depending on dosages and host responses.

In this review article, we describe some of the
common drug-induced endocrine and metabolic dis-
orders and their underlying mechanisms. Although
the list does not aim to be exhaustive, an understand-
ing of the principles underlying these interactions is
important for the diagnosis and treatment of these
conditions.

1. Intermediary Metabolism

1.1 Insulin

The two principal fuels in the human body are
glucose and free fatty acids (FFA), which are stored
intracellularly as glycogen and triglycerides, respec-
tively. Insulin is an anabolic hormone secreted
mainly during fed-state to promote glycogen synthe-
sis in the liver and muscle and lipid storage in
adipocytes. Together with growth hormone (GH),
insulin promotes protein synthesis notably in muscle
and bone. During starvation or periods of stress,
decreased insulin levels contribute to glycogen
breakdown, lipolysis, hepatic ketogenesis and prote-
in catabolism. In addition to glucose, other physio-
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logical insulin secetagogues include FFA, ketone
bodies and amino acids.!"! These primary stimuli for
insulin secretion exert their effects by altering fluxes
of cations across both the calcium and potassium
channels of the B-cell membrane, which result in
increased intracellular free calcium, followed by
pulsatile release of insulin.”!

1.2 Counter-Regulatory Hormones

In the presence of hypoglycaemia, counter-regu-
latory hormones are released to restore euglycemia.
Glucagon secreted from o-cells of the pancreatic
islets elevates blood glucose levels by stimulating
glycogenolysis, gluconeogenesis, and ketogenesis in
the liver.®] The catecholamines, noradrenaline
(norepinephrine) and especially adrenaline (epi-
nephrine) enhance glucagon secretion, inhibit the
activity of glycogen synthase and stimulate lipoly-
sis, glycogenolysis and gluconeogenesis. Catecho-
lamines have dual actions on insulin release. Stimu-
lation of the a-adrenoceptor mediated principally by
noradrenaline limits insulin secretion, whereas that
of B-adrenoceptor, mediated mainly by adrenaline,
enhances insulin release.!!

During hypoglycaemia or stress, catecholamines
and glucagon rapidly mobilise fuel stores to increase
blood glucose and FFA levels. This is followed by
the long-term effects of cortisol and GH, which
maintain the elevation of blood glucose. Cortisol
promotes lipogenesis, increases protein breakdown
and stimulates gluconeogensis. Cortisol also in-
creases the synthesis and release of adrenaline from
the adrenal medulla, and contributes to the lipolytic
and hyperglycaemic state.[* Long-term administra-
tion of glucocorticoids activates glycogen synthase
and promotes glycogen deposition in the liver.’) GH
exerts its effects via insulin-like growth factor-I
(IGF-I), secreted mainly by the liver and bone to
promote cellular growth and differentiation. Under
physiological conditions, GH promotes protein syn-
thesis under the influence of insulin. In high dos-
ages, GH inhibits glucose transport and utilisation in
peripheral tissues. It also promotes lipolysis and
elevates FFA levels as part of counter-regulation.

Drug Safety 2007; 30 (3)
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1.3 Free Fatty Acids and
Glucose Metabolism

Increased FFA oxidation impairs glucose uptake
and oxidation at peripheral sites.[>8 This is in part
due to impaired activation of the insulin signalling
pathway resulting from accumulation of intramy-
ocellular lipids.®!%1 Positive energy balance, espe-
cially in the presence of insufficient fat mass, can
lead to ectopic fat infiltration, notably in the viscera,
muscle, liver and pancreas. These ectopic fat depos-
its can lead to insulin resistance and B-cell dysfunc-
tion. Drugs that promote the differentiation of pre-
adipocytes to mature fat cells re-distribute the
ectopic fat to subcutaneous fat depots and improve
both lipid and glucose metabolism.!'!! Enzymes in-
volved in lipogenesis and lipolysis are sensitive to
the actions of insulin, counter-regulatory hormones
and sex steroids. Thus, drugs that influence these
hormonal actions can lead to abnormal lipid and
glucose metabolism.[!%13]

1.4 The Hypothalamus-Pituitary Axis and
Regulation of Appetite

In addition to the autonomic nervous system,
cross-talk between signals generated by the brain,
the gastrointestinal tract and the adipocytes is in-
volved in the regulation of appetite and intermediary
metabolism. Several gastrointestinal peptide hor-
mones, including glucose-dependent insulinotropic
peptide (GIP), cholecystokinin and glucagon-like-
peptide-1 (GLP-1) facilitate the release of insulin
from the pancreatic B-cells following a meal !4
Leptin, a hormone produced by adipocytes, regu-
lates fat mass by decreasing appetite and activating
the SNS.'17] [n addition to regulating appetite, the
hypothalamus-pituitary gland axis and its surround-
ing neurons also regulate sleep, mood, libido and
reproduction, which are all intimately related to
energy metabolism.[18-20]

1.5 Diabetes Mellitus, Obesity and
Metabolic Syndrome

Diabetes mellitus is characterised by hypergly-
caemia owing to defects in insulin secretion, insulin
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action or both.?!! Whilst autoimmune destruction of
pancreatic -cells is the primary cause for type 1
diabetes, type 2 diabetes is a heterogeneous condi-
tion with varying combinations of insulin resistance
and insulin deficiency. Closely associated with type
2 diabetes is the metabolic syndrome, a clustering of
cardiovascular risk factors including low high-den-
sity lipoprotein-cholesterol (HDL-C) levels, elevat-
ed blood pressure, hypertriglyceridaemia, increased
adipocytokine  levels  (proinflammatory  and
prothrombotic factors), with truncal obesity as the
main linking factor.[?>2¥ Patients with metabolic
syndrome a have 3- to 5-fold increased risk of
diabetes and premature cardiovascular disease.**!

Excessive production of GH, cortisol, glucagon
and catecholamines may lead to hyperglycaemia in
association with acromegaly, Cushing’s syndrome,
glucagonoma and phaeochromocytoma, respective-
ly.[31 Subtle disturbances of these counter-regulato-
ry hormones may impact on the development of
obesity and metabolic syndrome.[*13-26-281 Activation
of stress-related hormones, such as cortisol and cat-
echolamines,*13-26-281 and the age-associated decline
in levels of sex steroids and GH may lead to reduced
muscle mass, increased body fat, insulin resistance
and the metabolic syndrome!®62%! (figure 1).

1.6 Drug-Induced Hyperglycaemia
and Dyslipidaemia

Many drugs have been associated with hypergly-
caemia (table I), especially in patients with diabetes
or with risk factors for diabetes, such as a positive
family history, obesity, physical inactivity, and a
history of gestational diabetes (GDM), polycystic
ovary syndrome (PCOS) or other features of the
metabolic syndrome.*?l As a result of the frequent
coexistence and concomitant treatment of obesity,
depression, diabetes and hypertension, drug-induced
adverse effects are not uncommon and may have
additive effects on the metabolic risk. The cortico-
steroids are another class of drug commonly associ-
ated with hyperglycaemia and dyslipidaemia.l3-3!
Other drug and non-drug causes of dyslipidaemia,
along with their clinical features, are outlined in
table II.

Drug Safety 2007; 30 (3)
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Fig. 1. A schematic diagram showing the interactions of neurohormonal factors in the pathogenesis of central obesity, insulin resistance and
hyperglycaemia. Drugs may lead to hyperglycaemia or diabetes mellitus by impacting any part of this complex system. FFA = free fatty
acids; HPA = hypothalamic-pituitary-adrenal; | indicates decrease; T indicates increase.

1.6.1 Antihypertensives

Diabetes and hypertension are frequently associ-
ated with each other. Thus, the use of antihyperten-
sive drugs, notably diuretics and B-adrenoceptor
antagonists (B-blockers), may unmask diabetes in
at-risk patients or worsen glycaemic control in pa-
tients with diabetes.[**! In a 6-year prospective study
involving 12 550 hypertensive patients, use of -
blockers was associated with a 28% increase in the
risk of diabetes, after adjusting for other risk fac-
tors.?* In the ASCOT-BPLA (Blood Pressure-Low-
ering Arm of the Anglo-Scandinavian Cardiac Out-
comes Trial), which involved 19 247 hypertensive
patients and had a median 5.5 years of follow-up,
combination therapy with amlodipine and per-
indopril was associated with a 30% risk reduction
for new-onset diabetes and an 11% risk reduction
for mortality compared with the combination of
atenolol and thiazide diuretics.® In the elderly,
sporadic cases of hyperglycaemic hyperosmolar
non-ketotic coma have been reported following
treatment with indapamide,®! chlortalidone and
bumetanide.3”!

Thiazide diuretics can reduce total-body potassi-
um levels, resulting in decreased insulin secretion
and increased insulin resistance by activating the
RAAS.B81 These adverse effects can be reversed
with potassium supplements® or by using a lower
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dosage.?”! B-Blockers can also increase insulin re-
sistance by increasing bodyweight, altering lipid
enzyme activities, increasing vascular resistance and
reducing peripheral blood flow.[*! B-Blockers that
have intrinsic sympathomimetic activities, such as
celiprolol, or possess activities as o-adrenoceptor
antagonists (o-blockers), such as carvedilol, have
more favourable effects on glucose and lipid metab-
olism than the other B-blockers.4!43]

Dyslipidaemia following antihypertensive treat-
ment, especially with thiazide diuretics and -block-
ers, may attenuate their cardioprotective effects.[*4
There has been much debate regarding the adverse
metabolic profile associated with the thiazide diuret-
ics and its potential impact on cardiovascular out-
comes. In an earlier review of 12 reported trials that
included thiazide-treated patients, only two small
studies recorded more coronary heart disease events
in thiazide-treated patients than in controls.[*3 In the
large ALLHAT (Antihypertensive and Lipid-Low-
ering Treatment to Prevent Heart Attack Trial),
there was no increased cardiovascular events in the
group treated with the thiazide diuretic,
chlortalidone, compared with patients randomised
to amlodipine or lisinopril after a mean follow-up of
4.9 years.* In the Seventh Report of the Joint
National Committee on Prevention, Detection, Eval-
uation, and Treatment of High Blood Pressure (JNC

Drug Safety 2007; 30 (3)
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Table I. Differential diagnosis of hyperglycaemia

Cause

Examples

Nondrug-related

Type 1 diabetes mellitus (immune mediated or idiopathic)
Type 2 diabetes

Genetic defects of B-cell function

Defects in insulin action

Pancreatic diseases

Endocrinopathies

Infections
Anti-insulin receptor antibodies
Other genetic syndromes

Gestational diabetes
Drug-related
Drugs that decrease pancreatic insulin secretion

Drugs that affect liver glucose metabolism
Drugs that increase peripheral tissue insulin resistance

Drugs that increase counter-regulatory responses

Maturity-onset diabetes of the young, mitochondrial DNA mutations

Pancreatitis, pancreatectomy, cystic fibrosis, haemochromatosis

Acromegaly, Cushing’s syndrome, phaeochromocytoma, hyperthyroidism,
somatostatinoma, glucagonoma, aldosteronoma

Down’s syndrome, Turner's syndrome, Prader-Willi syndrome, Lawrence-
Moon-Biedl syndrome, myotonic dystrophy

Diazoxide, thiazide diuretics, B-adrenoceptor antagonists [B-blockers],
phenytoin, pentamidine, glucocorticoids, octreotide, streptozocin,
ciclosporin, gatifloxacin, alloxan, vacor

Nicotinic acid, sex hormones, B-blockers, glucocorticoids

Thiazide diuretics, phenytoin, glucocorticoids, 3-sympathomimetics,
atypical antipsychotics, protease inhibitors’t HAART

Corticosteroids, somatropin (growth hormone), diazoxide

HAART = highly active antiretroviral therapy.

7), diuretics were still recommended as the first-line
treatment for uncomplicated hypertension.’! In ad-
dition, the increased incidence of new-onset diabe-
tes among patients receiving thiazide diuretics is
likely to be preventable through the treatment of
thiazide-induced hypokalaemia.[*841

Agonists and antagonists of adrenoceptors have
opposing effects on lipoprotein lipase, leci-
thin : cholesterol acyltransferase and low-density
lipoprotein-cholesterol (LDL-C) uptake by low-den-
sity lipoprotein (LDL) receptors. Patients treated
with B-blockers have increased triglyceride and
LDL-C levels, but decreased HDL-C levels.[’”! The
reverse lipid pattern is observed in patients treated
with o-blockers.PY Thiazide diuretics, partly by al-
tering insulin action, can increase LDL-C, very low-
density lipoprotein-cholesterol (VLDL-C) and trig-
lyceride levels.®!! These adverse metabolic effects
can be minimised by using low-dose treatment.[*!

Diazoxide, a vasodilator that was once used as an
antihypertensive drug, causes hyperglycaemia by
reducing insulin secretion and increasing counter-
regulatory responses.’?! It also stimulates hepatic

© 2007 Adis Data Information BV. All rights reserved.

glucose production, increases adrenaline secretion
and decreases insulin sensitivity. These adverse
metabolic effects have been used to treat refractory
hypoglycaemia due to insulinoma.’?

1.6.2 Corticosteroids

Glucocorticoids induce insulin resistance by in-
creasing hepatic gluconeogenesis®¥ and inducing
the expression of the nuclear transcription factor
peroxisome proliferator-activated receptor (PPAR)-
v in adipocytes, leading to obesity.’* Treatment
with glucocorticoids is associated with increased
levels of triglycerides, LDL-C, increased HDL-C
levels and their subfractions.®®! These lipid abnor-
malities are in part mediated by insulin resistance
and hyperinsulinaemia, reduced uptake of LDL and
increased VLDL production in the liver.®!! Long-
term corticosteroid use can lead to other adverse
effects, including osteoporosis and suppression of
adrenal steroid production; the latter can result in
adrenal insufficiency following withdrawal of ster-
oid therapy.>®!

Drug Safety 2007; 30 (3)
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1.6.3 Sex Steroids

The use of the oral contraceptive pill (OCP) is
associated with an increased risk of impaired glu-
cose regulation, especially in high-risk women such
as those who are obese, those with a family history
of diabetes and those with a history of GDM.P7!
These adverse effects are mainly attributable to the
progestogens in the combination types of OCP, with
norethisterone having the least, and norgestrel the
greatest, hyperglycaemic effect. These effects can
be attenuated by the use of newer preparations of
OCP that contain a lower concentration of estrogen
and progestogens such as levonorgestrel or desoges-
trel. The triphasic pills that contain low daily doses
of levonorgestrel or gestodene are associated with a
reduced risk of impaired glucose regulation com-

Table Il. Causes of dyslipidaemia

pared with estrogen-progestin high-dose oral contra-
ceptives.B7!

The use of the OCP is also associated with dys-
lipidaemia,®! the occurrence of which is dependent
on the estrogen dose relative to the progestin dose as
well as any androgen effects of the progestin.!
Estrogens can increase triglyceride levels, but may
reduce LDL-C and increase HDL-C levels. Proges-
tins tend to have the opposite effects i.e. they de-
crease triglyceride levels, while increasing LDL-C
and reducing HDL-C levels.[60-61]

1.6.4 Antipsychotics

The close association between schizophrenia and
diabetes is now increasingly recognised although
the nature of the relationship between the two disor-
ders remains to be clarified.[>! The use of older

Other features or mechanism

Cause Lipid abnormalities
Nondrug-related

Familial forms Variable

Dietary Variable

Diabetes mellitus
Hypothyroidism
Nephrotic syndrome
Chronic liver disease
Cholestasis/biliary obstruction
Chronic renal failure
Cushing’s syndrome
Hypopituitarism
Anorexia nervosa
Lipodystrophy
Pregnancy

Obesity
Drug-related
Alcohol

Estrogen

Progestogens
Glucocorticoids

Diuretics

B-Adrenoceptor antagonists (3-blockers)

[non-cardioselective]
Androgens
Retinoids

TTriglycerides, {HDL-C, TVLDL-C
TLDL-C, Ttriglycerides
TLDL-C, VLDL-C
TLDL-C

TLDL-C

TTriglycerides, TVLDL-C
TTriglycerides

TLDL-C, VLDL-C
TLDL-C

TTriglycerides, TVLDL-C
TTriglycerides, TLDL-C
TTriglycerides, LHDL-C

TVLDL-C, Ttriglycerides

TVLDL-C, Ttriglycerides
lLDL-C, THDL-C

TLDL-C, JHDL-C, Ttriglycerides

TLDL-C, TVLDL-C, Ttriglycerides,
THDL-C

TLDL-C, TVLDL-C, Ttriglycerides
ULHDL-C, TLDL-C, Ttriglycerides

JHDL-C
TLDL-C, TVLDL-C, Ttriglycerides

TGlucose levels
Low thyroid hormone levels
Proteinuria, TVLDL-C production

Diversion of biliary cholesterol into circulation
Renal impairment

Features of cortisol excess

Pituitary disease/surgery

UBiliary excretion of cholesterol and bile
Congenital/acquired

TVLDL-C production, THDL production

ILipoprotein lipase activity TVLDL-C production,

THDL production

({Lipoprotein lipase activity) TVLDL-C production

TInsulin resistance

HDL-C = high-density lipoprotein-cholesterol; LDL-C = low-density lipoprotein-cholesterol; VLDL-C = very low-density lipoprotein-

cholesterol; T indicates increase; | indicates decrease.
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Table Ill. Conditions and drugs that are known to cause hypoglycaemia

Cause Examples

Nondrug-related fasting hypoglycaemia

Critical illness

Hormonal deficiencies

Endogenous hyperinsulinaemia

Insulin-like growth factor-mediated hypoglycaemia

Enzymatic defects in carbohydrate, protein or fat
metabolism

NICTH

Nondrug-related reactive hypoglycaemia
Alimentary hypoglycaemia

Galactosaemia

Drug-related

Drugs that increase insulin levels or secretion

Liver failure, renal failure, cardiac failure, sepsis
GH deficiency, cortisol deficiency (Addison’s Disease)
insulinoma, autoimmunity

Glycogen storage diseases, fatty acid oxidation defects

Insulin, sulphonylureas, pentamidine, cotrimoxazole (trimethoprim/

sulfamethoxazole), B-sympathomimetics, aspirin (acetylsalicylic acid), quinine

Drugs that increase insulin sensitivity

ACE inhibitors, angiotensin Il receptor antagonists (angiotensin Il receptor

blockers), a-adrenoceptor antagonists (o.-blockers)
Drugs that decrease the action of counter-regulatory [-Adrenoceptor antagonists (-blockers), ACE inhibitors, octreotide, alcohol

hormones

GH = growth hormone; NICTH = non-islet cell tumour hypoglycaemia.

antipsychotic agents such as phenothiazines®! and
chlorpromazine®* has been associated with hyperg-
lycaemia, which has been attributed to weight gain
or a reduction in insulin secretion.

The use of second-generation antipsychotics,
commonly referred to as ‘atypical antipsychotics’, is
gaining popularity as a result of their improved
tolerability and efficacy. However, these drugs have
also been associated with hyperglycaemia.[6%6% The
atypical antipsychotics include clozapine, risper-
idone, olanzapine, quetiapine, ziprasdone and
aripiprazole. Since the first report of such a case in
1994167681 3 high prevalence of previously undiag-
nosed hyperglycaemia among patients with schizo-
phrenia receiving treatment with clozapine has been
observed.[®”) In a study of 82 patients treated with
clozapine, 30 patients (36.6%) were diagnosed with
diabetes after 5 years of follow-up. The diagnosis of
diabetes was associated with weight gain and in-
creased triglyceride levels.”" In a 10-year follow-up
study, 43% of clozapine-treated patients had new-
onset diabetes and an associated increased risk of
cardiovascular death.’!! In a report on a US FDA
drug-surveillance programme for clozapine-associ-
ated adverse events, the authors suggested a causal
relationship between clozapine and diabetes due to
the large number of reports of diabetes, a temporal

© 2007 Adis Data Information BV. All rights reserved.

relationship between the diagnosis of diabetes and
initiation of clozapine treatment, the relatively
young age of patients and the prompt reversibility of
the disease upon drug withdrawal in some pa-
tients.[”?!

Other atypical antipsychotics, such as olanzapine
and risperidone, have also been associated with
weight gain and diabetes.[”>78 It has been postulated
that antagonism of the serotonin 5-HTiA receptor
may inhibit insulin secretion and contribute to the
adverse metabolic effects.!”!

Given the high prevalence of obesity and meta-
bolic syndrome in modern societies, risk factors for
diabetes and cardiovascular disease should be con-
sidered at the time of commencing therapy with
second-generation antipsychotics. Patients who are
given second-generation antipsychotics should re-
ceive appropriate education, baseline screening for
metabolic abnormalities, regular monitoring and re-
ferral to specialist services when appropriate.!®

1.6.5 Protease Inhibitors and Highly Active
Antiretroviral Therapy

The morbidity and mortality of patients with
advanced HIV infection have been significantly re-
duced by the use of highly active antiretroviral ther-
apy (HAART).® However, the protease inhibitors,

Drug Safety 2007; 30 (3)
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and to a lesser extent, nucleoside reverse trans-
criptase inhibitors, that are employed in such regi-
mens are associated with significant metabolic ab-
normalities.®!! In a 5-year cohort analysis of 221
HIV-infected patients attending a tertiary care cen-
tre, the cumulative incidences of new-onset hyperg-
lycaemia, hypercholesterolemia, hypertriglycer-
idaemia and lipodystrophy were 5%, 24%, 19% and
13%, respectively, with most of the events occurring
after the initiation of treatment with protease inhibi-
tors®®?! and in the absence of significant weight
gain.[®¥ These drug-related metabolic changes may
be due insulin resistance as a result of lipodystrophy
and ectopic fat distribution.+871 As part of a long-
term health maintenance plan,’¥ HIV-infected pa-
tients undergoing HAART should receive regular
assessment and monitoring of glucose and lipid
levels.®

1.7 Drug-Induced Hypoglycaemia

A fall in the plasma glucose level, while remain-
ing at a level within the physiological range (>4.6
mmol/L), is accompanied by decreased insulin se-
cretion. A reduction in glucose levels to just outside
the physiological range (<4.6 mmol/L but >3.8
mmol/L) increases the secretion of counter-regula-
tory hormones. A further decrease in glucose levels
to <3.0 mmol/L elicits the symptoms of hypogly-
caemia, and a fall to a level <2.7 mmol/L will result
in cognitive dysfunction. Although the insulin-an-

tagonistic effects of glucagon and adrenaline are of
rapid onset, those of cortisol and GH are only ob-
served after a lag period of several hours.[”

Hypoglycaemia most commonly results from
over-treatment in diabetic patients receiving insulin
or sulphonylureas (table III). In patients who present
with unexplained hypoglycaemia, the possibility of
factitious use of drugs®!! or inadvertent dispensing
should always be considered.[®>* This can be diag-
nosed by measuring plasma levels of insulin and C-
peptide in the setting of hypoglycaemia and levels of
the metabolites of sulphonylureas in the urine or
blood.! Other less common drug-related causes of
hypoglycaemia are listed in table IV.

Other common medical causes of hypoglycaemia
include renal failure, hepatic failure, sepsis, hyperin-
sulinaemia due to the presence of an insulinoma,
non-islet cell tumour hypoglycaemia (NICTH) and
insufficient counter-regulatory responses.[!!8119]
The evaluation of a patient with unexplained hypog-
lycaemia requires detailed investigation into the pa-
tient’s history and a physical examination, followed
by a supervised fast and measurement of insulin and
C-peptide levels, as appropriate (table V).

Drug-induced hypoglycaemia is fairly common,
especially during intensive glucose-lowering ther-
apy. In the DCCT (Diabetes Control and Complica-
tions Trial), the overall rate of hypoglycaemia was
18.7 episodes per 100 type 1 diabetic patient-years
in the conventionally-treated group and 61.2 epi-

Table IV. Some examples of uncommon causes of drug-related hypoglycaemia and their possible mechanisms

Drug Potential mechanisms References
Cotrimoxazole (trimethoprim/ Stimulation of insulin release 96-98
sulfamethoxazole)
Lithium Decreases cAMP levels, thereby enhancing the actions of counter- 99,100
regulatory hormones
Disopyramide Stimulation of insulin release and inadequate adrenergic response 101-105
Cibenzoline Stimulation of insulin release 106-108
Halothane Liver damage 109
Selegiline Hyperinsulinaemia 110
Aluminium phosphide Hepatic failure 111
Maprotiline Unknown 112,113
Calcium hopantenate Liver damage 114
Carbimazole Autoantibodies to insulin 115
Propoxyphene Increased levels of counter-regulatory hormones 116,117

cAMP = cyclic adenosine monophosphate (cyclic AMP).
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Table V. Diagnostic evaluation of unexplained fasting hypoglycaemia

Diagnosis Plasma Plasma Plasma Plasma Other tests/diagnostic criteria
glucose insulin C-peptide hydroxybutyrate
levels levels levels levels
Oral antihyperglycaemic | T T Absent Sulphonylureas or their metabolites
agents detectable in plasma or urine
Insulinoma 1 Tor normal T Absent Negative for sulphonylureas in the
plasma or urine, imaging studies to
localise tumour
Autoimmune 2 T T Absent Positive insulin antibodies
hypoglycaemia
Exogenous insulin l T ¢ Absent Presence of insulin antibodies
Insulin-like growth factors | l d Absent TBig’ IGF-II,
(e.g. NICTH) TIGF-II/IGF-I ratio,
presence of tumour
Non-insulin mediated 1 ! d Present Absent response to glucagon
Adrenal insufficiency { l { Present Low cortisol level during
hypoglycaemia, short synacthen test
Ethanol \) \: | Present Ethanol level, reduced levels of

counter-regulatory hormones

IGF = insulin-like growth factor; NICTH = non-islet cell tumour hypoglycaemia; T indicates increase; | indicates decrease.

sodes per 100 patient-years in the intensive treat-
ment group.l'?! In the UK Prospective Diabetes
Study (UKPDS), the incidence of hypoglycaemia in
insulin-treated type 2 diabetic patients was 2.3 epi-
sodes per 100 patient-years.[!2!]

Unawareness of hypoglycaemia occurs when
there are no warning symptoms prior to the onset of
cognitive dysfunction resulting in confusion and
coma.l'”? This phenomenon is associated with
delayed and reduced neuroendocrine responses to
falling blood glucose levels.'?*124 In the DCCT,
unawareness of hypoglycaemia was common, with
up to 36% of the hypoglycaemic episodes occurring
without symptoms.['?3 Risk factors for unawareness
of hypoglycaemia include a long duration of diabe-
tes, intensified glycaemic control, the presence of
autonomic neuropathy, pregnancy, increased age,
renal and liver impairment and use of -blockers,
which may mask the adrenergic symptoms of hy-
poglycaemia.l'?6! Hypoglycaemic unawareness can
be prevented by strict avoidance of hypoglycaemia,
which may restore counter-regulatory responses and
awareness of symptoms such as sweating and palpi-
tation as a result of the activation of the autonomous
nervous system.[1?”]
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1.7.1 Insulin

When human insulin was first introduced, the
increased number of reports of severe hypogly-
caemia associated with it was largely attributed to
the intensive glucose control associated with the
change in insulin regimen.!'”®) Compared with un-
modified human insulin, rapidly-acting insulin ana-
logues (e.g. lispro) reduce post-prandial glucose ex-
cursions and the incidence of nocturnal hypogly-
caemia.!'?*13% Insulin glargine, a long-acting insulin
analogue with a peakless concentration profile is
also associated with a lower risk of nocturnal hypog-
lycaemia compared with insulin suspension iso-
phane (neutral protamine Hagedorn [NPH] insu-
lin).31 In patients with type 1 diabetes, a basal-
bolus regimen with insulin glargine and insulin lis-
pro results in better glycaemic control and fewer
episodes of nocturnal hypoglycaemia than are ob-
served with insulin suspension isophane and un-
modified human insulin.!'*?! Lipoatrophy and Ili-
pohypertrophy due to long-term insulin injection
may also contribute to erratic glycaemic control and
hypoglycaemic episodes.!'33l These complications
can be prevented through patient education and the
use of alternating insulin injection sites.
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1.7.2 Sulphonylureas

Sulphonylureas bind to sulphonylurea receptors
on the B-cell membrane. This is followed by closure
of the adenosine triphosphate (ATP)-sensitive po-
tassium channels and membrane depolarisation,
which opens the voltage-gated calcium channels,
leading to an influx of calcium ions and the subse-
quent release of insulin.'*  The  older
sulphonylureas, such as chlorpropamide, have a
long half-life and are associated with a high risk of
hypoglycaemia, especially in elderly patients or pa-
tients with renal or liver impairment.!'>*! The sec-
ond-generation sulphonylureas, such as gliben-
clamide (glyburide), gliclazide, glipizide and gli-
quidone, have shorter half-lives. Glibenclamide,
which is commonly prescribed, has a prolonged
action due to active metabolites and is associated
with a higher incidence of hypoglycaemia than the
other new sulphonylureas.['*] The meglitinide ana-
logues, such as repaglinide and nateglinide, are new
insulin secretagogues, which bind to alternative sites
on the B-cell membrane and have been shown to be
associated with a lower risk of hypoglycaemia than
the older sulphonylureas.['**138] Since many lifes-
tyle factors, such as diet, weight changes, exercise,
concurrent medical conditions and medications, can
influence blood glucose levels, patient education,
self monitoring and regular clinical assessments are
important measures to reduce the risk of drug-in-
duced hypoglycaemia.

1.7.3 Drugs that Enhance the Effects of

Antihyperglycaemic Drugs

Other antidiabetic drugs, such as the biguanides
(metformin), PPAR-y agonists (thiazolidinediones)
and o-glucosidase inhibitors, do not have direct
effects on insulin secretion but may enhance the
glucose-lowering effects of insulin and the
sulphonylureas.!'*? According to a review article by
Chan et al.,” sporadic cases of hypoglycaemia
have been reported in association with a large num-
ber of drugs. These include B-blockers, salicylates,
phenylbutazone, monoamine oxidase inhibitors,
sulphonamides, trimethoprim, cotrimoxazole
(trimethoprim/sulfamethoxazole), the Hz receptor
antagonists and tricyclic antidepressants. The under-
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lying mechanisms of these adverse drug reactions
are not always clear and these reports highlight the
complexity of the regulation of glucose homeosta-
sis.°%! In addition, alcohol can precipitate or exacer-
bate drug-induced hypoglycaemia in the fasting
state by inhibiting gluconeogenesis and glycogenol-
ysis. On the other hand, when consumed with a meal
containing carbohydrates, alcohol is preferentially
metabolised, giving rise to higher post-prandial glu-
cose excursions.!140!

Ciclosporin, an inhibitor of cytochrome P450
(CYP) 3A4 and organic anion transporter 1B1, in-
creases the plasma concentration of repaglinide,
which is metabolised by CYP2C8 and 3A4, and thus
the risk of hypoglycaemia may be increased if these
drugs are coadministered.!'4!:142]

1.7.4 Renin-Angiotensin-Aldosterone
System Inhibitors

Based on a large number of randomised clinical
trials, treatment with inhibitors of the RAAS, in-
cluding the ACE inhibitors and angiotensin II recep-
tor antagonists (angiotensin II receptor blockers
[ARBs])), is associated with a reduced incidence of
new onset of diabetes compared with placebo or
other antihypertensive drugs.!'314! Apart from im-
proving vascular function and reducing insulin re-
sistance, the presence of the RAAS in the pancreatic
islets suggests that these drugs may have direct
beneficial effects on B-cell function.['*! Several
angiotensin receptor antagonists, including telmis-
artan and irbesartan, have a partial PPAR-y agonist
effect,l'*’! which may further enhance insulin sensi-
tivity.[148]

1.7.5 B-Adrenoceptor Antagonists (3-Blockers)
and Sympathomimetic Drugs

Insulin release is usually inhibited by the o-
adrenergic effects of catecholamines and facilitated
by their B-adrenergic effects.['>! The latter can stim-
ulate peripheral glucose production and lipolysis.
Except during times of stress, o-adrenergic effects
predominate over those due to B-adrenoceptor stim-
ulation.['! Thus, depending on the pharmacological
profiles and host response, B-blockers may cause
hyperglycaemia in predisposed patients or mask
symptoms of hypoglycaemia in diabetic patients
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treated with antihyperglycaemic drugs. Sporadic
cases of [-blocker-induced hypoglycaemia in
healthy individuals have been reported during exer-
cisel'*! and post-operatively,['3 both of which are
conditions that are associated with increased secre-
tion of counter-regulatory hormones.

Isoxsuprine and ritodrine are B-sympathomimet-
ics, which relax smooth muscle cells and are used to
halt premature labour. Due to their potential stimu-
latory effects on the pancreatic B-cells, there have
been cases of neonatal hyperinsulinaemic hypogly-
caemia in infants born to women treated with these
drugs.[31-1331 Hypoglycaemia following salbutamol
(albuterol) overdose has also been reported in some

paediatric patients treated with this drug for asth-
ma. 1541551

1.7.6 Antimalarial Drugs

The incidence of hypoglycaemia in patients with
falciparum malaria is high and can be either sponta-
neous or a result of antimalarial treatment.'>¢! Risk
factors include young age, pregnancy, renal failure
and severe infection.['’®) Antimalarial drugs such as
quinine, chloroquine, hydroxychloroquine and
sulfadoxine-pyrimethamine may stimulate insulin
release and lead to hypoglycaemia.[¢-161) However,
not all hypoglycaemia in patients with malaria is due
to antimalarial treatment. In a study of Malawian
children with severe falciparum malaria, hypogly-
caemia was associated with low plasma insulin
levels and elevated plasma levels of lactate, alanine
and 5’-nucleotidase.['®?) These findings suggest that
impaired hepatic gluconeogenesis may explain hy-
poglycaemia in patients who have not yet received
antimalarial drugs.

1.7.7 Pentamidine

Pentamidine is an antiprotozoal drug used in the
treatment of pneumocystis pneumonia in patients
with HIV that may cause acute pancreatitis.[103-163]
This can sometimes lead to cytolytic release of
insulin, which in turn results in hypogly-
caemia.['%-170 The latter may be followed by de-
struction of the pancreatic B-cells, insulin insuffi-
ciency and hyperglycaemia.l%167] Risk factors for
pentamidine-induced dysglycaemia include renal
impairment, resulting in drug accumulation, and
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severe clinical conditions complicated by shock and
hypoxia.l'’1731 Hypoglycaemia has also been re-
ported in association with inhaled pentamidine ther-
al:)y.[l74]

2. Drug-Induced
Electrolyte Abnormailities

2.1 Homeostasis of Fluid and
Electrolyte Balance

The kidney is a key organ in the regulation of
fluid and electrolyte balance, under the dual influ-
ence of the RAAS and antidiuretic hormone (ADH,
also know as vasopressin) [figure 2]. In response to
reduced renal blood flow, angiotensin II constricts
blood vessels and stimulates aldosterone release.
Aldosterone promotes sodium retention and urinary
potassium loss. The expansion of blood volume
restores renal perfusion pressure which suppresses
renin, thus completing the feedback loop. Drugs and
clinical conditions that reduce renal blood flow can
activate the RAAS causing hypokalaemia. These
include liver cirrhosis and nephrotic syndrome, due
to low albumin levels, and heart failure due to
reduced cardiac output.l'””!

ADH is produced by neurons that originate in the
supraoptic and paraventricular nucleus of the hypo-
thalamus and project through the pituitary stalk to
terminate in posterior pituitary gland. The hormone
exerts its biological action (reducing the urinary
flow rate and increasing reabsorption of solute-free
water) through vasopressin (V2) receptors located in
the distal and collecting tubules of kidneys. The
binding of ADH to V2 receptors increases the per-
meability of the tubular cells through activation of
aquaporin-2, a protein that forms the water channels
in tubular cells. The secretion of ADH is stimulated
by increased plasma osmolality, reduced circulating
blood volume and to a lesser extent, increased arteri-
al pressure, similar to that mediated by angiotensin
IL1761 In patients with diabetes insipidus due to
ADH deficiency, excessive urinary free water loss is
compensated for by increased fluid intake in re-
sponse to thirst sensation, the latter being regulated
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Fig. 2. Feedback control between the renin-angiotensin-aldosterone system and antidiuretic hormone in the regulation of electrolytes and
fluid balance. ACE = angiotensin converting enzyme; ADH = antidiuretic hormone; K = potassium; Na = sodium; T indicates increase; |
indicates decrease; + indicates positive effect; — indicates negative effect.

primarily by hypothalamic osmoreceptors and plas-
ma osmolality.

2.2 Drug-Induced Hyponatraemia
and Hypernatraemia

Hyponatraemia can be dilutional (excess water
retention) or depletional (excessive loss of sodium
with or without water) in nature. Table VI lists
examples of drugs that can cause hyponatraemia,
with their underlying mechanisms. Diuretics that
promote urinary loss of sodium are major causes of
depletional hyponatraemia. Thiazides, notably in-
dapamide, can cause severe hyponatraemia and hy-
pokalaemial!’7-180] by acting at the distal renal tu-
bules to enhance urinary loss of sodium and potassi-
um. Patients who have polydipsia and weight gain
appears to be the most at risk of thiazide-induced
hyponatraemia.['3!]

Loop diuretics act on the ascending limb of the
loop of Henle and inhibit both sodium and water
reabsorption.!'821 If water intake is high in the setting
of excessive urinary sodium loss induced by diuret-
ics, depletional hyponatraemia can occur. Compared
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with thiazides, loop diuretics are less likely to in-
duce severe hyponatraemia. This is due to the inhibi-
tion of sodium chloride transport in the loop of
Henle by loop diuretics, which prevents the genera-
tion of a counter-current gradient and thereby limits
the ability of ADH to induce water retention.['8?) As
a result, clinicians should consider other causes of
hyponatraemia before attributing it to loop diuretics.

Drug-induced causes of dilutional hyponatraemia
include the syndrome of inappropriate ADH
(STADH). Drugs can cause dilutional hyponatraemia
by enhancing ADH release or its effects (table VI).

Hypernatraemia may be caused by drug-induced
diabetes insipidus due to suppression of ADH secre-
tion (e.g. caused by lithium, carbamazepine) or
ADH deficiency (e.g. caused by lithium, demeclo-
cycline,  methoxyflurane, = amphotericin B,
rifampicin, cisplatin or foscarnet).['7®! Excessive de-
hydration is usually prevented by stimulation of the
thirst centre. Thus, hypernatraemia occurs only in
individuals in whom thirst sensation is impaired or
water access is not feasible (e.g. elderly patients or
those who have had a cerebrovascular accident).
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2.3 Drug-Induced Hypokalaemia
and Hyperkalaemia

Diuretics increase the delivery of sodium and
water to aldosterone-sensitive potassium secreting
cells in the collecting tubules and promote urinary
potassium wasting. Due to volume contraction,
these drugs also activate the RAAS and ADH secre-
tion, which may worsen electrolyte abnormali-
ties.['82] Indapamide, a thiazide-like diuretic, causes
severe hypokalaemia and hyponatraemia especially
in the elderly population.['® Laxatives also cause an
increased loss of potassium from the gastro-intesti-
nal tract. Laxative- and diuretic-induced hy-
pokalaemia are not uncommon adverse effects in
patients treated with slimming pills.[!83:184]

Some naturally occurring compounds or pharma-
cological agents decrease 11B-hydroxysteroid
dehydrogenase levels and give rise to hormonal
changes that mimic primary hyperaldosteronism, a
condition known as ‘apparent mineralocorticoid ex-

cess’.[18] Due to the similarities in the mineralocor-
ticoid and glucocorticoid metabolic pathways, 11-
hydroxysteroid dehydrogenase is produced by the
kidneys to inactivate cortisol by converting it to
cortisone.!'3¢! Naturally occurring liquorice, carbe-
noxolone (a synthetic derivative of glycyrrhizin
[glycyrrhizinic acid], which is a constituent of liquo-
rice) and some liquorice-containing chewing tobac-
cos can inactivate 11B-hydroxysteroid dehy-
drogenase.!3%1801 Ag a result, there is increased
binding of intra-renal cortisol to mineralcorticoid
receptors in the distal tubules, leading to excessive
water and sodium retention and urinary potassium
loss. Liquorice is a common ingredient in many
traditional Chinese herbal medicines and Chinese
chewing snacks.

In our body compartment, sodium is the main
extracellular cation and potassium is the main intra-
cellular cation. Thus, energy-dependent transmem-
brane cation exchange systems, such as the sodium-

Table VI. Examples of drugs and conditions that cause hyponatraemia

Cause

Examples

Nondrug-related dilutional hyponatraemia
Excessive water intake

Increased water resorption

Reduced renal excretion of water load
Drug-related dilutional hyponatraemia
Exogenous ADH

Cirrhosis, congestive heart failure, nephrotic syndrome
SIADH (can also be caused by drugs), glucocorticoid deficiency

Vasopressin used in the control of Gl bleeding; desmopressin used in

the treatment of diabetes insipidus, platelet dysfunction, nocturia

Drugs that cause inappropriate ADH secretion

Antipsychotics (phenothiazines, such as haloperidol, thioridazine),

antidepressants (tricyclic antidepressants such as amitriptyline;
monoamine oxidase inhibitors; SSRIs, such as fluoxetine and
sertraline), chemotherapeutic agents (vincristine, vinblastine, cisplatin,
cyclophosphamide), amiodarone, bromocriptine, nicotine,
methylenedioxymethamfetamine (‘ecstasy’), ciprofloxacin

Drugs that cause increased sensitivity to ADH in the collecting
tubular cells

Drugs that cause expression of increased numbers of ADH
receptors in collecting tubular cells

Nondrug-induced depletional hyponatraemia
Renal salt loss

Oxcarbazepine, carbamazepine

Chlorpropamide

Tubulointerstitial nephritis, polycystic kidney disease, analgesic

nephropathy

Gl salt loss

Skin loss

Drug-induced depletional hyponatraemia
Drugs that cause excessive urinary sodium loss

Fistulae

Thiazide diuretics, loop diuretics

ADH = antidiuretic hormone; Gl = gastrointestinal; SIADH = syndrome of inappropriate ADH; SSRIs = selective serotonin reuptake

inhibitors.
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potassium  adenosine triphosphatase  (Na-K-
ATPase), pump sodium out of the cells in exchange
for potassium influx, in order to maintain the correct
electrolyte gradient for normal cellular function.
Drugs that increase activity of the Na-K-ATPase can
lead to increased potassium entry into the cells and
cause hypokalaemia.l'8! These include catecho-
lamines, [P2-adrenoceptor agonists (such as
salbutamol, terbutaline or dopamine), insulin,
levothyroxine sodium (thyroxine) and theophyl-
line.!'88] These drug effects may be exacerbated in
stressful situations, such as acute coronary syn-
dromes and sepsis, which are associated with in-
creased endogenous production of catecho-
lamines. 18

Hyperkalaemia can be induced by drugs that
decrease Na-K-ATPase activity leading to potassi-
um leakage from cells. Non-selective B-blockers,
such as propranolol, selective Bi-blockers, such as
atenolol or metoprolol, digoxin (digitalis) over-
dose, ' calcineurin-inhibitors, diazoxide, minox-
idil, anaesthetics such as isoflurane, suxamethonium
chloride (succinylcholine chloride) and arginine can
cause hyperkalaemia via this mechanism.!'91:19%]

Drugs that induce aldosterone deficiency or resis-
tance can also cause hyperkalaemia. ACE inhibitors,
NSAIDs and ciclosporin can cause aldosterone defi-
ciency whereas amiloride, spironolactone, triamter-
ene, trimethoprim and pentamidine can induce al-
dosterone resistance, causing hyperkalaemia. Hy-
pertonic mannitol can induce hyperkalaemia
through elevation of plasma osmolality and potassi-
um efflux through a passive gradient and solvent
drag.l?! Since ADH promotes solute-free water
retention while aldosterone has effects on sodium,
water and potassium handling, patients receiving the
aforementioned medications may develop hypona-
traemia or hypokalaemia or both, depending on diet-
ary intake of sodium and potassium, concomitant
medications and clinical conditions. Other patients
at high risk for drug-induced electrolyte abnormali-
ties include those with renal artery stenosis or defec-
tive autoregulation, such as diabetic patients with
autonomic neuropathy. These conditions may coex-
ist in the same patient, such as elderly diabetic
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patients who have cardiovascular and renal compli-
cations and who are receiving multiple medica-
tions. 11931941

2.4 Other Drug-Induced
Electrolyte Abnormalities

Drugs that act on the renal tubules, such as loop
diuretics, can induce other electrolyte abnormalities,
e.g. hypomagnesaemia. In a review article,['*3 50
medications were listed that can cause hy-
pomagnesaemia. Of these, 17 drugs were considered
to be clinically important. These included cisplatin,
amphotericin B and ciclosporin. In patients receiv-
ing these drugs, routine monitoring of serum magne-
sium levels and prophylactic administration of mag-
nesium may be indicated.

3. Drug-Induced Abnormalities in
Calcium Balance

Calcium is a major intracellular signal that medi-
ates many biological actions; these actions are de-
pendent on the maintenance of a steady extracellular
calcium level. Over 98% of the body’s calcium store
and 85% of the phosphate are present in bone as
hydroxyapatite. In the plasma, about 40% of calci-
um is bound to albumin and 15% is associated with
phosphate, citrate or sulphate. The remaining 45% is
in the form of free (ionised) calcium, which is
physiologically active.[%¢

The extracellular or serum calcium level is tight-
ly regulated through interaction of the actions of
vitamin D and parathyroid hormone (PTH) on their
target organs, notably the intestine, kidneys and
bone (figure 3). A decreased level of ionised calci-
um stimulates the release of PTH. In the presence of
vitamin D, PTH increases the serum calcium level
by stimulating bone resorption and promoting the
release of calcium phosphate from bone. In the
kidneys, PTH increases the active reabsorption of
calcium and enhances production of
1,25-dihyhydroxyvitamin D3 (calcitriol). In the in-
testine, calcium absorption is augmented by calcitri-
ol. Collectively, these processes raise the serum
calcium level and restore homeostasis. Calcitonin is
synthesised and secreted by the parafollicular cells
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Fig. 3. Schematic diagram of (a) vitamin D metabolism and (b)
calcium metabolism showing the tight regulation of serum calcium
levels through interactive effects of parathyroid hormone and vita-
min D on the bone, intestine and kidneys. Gl = gastrointestinal;
T indicates increase.

of the thyroid gland in response to high calcium
levels. Calcitonin antagonises the actions of PTH,
although its effects are only transient.!!?7!

Vitamin D3 (colecalciferol) is from dietary
sources or synthesised in the skin is hydroxylated
first in the liver and then in the kidney to form the
most active form of vitamin D, calcitriol. Under the
influence of calcitriol and PTH, calcium is reab-
sorbed from the renal tubules to regulate the serum
calcium level. In patients with renal failure, in
whom the synthesis of calcitriol is impaired, normal
serum calcium levels are maintained by secondary
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hyperparathyroidism, which may result in hypercal-
caemia due to tertiary hyperparathyroidism.!7]

A variety of drugs can cause imbalances between
bone mineralisation and resorption, as well as be-
tween calcium absorption and excretion. Drug-in-
duced hypercalcaemia is more likely to occur in
immobilised patients, and in those with malignant
conditions or renal impairment, whereas drug-in-
duced hypocalcaemia may occur in institutionalised
or malnourished patients.[!%%]

3.1 Drug-Induced Hypocalcaemia

3.1.1 Antiepileptic Drugs

Patients receiving long-term antiepileptic treat-
ment are at risk of developing vitamin D deficiency.
Phenytoin, carbamazepine and phenobarbitone in-
duce up-regulation of hepatic microsomal enzymes,
which increase the turnover of 25 hydroxyvitamin
D. The reduction in calcitriol causes hypocalcaemia,
resulting in secondary hyperparathyroidism.['’! The
lack of vitamin D impairs the ability of PTH to
normalize the serum calcium level. Eventually, pa-
tients may develop antiepileptic-induced bone dis-
ease, which is characterised by marked elevation in
levels of serum alkaline phosphatase and rickets or
osteomalacia.(?%

3.1.2 Bisphosphonates

Bisphosphonates are potent inhibitors of osteo-
clastic activity and thereby reduce the serum calci-
um level. Indications for bisphosphonate therapy
include hypercalcaemia of malignancy and treat-
ment of osteoporosis and multiple myeloma.l?!l
Bisphosphonates are also used in prophylaxis
against metastatic bone disease and for the treatment
of Paget’s disease of the bone. Bisphosphonates are
usually well tolerated, with minor adverse effects of
transient arthralgia or flu-like symptoms. These
drugs are rapidly excreted via the kidney and toxici-
ty may occur in the patients with renal failure.
Zoledronic acid is a new intravenous
bisphosphonate, which is about 1000 times more
potent than pamidronate, alendronate or etidronate.
Cases of severe hypocalcaemia have been reported
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in association with intravenous zoledronic acid ther-
apy.[202.2031

Because of a compensatory increase in the secre-
tion of PTH, most patients receiving intravenous
bisphosphonate therapy do not develop hypocal-
caemia. In patients with occult vitamin D deficien-
cy, hypomagnesaemia or renal failure, compensato-
ry mechanisms may not be effective.?*+2%1 Hence,
in patients with normocalcaemia or hypercalcaemia
with low urinary calcium excretion, caution should
be exercised to prevent hypocalcaemia during intra-
venous bisphosphonate therapy.

3.1.3 Miscellaneous

Tonised calcium levels may be reduced by in-
creased calcium deposition in the tissue or by in-
travascular binding. The use of phosphate enema for
the treatment of faecal retention has been associated
with hyperphosphataemia and hypocalcaemic teta-
ny.[2062071 Calcium is deposited with phosphate in
the bone and in extra-skeletal tissues, resulting in
hypocalcaemia. In patients receiving massive blood
transfusions, rapid plasma exchange or leukapher-
esis, the large amount of citrate may chelate calcium
and reduce ionised calcium levels.?%! Hypocal-
caemia is also a known complication of chelation
therapy. Deaths associated with hypocalcaemia have
been reported in patients who developed cardiac
arrest after receiving edetic acid (disodium
ethylenediaminetetraacetate [NaoEDTA]) for the
treatment of lead poisoning.”® In patients with
refractory cytomegalovirus and herpes infections,
the use of the antiviral agent foscarnet has been
associated with hypocalcaemia.?!!

Magnesium depletion causes PTH resistance and
reduced PTH secretion, resulting in hypocalcaemia.
Hypomagnesaemia is a known complication in pa-
tients receiving diuretics.?'! In addition, aminog-
lycosides?!!! and cisplatin can cause urinary magne-
sium wasting, thereby causing hypomagnesaemia
and sometimes hypocalcaemia.?!?!

In patients with ethylene glycol poisoning, ethy-
lene glycol is metabolised to oxalate. Widespread
deposition of calcium oxalate in various organs
leads to reduced levels of ionised calcium, resulting
in hypocalcaemia.?’¥ Other examples of drugs that
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are associated with hypocalcaemia include colchi-
cine,?'¥! which is postulated to cause inhibition of
bone resorption,?!>! and intravenous diltiazem.[?!6]

Other conditions that can cause hypocalcaemia
include hypoparathyroidism (e.g. resulting from de-
struction of the parathyroid glands by irradiation or
from a failure of parathyroid development), in-
creased uptake of calcium into the bone (e.g. hungry
bone syndrome following surgical treatment of pro-
longed hyperparathyroidism) and abnormal vitamin
D metabolism (e.g. renal failure and following acute
pancreatitis).198!

3.2 Drug-Induced Hypercalcaemia

With the widespread use of automated multi-
channel analysers, hypercalcaemia is a common in-
cidental finding. The major causes of hypercal-
caemia are malignancy and hyperparathyroidism,
which can be differentiated by their clinical
presentations and the measurement of PTH
levels.?'1 Drugs are another important cause of
hypercalcaemia. Enhanced calcium absorption and
increased bone turnover is evident in patients taking
high doses of either vitamin D or calcifediol
(calcidiol) and the topical vitamin D analogue, calci-
potriol (calcipotriene), for skin lesions.!8] Hypervi-
taminosis A2"! or the use of tretinoin (retinoic acid)
for the treatment of acne and certain haematological
malignancies??®! can cause hypercalcaemia by in-
creasing bone resorption. Thiazide diuretics stimu-
late renal tubular calcium reabsorption and may lead
to hypercalcaemia, especially in patients with risk
factors such as immobilisation or subclinical
hyperparathyroidism.?!7!

Excessive intake of calcium, in the form of calci-
um carbonate, may lead to hypercalcaemia,??!l al-
kalaemia, nephrocalcinosis and renal failure. The
incidence of hypercalcaemia appears to be increas-
ing as more people take calcium supplements for
osteoporosis, peptic ulcers, gastritis, gas-
troesophageal reflux and chronic kidney disease.!???!

Lithium treatment may cause hypercalcaemia by
altering the set point at which calcium suppresses
the secretion of PTH.??¥ Increased SNS activity due
to over-treatment with levothyroxine sodium or
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sympathomimetics, such as theophylline, stimulates
osteoclastic bone resorption and cause mild hyper-
calcaemia, which may be attenuated by B-blocker
treatment. 224225

4. Drug-Induced Thyroid Disorders

4.1 Regulation of Thyroid Metabolism

Thyroid hormones are the only iodine-containing
hormones in vertebrates. The synthesis of thyroid
hormones is dependent on the intake of iodine (or
iodide [I-], in its ionised form), as this the rate-
limiting substrate in the process. lodide uptake into
thyroid follicular cells is the first step in thyroid
hormone synthesis. After iodide enters the thyroid, it
is oxidised by thyroid peroxidase, and this is fol-
lowed by iodination of thyroglobulin, resulting in
the formation of the mono- and di-iodotyrosines.
Two iodotyrosines are coupled to form thyroxine
(T4), whilst triiodothyronine (T3) can be formed by
the coupling of one mono-iodotyrosine and one di-
iodotyrosine within a thyroglobulin molecule. How-
ever, most T3 is produced by extrathyroidal de-
idination of T4.[22¢)

Without iodine, there is no synthesis of the thy-
roid hormones. Thyroid hormone synthesis can be
transiently blocked by the inhibitory effect of high
dose iodide on intrathyroidal iodine uptake; the so
called Wolff-Chaikoff effect.??”! However, with
continued exposure to excess iodide, there is usually
escape from this effect. This is due to decreased
transport of iodide into the thyroid by the sodium/
iodide transporter, thereby lowering intracellular io-
dide levels to those that are insufficient to maintain
the inhibitory effect.[?28:2%9]

The thyroid hormones secreted from thyroid
gland are over 99% protein-bound, with T3 being
less tightly bound than T4.23% Only free thyroid
hormones are biologically active. Thyroid hormones
exert their end-organ effects through binding to nu-
clear receptors, with T3 having 10-15 times greater
affinity than T4. Conversion from T4 to T3 in periph-
eral tissues is mediated by 5’-monodeiodinase. The
actions of this enzyme can be affected by many
medications (table VII). Thyroid hormone synthesis
and secretion is under feedback control by thyrotro-
pin (TSH) released from the pituitary gland. Hence,
drugs that modify TSH secretion may also affect
thyroid function. The symptoms of thyrotoxicosis,
such as palpitation, tachycardia, hypertension,

Table VII. Examples of drugs affecting thyroid function and their underlying mechanisms

Mechanisms

Examples of drugs

Decreased TSH secretion

Dopamine, glucocorticoids, somatostatin, levothyroxine sodium (thyroxine) or any

exogenous thyroid hormones, amiodarone

Increased TSH secretion

Intrinsic effects on the thyroid and thyroid hormone
synthesis

Antipsychotics, metoclopramide, theophylline

Amiodarone, lithium, organic iodine, radiographic contrast agents, amfetamine,
thionamides, thalidomide, interferon-a,, traditional Chinese herbal medicines with

high iodine content

Decreased peripheral tissue conversion from T4 to
T3

Decreased TBG binding

Increased TBG binding

Amiodarone, propranolol, glucocorticoids, sodium iopodate, iopanoic acid

Androgens, glucocorticoids, diuretics (very large intravenous dose)
Estrogen therapy or estrogen-containing oral contraceptives, tamoxifen, heroin,

methadone, phenothiazines

Altered TBG binding
Interference with assays of thyroid function tests

NSAIDs, phenytoin
Monoclonal antibodies, tiratricol (triiodothyroacetic acid [TRIAC]), levothyroxine

sodium or its analogues

Altered hepatic metabolism of thyroid hormones

Phenytoin, phenobarbital, carbamazepine, rifampicin, any drugs that can increase

the activity of cytochrome P450 enzymes

Decreased absorption of T4 (of clinical relevance in Calcium carbonate, cholestyramine, colestipol, aluminium hydroxide, ferrous

hypothyroid patients who need regular T4
replacement therapy)

sulphate, sucralfate, dietary soy proteins and fibres

TBG = thyroxine-binding globulin; TSH = thyrotropin; T3 = triiodothyronine; T4 = thyroxine.
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sweating and diarrhoea, are mediated through acti-
vation of the autonomic nervous system. Medica-
tions, including B-blockers, may mask the symp-
toms of thyrotoxicosis and lead to delayed or missed
diagnosis.?3!

4.2 Drug-Induced Hyper-
and Hypothyroidism

4.2.1 Thionamides

The thionamides are the main antithyroid drugs,
and these include propylthiouracil, carbimazole and
methimazole (an active metabolite of carbimazole).
These drugs inhibit thyroid peroxidase and thus, the
synthesis of the thyroid hormones.[?3!]

4.2.2 Amiodarone

Amiodarone therapy can cause both hyper- and
hypothyroidism.!?3?! This drug is widely used as a
class III anti-arrhythmic drug and has a high iodide
content (75mg per 200mg tablet). After hepatic me-
tabolism, about 6mg of iodine per 200mg of ami-
odarone is released into the circulation.?33! This is
compared with the WHO recommendation of a daily
iodine intake of 150ug for adults.””**) Hence, ami-
odarone significantly increases the body iodine load.
Dietary iodine content partly predicts amiodarone-
induced thyroid dysfunction, with hypothyroidism
being more common in iodine-sufficient areas and
hyperthyroidism being more common in iodine-de-
ficient regions.!?3%2%1 This reflects the fact that the
clinical effects of amiodarone and iodine in an indi-
vidual depend on the underlying status of the thyroid
gland. Excess iodine causes hypothyroidism due to a
transient inhibitory effect on intrathyroidal iodine
uptake. Populations with chronically high iodine
intake have a higher prevalence of autoimmune thy-
roid disease.[”®”1 Such patients with underlying
autoimmune thyroid disease appear to be particular-
ly sensitive to the inhibitory Wolff-Chaikoff effect
and are sometimes unable to escape from these
inhibitory effects. As a result, excess iodine or ami-
odarone will result in increased goitre and hypothy-
roidism in patients with Hashimoto thyroiditis. Con-
versely, in patients from areas of iodine deficiency
who have endemic goitre, iodine and amiodarone
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administration may result in hyperthyroidism. 23

This effect is also seen in patients from iodine-
sufficient areas who have nodular goitre containing
autonomously functioning thyroid nodules, and is
due to increased substrate provision after escape
from the Wolff-Chaikoff effect (type 1 amiodarone-
induced thyrotoxicosis).[?*® In addition, amiodarone
can also cause a destructive thyroiditis, thereby
causing transient thyrotoxicosis (type 2 amiodarone-
induced thyrotoxicosis).[23%]

Amiodarone can also induce hypothyroidism by
inhibiting 5’-monodeiodinase resulting in a de-
creased T3 level,?*® by reducing T3 binding to its
receptor, by antagonising the effects of the thyroid
hormones?*% and by suppressing TSH secretion. All
of these mechanisms contribute to the wide range of
thyroid dysfunction associated with amiodarone
therapy.

4.2.3 Lithium

Lithium is used as treatment for manic-depres-
sive disorders. Due to its inhibitory effect on thyroid
hormone synthesis, it was used as an anti-thyroid
drug in early 1970s.1%3 It is still occasionally used
as a second-line therapy or an interim measure
before definitive treatment in thyrotoxic patients
who are allergic or not responsive to thionamides.
Approximately 1-3% of patients treated with lithi-
um develop goitre, typically diffuse, with or without
thyroid dysfunction.*”! Lithium has multiple ac-
tions resembling those of iodine, but the exact mech-
anisms of lithium-induced thyroid dysfunction re-
main to be clarified. Lithium can block thyroid
hormone release from thyroglobulin,**!! inhibit
adenylate cyclase and prevent TSH or thyroid stimu-
lating antibodies from activating thyroid cells via
the TSH receptor.?*?! As with amiodarone, lithium
may precipitate or adversely affect thyroid function

in individuals with autoimmune thyroid diseas-
[243]
es.

4.2.4 Levothyroxine Sodium (Thyroxine) and
its Analogues

Levothyroxine sodium is used as replacement
therapy in patients with hypothyroidism. However,
due to its weight-loss effect, levothyroxine sodium
and its analogues or metabolites (e.g. tiratricol
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[3,5,3’-triiodothyroacetic acid or TRIAC], a physio-
logical metabolite of T3) have been used for slim-
ming purposes, often by young women.?** Al-
though T3 has been used by some doctors to treat
obesity, this clinical approach remains controver-
sial.?*3] Since levothyroxine sodium and tiratricol
can cross-react with T3 assays,**¥l the possibility of
inappropriate use of levothyroxine sodium or its
analogues should be considered in patients with
spurious thyroid function tests.

4.2.5 Traditional Chinese Herbal Medicines

Goitre and hypothyroidism due to iodine defi-
ciency are a worldwide health problem, particularly
in iodine deficient areas. Some traditional Chinese
herbal medicines with claims to treat thyroid disease
have a high iodine content, which can induce thyroid
dysfunction.*¢) In patients with thyrotoxicosis who
are refractory to thionamide therapy despite good
drug compliance, the concomitant use of iodine-rich
substances should be considered. These include
traditional Chinese herbal medicines or foods with
high iodine contents (e.g. seafood, seaweeds, fish),
which are not uncommonly taken by patients who
may mistakenly think that dietary iodine insufficien-
cy is a contributory factor for their conditions.

4.2.6 Interferon-o.

Interferon-o can induce both hyper- and hypo-
thyroidism, with the latter being more common,
especially during treatment for chronic hepatitis C
infection.”*"! Interferon-o-induced thyroid dysfunc-
tion is usually transient, although prolonged effects
have been reported.!>*®! The exact mechanism is not
fully understood. In addition to direct effects on the
thyroid gland, interferon-ow can lead to increased
levels of anti-thyroid antibodies and expression of
major histocompatability class I antigens.

5. Drug-Induced Gonadal Dysfunction
5.1 Reproductive Physiology and the
Hypothalamus-Pituitary-Gonadal Axis

In women, normal ovulation and menstruation
requires intact functioning of the hypothalamus and
pituitary, as well as the ovaries and endometrium
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(figure 4a). Gonadotropin-releasing hormone
(GnRH), secreted in a pulsatile manner, is transport-
ed via the portal circulation to the pituitary. In
women, the secretion of GnRH is under negative
feedback control by estrogen and progesterone, and
is also regulated by other neuropeptides, such as
prolactin and serotonin. Follicle-stimulating hor-
mone (FSH) promotes ovarian follicular maturation,
whereas lutenising hormone (LH) stimulates pro-
duction of estrogen and plays an important role in
ovulation. During follicular growth, the granulosa
and thecal cell layers in the ovary work in synchrony
to produce estradiol from the steroid precursor
pregnenolone, a process stimulated by LH. A posi-
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Fig. 4. Regulation of the hypothalamic-pituitary-gonadal axis in the
(a) female and (b) male. CRH = corticotropin-releasing hormone;
E2 = estradiol; FSH = follicle-stimulating hormone; GnRH =
gonadotropin-releasing hormone; LH = lutenising hormone; P =
progesterone; T = testosterone; — indicates inhibitory effect; + indi-
cates stimulatory effect.
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tive feedback mechanism is present whereby LH
and FSH surge mid-cycle in response to increasing
estrogen secretion, leading to ovulation. LH then
promotes the production of progesterone from the
corpus luteum following ovulation. In addition to
estradiol, the ovary produces androgens and proges-
terone, a process involving the conversion of a cho-
lesterol substrate to pregnenolone via multiple en-
zyme pathways that are regulated by gonadotropin
stimulation.

A similar pathway operates in men (figure 4b),
whereby testicular function is regulated by LH and
FSH from the pituitary. FSH stimulates spermato-
genesis and plays an indirect role in androgen bio-
synthesis by inducing maturation of the Leydig cells
during development. LH acts on the Leydig cells to
promote androgen synthesis from cholesterol steroid
precursors. A feedback loop operates whereby the
pituitary and hypothalamus are under negative feed-
back control by androgens produced in the Leydig
cells and inhibin from the seminiferous tubules, as
well as positive control via the production of activin.

Sexual development is regulated by activity of
the hypothalamus-pituitary-gonadal axis, whereby
an increase in episodic secretion of GnRH and in-
creased secretion of gonadotropins in puberty trig-
ger progressive development of secondary sexual
characteristics and initiate spermatogenesis in men
and ovulation in women.

Whilst estradiol is the predominant female sex
hormone and testosterone is the predominant male
hormone, low levels of androgens are also present in
women and similarly, estrogens in men. Androgens
are produced in both the adrenal glands and the
gonads. Subsequent peripheral conversion produces
17B-estradiol from testosterone and estrone from
androstenedione. Thus, in men, estradiol arises from
plasma testosterone, and estrone is derived from
andostenedione, with some direct secretion of these
estrogens from the testes.[**”] Imbalances between
these hormonal factors can manifest in disorders
such as gynaecomastia.

In addition to affecting the hypothalamus-pituita-
ry-gonadal axis, drugs can interfere with sexual
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function by altering libido and other physiological
functions. Libido, or sex drive, is influenced by sex
hormones and emotions. Sexual arousal leads to
erection in men and swelling of the vagina, labia
minora and clitoris in women. The control of erec-
tion and the corresponding female changes involve
vascular changes that are mediated by parasympa-
thetic and sympathetic outflow to the peripheral
organs. The brainstem and spinal cord, where the
neurons that innervate the cardiovascular system
and penis arise from, play an important role in this
circuit.?® The dopaminergic and serotoninergic
pathways, as well as neurotransmitters such as
noradrenaline, acetylcholine and GABA, are also
involved. Nitric oxide is the key molecule in the
final pathway in this process, whereby, upon its
release from endothelial cells and neurons, it acts as
a vasodilator causing penile engorgement and erec-
tion.>>!]

5.2 Drug-Induced Alterations in
Gonadotropin Secretion

Disorders of the reproductive axes can be due to
drugs affecting pituitary hormone secretion, gonadal
function or the relative balance of androgens and
estrogens. Long-acting GnRH analogues are used in
the treatment of precocious puberty, endometriosis,
and prostate and breast carcinoma. These drugs
abolish the pulsatile GnRH stimulation, leading to
pituitary desensitisation with reduced gonadotropin
and sex hormone production. Hence, treatment with
these drugs may lead to menopausal symptoms,
reduced libido and osteoporosis in female patients or
impotence and reduced libido in male patients.!>>?!
Chronic glucocorticoid excess can inhibit LH and
FSH secretion, resulting in reduced spermatogenesis
or ovulation and lowering of gonadal sex hormone
levels.[?331 Anti-androgens, such as cyproterone, in-
hibit the action of adrenal and testicular androgens
by competitive antagonism at the target organ recep-
tors. Their progestogenic activity also reduces
gonadotropin secretion leading to gynaecomastia,
reduced testosterone levels and sperm count.?>#
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Table VIII. Differential diagnosis of gynaecomastia

Cause Examples
Nondrug-related
Physiological Puberty (onset at adolescence), idiopathic

Hypogonadism (low testosterone levels)

Estrogen, hCG or aromatase-producing tumours
(Testrogen ltestosterone ThCG levels)

Endocrine disorders

Cirrhosis (TSHBG levels)

Renal failure ({testosterone; TLH, FSH levels)
Obesity

Klinefelter's syndrome (TFSH, LH; ltestosterone)
Drug-related

Drugs that increase estrogenic activity

Drugs that stimulate estrogen secretion

Drugs that reduce the effects or synthesis of testosterone

Primary (history of injury to the testicles?), secondary (history of pituitary
disease?)

Testicular cancer, adrenal cancer, lung cancer

Thyrotoxicosis, acromegaly, androgen insensitivity due to androgen
receptor defects

Conjugated and synthetic estrogens, digoxin (digitalis), oral
contraceptives

Anabolic steroids, hCG, LHRH, menopausal gonadotropins

Antiandrogens (e.g. cyproterone, flutamide, finasteride), cimetidine,
cytotoxic agents, spironolactone, phenytoin, ketoconazole, reserpine

Drugs that cause gynaecomastia by an unknown mechanism Calcium channel antagonists, methadone, marijuana, methyldopa

FSH = Follicle-stimulating hormone; GH = growth hormone; hCG = human chorionic gonadotropin; LH = lutenising hormone; LHRH =

lutenising hormone release hormone; SHBG = sex hormone-binding globulin; T indicates increase; | indicates decrease.

5.3 Chemotherapy-Induced
Gonadal Dysfunction

Cytotoxic chemotherapy and radiotherapy can
cause significant gonadal damage in both men and
women.?! The risk is particularly high with alky-
lating agents such as cyclophosphamide,
chlorambucil, procarbazine and busulfan. Cisplatin-
based chemotherapy causes temporary azoospermia
in most men, with recovery to normospermia in 80%
by 5 years.?>® Qvarian failure occurs in at least 50%
of women treated with alkylating agent monother-
apy. 257

5.4 Environmental Toxin-Induced
Endocrine Disruption

Both naturally occurring phytoestrogens®3! and
synthetic compounds, such as organochlorine pesti-
cides, polychlorinated biphenyls, phenolic com-
pounds and phthalate esters, may mimic the actions
of sex hormones and interfere with the reproductive
axes.[292611 Such ‘endocrine disruptors’ may pos-
sess estrogenic or anti-androgenic properties and
have been implicated in male fertility disorders,

© 2007 Adis Data Information BV. All rights reserved.

congenital malformations of the reproductive tract
and early onset of puberty in children.?¢?

5.5 Drug-Induced Virilisation

In utero exposure to androgens can lead to mas-
culinisation of the female fetus. Exposure to excess
androgens during development can lead to preco-
cious puberty in children.?¥ Increased androgen
levels in women can result in hirsutism, clitorome-
galy, deepening of the voice and increased muscle
development. Anabolic steroids are known to cause
interrupted growth and virilisation in children, birth
defects in the unborn child and severe virilisation in
women.?*! In men, these drugs can cause testicular
atrophy and reduced gonadotropin and testosterone
levels.[2%41 Similar effects are observed with agents
such as danazol, stanozolol, methyltestosterone2%3!
and, to a lesser extent, oxandrolone.2¢¢!

Hyperandrogenism and chronic anovulation are
common endocrine abnormalities that affect women
of reproductive age. Some of these women fulfill the
diagnostic criteria for PCOS and may have polycys-
tic ovaries upon ovarian ultrasonography.®”l The
use of anticonvulsants, such as valproic acid (sodi-
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um valproate), has been associated with the devel-
opment of PCOS, although the mechanism is not
entirely clear.[?68]

5.6 Drug-Induced Gynaecomastia

Gynaecomastia is the enlargement of the male
breast due to increased glandular and stromal tis-
sues. It usually results from an imbalance between
the effects of testosterone and the estrogens. Com-
mon conditions and drugs that cause gynaecomastia
are listed in table VIIL

5.7 Drug-Induced Hyperprolactinaemia

Secretion of prolactin from the anterior pituitary
is usually inhibited by the hypothalamic
dopaminergic system and stimulated by the ser-
otonergic system. Prolactin secretion can also be
stimulated by thyrotrophin-releasing hormone, as
seen in hypothyroidism. Estrogens also act directly
on the pituitary to enhance prolactin secretion. Ele-
vated levels of prolactin impact the reproductive
axes by altering LH-releasing hormone and gonado-
tropin production and by interfering with the actions
of LH and FSH. Clinical manifestations include
galactorrhoea, amenorrhoea and infertility in wo-
men, and impotence and loss of libido in men. A
variety of drugs can cause hyperprolactinaemia,

predominantly by inhibiting the action of dopamine,
and possibly via enhancing the effect of serotonin in
the hypothalamus (table 1X).[2%!

5.8 Drug-Induced Alterations in
Sexual Function

Drugs can affect sexual function by altering libi-
do, which may be secondary to changes in sex
hormone levels or through direct effects on
neurochemical pathways, mood or physiological
changes relevant to penile erection.”’") Agents with
such effects in men include antipsychotic drugs,
antidepressants, lithium!?’%?7! and antihypertensive
agents such as [B-blockers, diuretics and centrally
acting sympathetic antagonists.”’?! Few data are
available regarding adverse effects of antihyperten-
sives on sexual function in women, although
clonidine, methyldopa, guanethidine and reserpine
may have such effects.”?” Disorders that reduce
nitric oxide synthesis or release in the erectile tissue
commonly manifest as erectile dysfunction.?”! In-
creased understanding of the pathophysiology of
erectile dysfunction has led to development of phar-
macological agents, including phosphodiesterase-5
inhibitors (e.g. sildenafil), for the treatment of erec-
tile dysfunction.?’4

Table IX. Examples of conditions and drugs that cause hyperprolactinaemia

Cause

Examples (diagnostic features)

Physiological

Prolactin-secreting adenoma
Lesions of the hypothalamus or pituitary

Hypothyroidism (TTRH)
Chronic renal failure

Idiopathic

Drug-related

Dopamine receptor antagonists

Catecholamine inhibitors

Drugs that cause hyperprolactinaemia by a miscellaneous or
unknown mechanism

Pregnancy (positive pregnancy test), lactation (resolves after
cessation of lactation), stress

Hypothalamic lesions (diabetes insipidus is often present), lesions of
the pituitary stalk (hypopituitarism), non-functioning pituitary tumours
(hypopituitarism and mass effect), acromegaly (elevated GH, IGF-I
levels)

Phenothiazines, haloperidol, domperidone, metoclopramide,
risperidone, sulpiride

Reserpine, methyldopa

Verapamil, cimetidine, opioids, estrogens

GH = growth hormone; IGF-1 = insulin-like growth factor-I; LH = lutenising hormone; TRH = thyrotropin-releasing hormone.
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6. Diagnostic Approaches in
Endocrine Disorders

Endocrine disorders can arise from imbalances
amongst numerous hormonal factors. These distur-
bances may be due to endogenous processes, such as
increased secretion from a tumour, or exogenous
drug administration. Since many hormones are se-
creted in a pulsatile manner, confirmation of hyper-
or hyposecretion often requires stimulation or sup-
pression tests, e.g. a dexamethasone suppression test
for suspected Cushing’s syndrome or a synacthen
test for suspected hypoadrenalism. This is followed
by further investigations to identify the cause. Using
Cushing’s syndrome as an example, having exclud-
ed exogenous corticosteroid ingestion, excess en-
dogenous glucocorticoid production is confirmed by
a lack of suppression of production by exogenous
dexamethasone. This is then followed by other tests,
including measurement of corticotropin levels,
which will be elevated in individuals with pituitary
lesions or suppressed in those with adrenal le-
sions.273]

In general, increased hormone levels may be due
to abnormal secretion from endocrine tumours,
which can be localised using imaging studies or
other such techniques. Hormone deficiency states
may be due to destruction of the endocrine gland by
tumours, infection, irradiation, autoimmunity or ge-
netic defects resulting in inadequate hormone pro-
duction or actions. In addition, disorders of hormone
receptors or hormone transport and metabolism can
result in endocrine disorders. Thus, endocrine disor-
ders are unique, in that all disorders are diagnosed
mainly on the basis of measurement of hormone
levels. This has important implications in the diag-
nosis of drug-induced endocrine or metabolic disor-
ders, which usually mediate their effects by altering
hormone levels or their regulation. Thus, in estab-
lishing a diagnosis of drug-induced endocrine disor-
der, a careful drug history, with particular emphasis
on the temporal relationship between drug ingestion
and disease presentation, is extremely important.
Sometimes, drug withdrawal followed by rechal-
lenge may be needed to establish the diagnosis.
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Another diagnostic pitfall that is unique to drug-
induced endocrine disorders is the ability of drugs to
interfere with diagnostic tests, including the mea-
surement of hormone levels, thus giving rise to
erroneous results or misdiagnosis. For example,
carbamazepine interferes with the measurement of
urinary cortisol levels by high-performance liquid
chromatography methods?’®! and agents such as
tiratricol can interfere with the measurement of thy-
roid hormone levels.?*! A large number of drugs,
such as antidepressants, antipsychotic agents,
levodopa, methyldopa and labetalol, are known to
interfere with the measurement of urinary catecho-
lamine or metanephrine levels, which are commonly
used to screen for the presence of phaeochromo-
cytomas.[?’7281 Other examples include enhanced
metabolism of dexamethasone by CYP450-inducing
drugs such as isoniazid, phenytoin and
carbamazepine, leading to false-positive dex-
amethasone suppression tests in the diagnostic eval-
uation for Cushing’s syndrome.?”!

7. Conclusion

Endocrine and metabolic disorders are common
conditions observed in both inpatient and outpatient
settings. Although diabetes and thyroid diseases ac-
count for the majority of patients with endocrine
disorders, other conditions such as pituitary or adre-
nal diseases carry significant morbidity and mortali-
ty. Many asymptomatic conditions such as abnor-
malities of electrolyte levels or thyroid function tests
are frequently encountered as part of routine clinical
assessments. Drug-induced disturbances of carbo-
hydrate metabolism are commonly encountered by
clinicians, and of particular importance given the
current epidemic of obesity and diabetes. As illus-
trated in this review, many drugs have potential
adverse effects on various components of the endo-
crine system. Thus, clinicians should be alert to the
possibility of drug effects when evaluating patients
with endocrine disorders. Many patients with endo-
crine or metabolic diseases require long-term medi-
cations, including hormone therapy. Understanding
the complexity of these hormonal pathways and
their interactions with host responses and drug ac-
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tions should not only improve clinical management
but also alert clinicians to aberrant observations,
which may bring new insights into the regulation of
the neuroendocrine systems.
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