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Fig. 12.15 The: anacomic location of chc· adrt:Ilal glands ancl chl' 

organization of their blood supply. Note that the arterial supply is 

via many small arceries which originate from chc: aorta. The venous 

drainage is via a large ctncral vein char empties inco the: inferior 

vena cava. 
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TABLE 19-2 Major Adrenocortic.o1.l Abnormalities 

---- ~-------

ABNORMAUII' 

£Tces.o; aldosterone 

Excr.ss cortisol 

Excess androgen 

Deficient cortisol and altlosknm1' 

Deficien l cortisol 

l_c____ __ 

CONDITION CAUSE SYMPTmLS 

Conn's .;yndrome (primary 
hypera!dosteronism) 

Secondary hyperaldosteronism 

Cushing's syndrome 

Adren --genital syndrome 

/\tl (lis, :11 's Jisc<l.'S'-.' (pri!lJJ.ry 
adrcn~. cortical instlfficiency) 

Scc(Jn'.i<:1ry adrcrtocortical 
i r 1511 fflciency 

Hypersecreting tumor or 

zona glomerulosa 

Inappropriately high activity 
of renin-angiotensin system 

Excess CRH and/or Acn-J 

caused by hypothalmic or 

anterior pituitary d[sease; 

~yp~!::~C!"~~\ng ti..!!!!Or Qf 
inne, layerst,f adrenal 
cortex;ACTH-secreting 

tumor in lu ·1s 
Lack of emyme in cortisol 

pathway 

Destruclion or idiopalh ic 
atrophy of adrenal cortex 

Insufficient i\Clll caused by 
hypolh~lamic or anterior 
pituitary fai.ure 

Hypernatremia; 
hypokalemia; hypenension 

Glucose excess; protein 

shortage; abnormal fat 

distribution 

Inappropriate 
masculinization in all but 

adult males 

Rcloted to cortisol 
deficienq•; poor response to 
stress; hypoglycemia; leek of 

penmissivene.<;S lor many 

metabolic activities 

Related to aldosterone 

deficiency; hyperkalemia; 

hyponatremia; hycotension 

(if severe enough, fotal) i. 
r 
I 
.I.-

I 

' """7'T ____ j 
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Adrenal androgens (DHEA -and androstenedi­
one). DHEA ·and androstenedione are andro­
genic steroips produced by the :iona reticularis. 
These compounds have only weak androgenic 
activ~ty, but in the testes, th~y are converted 
to testosterone, a more potent androgen. The 
precursors for the adrenal. androgens are 17-
hydro: .. :yp:-egnenolone and 17-hyc~rox-yprogester­
one, which are· converted to androgens by re­
moval of the C20,21 side ch~lir1In' males, adrenal 

. . 
androgens are. of little significance; the testes 
prod~ce th~ir own te~tosterone from choles­

.· terol and do not.require thE. adrenal precursors 
.·: _·: .:·.: ---~. In females, ho·.vever, the adre­

nal cortex is the major source of androgenic 
compounds. 

Actlons of Adrenal Androgens 

, Females: prescncG of pubic "nj 
: : . · ~Jqary hair; libido . · 
:Males: same as tes-tosterone 

~ . . 



URE 9-21. Blosynthetlc pathways for glucocorticoids, mlneralocorttcolds, and androgens in the adrenal cortex. ACTJ-!. adreno­
icotropic hormone. 

Actions of Adrenal Androgens 

Females: presence of pubic and 
axillary hair; libido . . . . ... 

Males: same as testosterone 

J 
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Biosynthetic pathway for androgens and estrogens. In the adrenal, the sequence does not 
usually proceed all the way to testosterone and the estrogens, which are the gonadal hor· 
mones. Because the cells of the zona glomerulosa lack 17o:-hydroxylase, these reactions can 
occur only in the inner zones. 
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Figme 77-4 Aldosterone-responsive epithelial cell signaling p3th­
ways. ENaC. epithelial sodium channel proteins; MR, mineralo­
corticoid receptor. Activation of the MR by aldosterone can be 
am<Jgonized with spironolactone. Amiloride is a drug that can 
be used to block ENaC. 
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The most important stimuli for aldosterone are 
(1) increased extracellular potassium concentration and 
(2) increased angiotensin II levels, which typically occur in 
conditions associated with sodium and volume depletion 
or low blood pressure. The increased secretion of aldoster­
one associated with these conditions causes renal sodium 
and water retention, helping to increase extracellular fluid 
volume and restore blood pressure toward normal. 

In the absence of aldosterone, as occurs with adrenal 
destruction or malfunction (Addison's disease), there is 
marked loss of sodium from the body and accumulation 
of potassium. Conversely, excess aldosterone secretion, as 
occurs in patients with adrenal tumors (Conn's syndrome), 
is associated with sodium retention and decreased plasma 
potassium concentration due, in part, to excessive potas­
sium secretion by the kidneys. Although day-to-day reg­
ulation of sodium balance can be maintained as long as 
minimal levels of aldosterone are present, the inability to 
appropriately adjust aldosterone secretion greatly impairs 
the regulation of renal potassium excretion and potas­
sium concentration of the body fluids. Thus, aldosterone 
is even more important as a regulator of potassium con­
centration than it is for sodium concentration. 
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Figure 26.7 Relation of a nephron's structure to its three basic functions: glomerular filtration, tubular reabsorption, and 
tubular secretion. Excreted substances remain in the urine and subsequently leave the body. For any substance S, 
excretion rate of S = filtration rate of S - reabsorption rate of S + secretion rate of S. 

~ Glomerular filtration occurs in the renal corpuscle; tubular reabsorption and tubular secretion occur all along 
the renal tubule and collecting duct. 
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Angiotensin II Increases Sodium and Water 
Reabsorption. Angiotensin II is perhaps the body's most 
powerful sodium-retaining hormone. As discussed in 
Chapter 19, angiotensin II formation increases in circum­
stances associated with low blood pressure and/or low 
extracellular fluid volume, such as during hemorrhage or 
loss of salt and water from the body fluids by excessive 
sweating or severe diarrhea. The increased formation of 
angiotensin II helps to return blood pressure and extra­
cellular volume toward normal by increasing sodium and 
water reabsorption from the renal tubules through three 
main effects: 

1. Angiotensin II stimulates aldosterone secretion, which 
in turn increases sodium reabsorption. 

2. Angiotensin II constricts the efferent arterioles, which 
has two effects on peritubular capillary dynamics that 
increase sodium and water reabsorption. First, effer­
ent arteriolar constriction reduces peritubular capil­
lary hydrostatic pressure, which increases net tubular 
reabsorption, especially from the proximal tubules. 
Second, efferent arteriolar constriction, by reducing 
renal blood flow, raises filtration fraction in the glo­
merulus and increases the concentration of proteins 
and the colloid osmotic pressure in the peritubular 
capillaries; this increases the reabsorptive force at the 
peritubular capillaries and raises tubular reabsorption 
of sodium and water. 

3. Angiotensin 11 directly stimulates sodium reabsorp­
tion in the proximal tubules, the loops of Henle, the dis­
tal tubules, and the collecting tubules. One of the direct 
effects of angiotensin II is to stimulate the sodium­
potassium ATPase pump on the tubular epithelial cell 
basolateral membrane. A second effect is to stimulate 
sodium-hydrogen exchange in the luminal membrane, 
especially in the proximal tubule. A third effect of angio­
tensin II is to stimulate sodium-bicarbonate co-transport 
in the basolateral membrane (Figure 27-17). 

Thus, angiotensin II stimulates sodium transport 
across both the luminal and the basolateral surfaces of the 
epithelial cell membrane in most renal tubular segments. 
These multiple actions of angiotensin II cause marked 
sodium and water retention by the kidneys when angio­
tensin II levels are increased and play a critical role in 
permitting the body to adapt to wide variations in sodium 
intake without large changes in extracellular fluid volume 
and blood pressure. 
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Figure 27-17 Direct effects of angiotensin II (Ang II) to increase 
proximal tubular sodium reabsorption. Ang II stimulates sodium 
sodium-hydrogen exchange (NHE) on the luminal membrane and the 
sodium-potassium ATPase transporter as well as sodium-bicarbonate 
co-transport on the basolateral membrane. These same effects of 
Ang II likely occur in several other parts of the renal tubule, including 
the loop of Henle, distal tubule, and collecting tubule. 



FIGURE 33.8 The formation of angiotensins I, 
II, and Ill from angiotensinogen. 
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Angiotensin III is as potent a stimulator of aldosterone secre­
tion as angiotensin II. 
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Figure 11.15. Simplified pathways for the synthesis of 
steroid hormones in the adrenal cortex~The adrenal cortex 
produces steroids that regulate Na+ and K+ balance. 
(mineralocorticoids), steroids that regulate glucose balance 
(glucocorticoids), and small amounts of sex steroid ----
hormones. 
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TABLE 5-3: Physiologic Actions of Glucocorticoid Hormones 

1. Carbohydrate Metabolism: stimulates slucorwogcnesis; increases glycogen content in liver. 
and glucose wncentralions in blood; may also decrease peripheral utilization of glucose. · 

2. Protein Metabolism: induces marked losses of nitrogen in urine as protein is catabolized to .>{-X-'\" 

form glucose. 

3. Fat Metabolism: increases total body fat at the expense of protein; leads to centripetal 
redistribution of fat. 

4. Water Metabolism: enhances water diuresis by preserving the rate of glomc.:ular filtration. 

5. Hematologic Effects: decreases lymphocytes, basophils, and eosinophils; increases 
neutrophils; total white blood cell count rises slightly; red blood cell count rises. 

6. Central Nervous System Effects: may control threshold for electrical excitanility of the 
brain; psychiatric disturbances are common with both lack and excess of cortisol. 

7. Gastrointestinal Ejfects: production oi gastric acid increases and pepsin decreases; the 
tendency for peptic ulcer formation increases with increasing concentration of cortisol in 
plasma. 

8. Bone Metabolism: high levels inhibit formation of protein matrix of bone; this may lead to 
demineralization of the bone and osteoporosis. 

9. Cardiovascular System: mair,tains sensitivity to pressor effects of catecholc:.nbes. 

10. Mesenchymal System: alters connective tissue response to injury, namely, decreased 
hyperemia. exu'datio~, and cellular infiltration. This illustrates the antiinflammatory action 
of glucocorticoid. hormones. 

11. Immunologic Effects: high concentrations of glucocorticoids in blood lyse fixed plasma cells 
and lymphocytes, thereby decreasing antibody production. 
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"'"" -·Role of the fetal cortex. In vitro studies of primate adrenals and 
estimation of steroids in umbilical venous blood showed that the 
fetal adrenal is capable of steroid production at an early stage of 
gestation!Glucocorticoids_in the fetusare involved in a number 
of important processes: 

r Production of surfactant from type II cells of the alveoli of the 
lung-a lack of which leads to the respiratory distress syndrome 
in newborn infants. 
2 Development of hypothalamic function and of the thyroid­
pituitary axis. 
3 The sequential changes of placental structure a..1d in the ionic 
composition of amniotic and allantoic fluids during develop­
ment. 
4 They are most important in the initiation of the endocrine 
changes of the fetus and mother which are responsible for par­
turition. 
5 The development of hepatic enzymes, including those in­
volved in gluconeogenesis. 
6 Induction of thymic involution. 
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TABLE 9-11. Actions of Adrenocortical Steroids 

Actions o( Glucocorticoids 

Increase gluconeogenesis 
Increase proteolysis (catabolic) 
Increase lipolysis · 
Decrease glucose utilization 
Decrease insulin sensitivity 
Anti-inUammatory 
Immunosuppression 
Maintain vascular 

responsiveness to 
catecholamines 

Inhibit bone form;:t;·m 
Increase GFI< 
Decrease RE~l sle~p 

Actions of Mineralocorticoids 

Increase Na • reabsorption 
Increase K • secretion 
Increase H• secretion 

Actions of Adrenal Androgens 
' 

Females: presence of pubic and 
axillary hair; libido 

Males: same as testosterone 

-...._ 

( 

l 

_} .J .::1 
·-:; .,, 
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Tissue 

Central nervous 
system 

Cardiovascular 
:system 

Gastrointestinal 
tract 

Liver 
Lungs 

Pituitary' 

Kidney 

Bone 

Muscle 
' . 

. . -~ ; ; 

IInn1une 
syste:n (sec 
. text) 

Connective . 
tissue. 

Effects 
:-'•:. ,. . '.' ,, .. -. 

Taste, hearing, and smell Tin acuity with 
.. adrenal l:ortical insuf1icicncy and 1 in 
Cushing's di.\e;1se 

l Corticotropi11-l'l'k;l.,ing hormone (Sl'C text) 
l ADH ~l·crcrion 
Mainrain sensitivity to l'pim·phrinl.! and 

norepinl·phrinc 
T Sl.!nsi ti vi ty to va.\Ol"l"Hlstrictor agcn t.~ 
Maintain 111icrocircul.ation . , .1 :' • · 

T Gastric acid si.!Crl.!tion ; , . ·, . . , 
, •• r J, . 

. . 1 Gastric mucosal cell proli!cr.~tion 
T Gluconcogcnc.:sis i : . . .,,,. 

T Matur.Hion and .surf.1cranc production during. 
fecal dcvl·lopmcnc . : •,::: . · .' .. 1·.: , •.. 

l ACTH secretion (acute) 'and 'syntheSis .·; · ... ~· 
.. . !,~ , ' , ··~\-.··· r ·,'~ ~ ,· 

(chrome) .... ···· . . . ' 
·i • 

TGFR .'•i;,-'' :·,,,,, .... 

Needed to excrete dilute urine ·, .::1' ·: · 

T Resorption ·• · ·:._'/. 
.l Form;1cion .; ··.''-\·· . 
1 Fari1:,'Ue (probJbly secondary, t(),· car~iovascular 

JCtions) .·, . '; ... 
T Protein C;jt,lbobm · · 
l Glucose oxidation 
! Insulin Sl'll\itivity 
l Protein synthc~i\ 
l M;m of thrmm and lymph nodl·s 
l Blood <.:onceJllr;l(ions of cosinophil.s, ha~ophils, 

·and lymphocyte:; :, ... 
l Ccllubr immunity ".:, . . ·-:,;.·,:• .. ·.·· 
1 Activity offibrobiJsc.~ ·.!i··.:.::.·:.·:r.·· ·· 1 .· 

l Collagen synthc.:sis ; · :· .. ,·.!,' 

ADH, antidiuretic hormone; ACrJ·l, iidrcnocorticotropic hormone; 
GFf{, glomerular filtration rate. · 

' 
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: • Cortisol (very' potent.' accounts for about 95 per: cen~-- ~f a~-:· 
, · , -glucocorticoid activity) '.t:.::-:l:i:~·-~{;-::. ,, ,·. !"· , 
!'/.::.: i · · Corticosterone (provides about 4 per cent of. totaL•glucocorti- •\' ~ 
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FIGURE 49-5. Rhythm of ACTH and cortisol The conicotrophs release ACTH in a circadian rhythm, greater in the early morning, h,,urs 
and less late in the afternoon and early eYening. Superimposed on the circadian rhythm is the effect on the conicotrophs ,,f th.: pulsatile 
secretion of CRH by the hypothalamus. Thus, ACTH levels exhibit both circadian and pulsatile beha,ior. Notice that. 3ichough b,,th 
ACTH and cortisol are secreted episodically, the duration of the ACTH bursts is briefer, reOecting the shorter half-life of .-\CTH •n plasma . 
. -\CTH, adrenocorticotropic hormone: CRH, corticotropin-releasing hormone. (Data from Wilson JD et al: Williams Textbl'L'k ,,f Endc'cri­
nology. Philadelphia, \VB Saunders, 1998.) 
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Fig. 3·5 A comparison of conisol and of aldosterone. Glucocorticoid 
activity was measured as ability to increase glycogen in the liver: cortisol 
is very potent in this assay. Mineralocorticoid effects were measured in 
terms of the ability to red ucc the ratio of the excretion of sodium to the 
excretion of potassium in urine; aldosterone is much more potent. 
However, since the rate of secretion of cortisol is much higher, it can 
have signii;cant mincralocnnic.>id effcsts (seed and c). 
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Fig. 12.16 (a) A diosrammaric 

representation of a section 
through rhc cortex and 
medtdla of the adrenal gland. 
Note rile three zones of the 

adrenal conex, the cells of 
which secrete steroid hor­

mones. (b) The appearance of 

srcroid-sccrcring cells. {c) A 
sing lc carcchol ami nc-secrering 
chromaffin cell. 

·--- ----.-.......... . -·-· 
The adrenal cortex 

There are three morphologically distinct zones of cells within 

the adrenal cortex (fig. 12.16). These arc the outer zo11a glo!llem­

losc~ (occupying around 10 per cent of rhc adrenal cortex), rhc 
zo11a jclScimlatct (around 7 5 per cent), and rhe ZO!Itl retiw!ttris, 

which lies closest ro the aclrcnal mecl ulla~fhc zona reticularis 
clocs not differentiate fully until between 6 ancl S years of age. In 

the aclult glancl, the cells of rhe glomerulosa continually mig rare 

clown through the zona fasciculata to the zona rericularis, 

changing their secretory parrcrn as chcy go. The purpose of chis 
m igracion is nor clear. 
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Smnll·bodicd neurons In the nrcuntc 
nucleus nnd mcdinn eminence ·•., 
synthesize and sccn~te thyrotropin· 
releasing he:nnonc (TRH).1,' · · ~ ;: · ____ --..:;:::~ 

Colloid 

FIGURE 48-9. The hypothalamic-pituitary·th)•roid axis. Sm.all-bodied neurons In the .arcuate nucleus and median eminem:c or the hypothalamus 
secrete thyrotropin-releasing hormone (TIU 1), a tripeptide that reaches the th}•rotrophs in the omterior pituitnry via the long ronal \'eins. TRH binds to 
a G protein-coupled receptor on the thyrotroph membrane, triggering the DAG!lP, pathway, lc;~ding lO protein phosphorylation :md raising /Cal•·],. 
These pathways stimulnte the thyrotroph!'io to synthesize and release thyrotrophin (or thyroid-stimulming hormone ITSHJ), which is a 28-kDa 
glycoprotein stored In sccrclOry gr.~nulcs, The TSII bi11Us to receptors on the hasolateral mcmbrnne of thyrOid follicular cdls, stimulating Ger .. which in 
tum activ:ues adenylyl cyclase and raises !cAMPI,. As outlined in figure 18-3, TSH stimulates a number of steps in the synthesis and release ofT, 
and T1• Inside the pituitary, the type-2 fom1 of 5'13'-monodciodinasc con\'erts T4 to T1, which negati\'ely feeds back on the th}'mtrophs as well as on 
the TRH-secretmg neurorts. Somatostatin and dopaminc-rclcasctl by hypothalamic neurons-inhibit TSH release and thus can innuence the ~set 
point~ at which TSH is rc\c:1scd in response to :1 g•vcn amount ofT 1 in the pituitary. AC, adenylyl q·.;l:~sc: ATP. adenosine triphosphnle; cAMP, cyclic 
adenosine monophosphatc; DAG. diat:ylglycernl; 11\, inositol triphosphate; PKC, protein kinase C; PLC. phosph\1\ipasc C. 
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FIGU:Rfi: 40·5 TSH actions on the thyroid cell. Cyclic adenosine monophosphate (cAMP) along 
with calcium ions (Ca • •) and phosphoinositol products act as second messengers generated by 
TSH binding to its receptor. All steps in thyroid hormone production, as well as many aspects of 
thyroid cell metabolism and growth, aie stimulated by TSH. 

L 



a l 'rti I U a ± c':aenoau.+&'rt l •c SW!i--"#M<UeyJ.ssit!Mti¥t§IIR¥1/i'ififfi'i?f)I~T.~"l:W 14! ;s ~'•'t·'- tr fan: 
THYROID 

... ~-- ..... a ... .... ,,,,._._,u•v• extracts from 
.. - .,. · · ~ cj concen.trates) 

1 

. ··\ 
\ 

(0-·:~:i:~J~Z~!,Kl''CQ· ~~~:fosf:ff!/f:;ijs~\\ 
.ao'u/1:' . . . . .. . . . . \ 

Sy fl ,.,,~ks o(JIQtnlll gutatlon., the tlan4l ts /.ch . · . -• ' 
ap.blt ff s,nttlcsJ'Iln9 l\lld secttilft9 ibytoi.t hCir• . V · PAR~O..~~.'~LAR . 
;lflftlt Witt: 41\t sthnulttS oFtht wtol hypothalaii'I._S t . U.S . 
I Jlcf ,,.ftlj,, 9ffrl4·1bls ec\titt ··~ls IS tequiltd ~ ul~ .!, rf''p~A•-..: ~wJI 
,u'bttq.-f, ftwtY\11 \p1ffytuil'lt icvtlopJ1'•ft\ rW""'' 

~!I \J!ftnumcl shlc1•, btt"c11A\t 'Witi.t htr . . 

1\\JfSWit~o,.e;f!«JVIfs pit~o~Ttt.'I~J ttJtttufaf'ing homtoflt C<'ft cros.s the p!ocerrf.a. 
. . -- ."i_··-.·:·· _,e'~~ ··""'' . _-· .·-·--~-~-.. ·~-·:.·: 

. I 

!· 

t 
) ' 
~-

I 
r. 
I, ,.: 
' 



/Thyroid gland 

Follicular -.selL 

Colloid ~-----_. ...... 
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FIGURE 48-1. Structure of the thyroid gland. The thyroid gland is 
located anterior to the cricoid cartilage in the anterior neck. The gland 
comprises numerous follicles, which are filled with colloid and lined by 
follicular cells. These follicular cells are responsible for. the trapping of 
iodine and the synthesis of thyroglobulin, which contains thyroid hor­
mone as part of its primary structure. These cells also secrete thyroglob­
ulin-the major protein of the thyroid colloid-into the lumen of the 
follicle. The thyroglobulin protein that is stored in the follicular lumen 
contains numerous iodinated tyrosines and thyronines, which are deriva­
tives of the amino acid tyrosine. On command, the follicular cells take 
up the thyroglobulin and release the thyroid hormones triiodothyronine 
(T 3) and thyroxine, or tetraiodothyronine (T4), into the blood. 
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Figure 76-3 Chemistry of thyroxine and triiodothyronine formation. 
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FIGURE 48-2. The structure of thyroxine (T,), triiodothyronine (T,), 
and reverse T3 (rT3). I. T: and rT, afl are products of the coupling, of_ 
two iodinated trosine derivatives .. only T,. and T 3 are biologically ac­
tive, and T3 is ar more active than T~ because of a hi3her affinity for 
thyroid hormone receptors. Reverse T 3 fonns as om iodine is removed 
from' the inner benzyl ring (labeled "A .. ) o.f Tot; rT3 is present in approxi­
mately equal·molar amoums wilh T3 . However, rT3 is csscmially devoid 
of biologic activity. As shov.rn in the bottom panel, T4 is part of the 
peptide backbone of the thyroglobulin molecule, as arc T3 and rT3. 

Cleavage of the two indicated peptide bonds would release T1 . J 
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FIGURE 32.4 The metabolism of thyroxine- Deiodinase type 1 (01) deiodinates thyroxine (T J at the 5' position to 
form triiodothyronine (T3), the physiologically active thyroid hormone. Deiodinase type 3 (03) also enzymatically deiodinates 
some T4 at the 5 position to form the inactive metabolite, reverse T3• T3 and reverse T3 undergo additional deiodinations to 
3,3'-diiodothyronine before being excreted. A small amount ofT. is also decarboxylated and deaminated to form the 
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FIGURE 32.4 The metabolism of thyroxine. Oeiodinase type I (01) deiodinates thyroxine (TJ at the 5' position to 
form triiodothyronine (T3), the physiologically active thyroid hormone. Deiodinase type 3 (03) also enzymatically deiodinates 
some T4 at the 5 position to form the inactive metabolite, reverse T3• T3 and reverse T3 undergo additional deiodinations to 
3,3'-diiodothyronine before being excreted. A small amount of T4 is also decarboxylated and deaminated to form the 
metabol!te, tetra iodoacetic acid {tetracl. Tetrac may then be deiodinated before being-eXcreted. 
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Figure 76-2 Thyroid cellular mechanisms for 
iodine transport, thyroxine and triiodothyro­
nine formation, and thyroxine and triiodothyro­
nine release into the blood. DIT, diiodotyrosine; 
~-11T, monoiodotyrosine; NJS, sodium-iodide 
~ymporter; RT 

3
, reverse triiodothyronine; \. tri­

IOdothyronine; r •. thyroxine; T G' thyroglobulin. 

I~ 
I( Na+ 
c) ) 

Ml:,~ 
T 4 Proteases• Colloid 

droplet 

MIT 
DIT 

F---T3 
RT3 
T4 

Storage of Thyroglobulin. The thyroid gland is 
unusual among the endocrine glands in its ability to store 
large amounts of hormone. After synthesis of the thyroid 
hormones has run its course, each thyroglobulin mol­
ecule contains up to 30 thyroxine molecules and a few 
triiodothyronine molecules. In this form, the thyroid hor­
mones are stored in the follicles in ~n amount sufficient to 
supply the body with its normal requirements of thyroid 
hormones for 2 to 3 months. Therefore, when synthe­
sis of thyroid hormone ceases, the physiologic effects of 
deficiency are not observed for several months. 

Each molecule of thyroglobulin contains about 70 
tyrosine amino acids, and they are the major substrates 
that combine with iodine to form the thyroid hormones. 

, But onlv 4 to_ 8 of these are normally incorporated into thyroid hormone~: 
·- -·· 
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FIGURE 32.3 Thyroid 
hormone synthesis and 
secretion. (See text for details.) 
ATPase, adenosine triphosphatase; 
DIT, diiodotyrosine; ER, endoplasmic 
reticulum; MIT, monoiodotyrosine; 
NIS, sodium iodide symporter; T3, 
triiodothyronine; T4, thyroxine; TPO, 
thyroid peroxidase. Modified from­
Larson PR, Davies TF, Schlumberg 
M-J, Hay ID. Thyroid physiology and 
diagnostic evaluation of patients 
with thyroid disorders. In: Larson 
PR, Kronenberg HM, Melmed S, 
Polonsky KS, eds. Williams 
Textbook of Endocrinology. lOth 
Ed. Philadelphia: Saunders, 2003. 
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FIGURE. 48-3. The follicular cell and its role in the S)1llhcsis of thyroxine (T~) <1nd triiodothyronine (Tl). The synthais and release ofT~ and T3 
occurs in Sc\'cn steps. Inside the fo\licubr cell, a deiodinasc convcns some of -the T. to T1. Thyrotropin (or thyroid-stimulating honnonc [TSHJ) 
stimulates each of these steps except step 2 In addition, TSH exerts a growth factor or hypcrpl;~stic cfrcct on the follicular cells. DIT, diiodotyronine; LIT, monmod01yroninc. 
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Blood Follicular epithelial cell Follicular lumen 

lu}JIIIin. 

A 
' FIGURE 9-16. Steps Involved In the •ynthesls of thyroid hormones In thyroid foUicut.. cells. Circled numbers correspond to steps :; .'~ 

discussed In the text. DIT, dllodotyroslne; ER, endoplasmic reticUlum; MIT, monolodotyroslne; PTU, propylthiouracil; TG, thyroglobulin; j 
T3, triiodothyronine; T4, thyroxine. 
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• Table 53-1 Thyroid hormone turnover ' .· i . 
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T4 T3 rT3 
i .· .. 

Daily production (J.Lg) _ 90 35 35 ~ 
Fr~>IJ1JbY!()J.d (%) 100 25 - - 5. 0, 
From T4 (%) - 75 . 95.7 

Extracellulel!"_g_ooL(IJ,.g}_~---- ........ 850 40 40 
Plasma concentration .. 

Total (JJ.g/dl) 8.0 0.12 0.04-( · 
Free (ng/dl) 2.0 0.28 -. -. 0.20 v q. 

Half-life (days) 7 1 0.8 · -17. · 
Metabolic clearance (Uday) 1 . --~~. _ 77 
Fractional turnover per day(%) 10 · . 75 . 90 
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99.5% is bow1d to 
TBG (thyroxin­
binding globulin). 

- Blood 
~-plasma 

99.98% is 
bound to TBG. 

5 · /3 · monodeiodinase 
activity removes the 5' 
iodine, converting T4 to T3• 

T4 and T3 enter the cell 
either by diffusion or by 
carrier-mediated transport. 

• .•. _ ..... / ... Nuclear 
/ envelope· 

---- Na-K pump 
I Gluconeogenic enzymes 

~- Respiratory enzymes 

I~ Myosin heavy chain 

I ~ adrenergic receptors 

I Many others 

FIGURE 48-5. Action of thyroid hormones on target cells. Free extracellular thyroxine (T4) and triiodothyronine (T3) enter the target cell either by 
diffusion or by carrier-mediated transport. Once the T4 is inside the cell, a cytoplasmic 5'/3'-monodeiodinase converts much of the T4 to T3 , so that 
that cytoplasmic levels of T4 and T3 are about equal. Both T4 and T3 enter the nucleus. Thyroid hom1one receptors bind to DNA at thyroid response 
elements in the promoter region of genes regulated by thyroid hormones. The binding of T3 or T 4 to the receptor regulates the transcription of these 
genes. The receptor preferentially binds T3. T:herefore, of the total thyroid hormone bound to receptor, approximately 90% is T3 . The receptor that 
binds to the DNA is preferentially a heterodimer of the thyroid hormone receptor and· retinoid X receptor. Thyroid hormone promotes the 

...... 

transcripti·on of genes encoding a wide range of proteins. mRNA, messenger RNA. _...,.-· 
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Concentration (J.!mol/1) Binding affinity Actual binding 14 (%) Actual binding 1
3 

(%) 

,1BG - 0.3 Very hiqh - 75 75 

~~Albumin 640 ::.-.,,- ~,,_<,~_,, •:!:Very low •v £~ 

~«£~~A_- · 5.0 ... : ---·~y;:(rl_?~ .. ~ ,-.- 3.,-~ 15 o -. ~~· 
. .. · , ..... .;-

;:. <~~-:~ .·-
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~'-TBG =thyronine-binding globulin; TBPA =thyroxine-binding pre-albumin ,-,~.::- .: 
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9t'S again'\ acute changes itt_ thyroid gland .function. 
Even the sudden addiHc.n to \he. phnrnu of an entire 
day's thyroid glL\1'\o output :would cause bn'f 'a 10% 
it'lcrtaH lfl \hei to'tal T4 concc>ntraticn. Afflv re.rnc.~\lal 
.oftht 9land, n WO\AicitC\Ite"1\eaT\y 1 woekf«+ht-p\!ls-
'mc\ rq.t.6ntentta\ion io {a\\ 50%, .Second, by bindil'\9. 
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FIGURE 40-8 Overall schema of thyroid hormone effects. The upper portion represents Intra· 1 

cellular actions; the lower portion, whole body effects. 
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TABLE 32.1 The Physiological Actions 
of Thyroid Hormones 

Development of CNS 

Body growth 

Basal energy economyof 
the body· 

Intermediary metabolism · 

Thyroid~stimu!ating hormone 
.· (TSHl secretion·· 

Inhibit nerve cell replication 
Stimulate groWth of nerve cell bodies 
Stimulate branching of dendrites 
Stimulate rate of axon myelinization 

Stimulate expression of gene for GH in-- · 
somatotrophs 

Stimulate synthesis of many structural and 
enzymatic proteins 

Promote calcification 6f bones 

Regulate basal rates of oxidative phosphOry­
lation, body heat production, and oxygen 
consumption (thermogenic effect) 

· Stimulatesynthetic and degradative path-. 
ways of carbohydrate, lipid, and protein 
metabolism 

lnhib,itTSHTecretion .·.by decreasingsensitiv­
itY of thyrotrophs to thyrotropincreleasing 
horrnone (TRH) . ·. 

CNS, central nervous system; GH, growth h6rrnone, 

...... ,. 
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Table 13-6 
summary of the Effects of Thyroid 
Hormones 

1,. Stimulate calorigenesis in most cells 
2- Increase cardiac output 

Increase rate of cardiac contractions 
Increase strength of cardiac contractions 

.·. · <J ,. Increase oxygenation of blood 
ltf.f.i·'f:.:~V~•{ii Increase rate of breathing 

; 

i 
' 

Increase number of red blood cells in the 
circulation 

tt __,Effects on cattbohycb:ate metaloomm 
Promote glycogen formation m lliver 
Increase glucose uptake into adipose and. 

k-·~ .... muscle 
;-"Effects on lipid turnover 

Increased lipid synthesis 
Increased lipid mobilization 
Increased lipid oxidation 

6- Effects on protein metabolism 
; .. j Stimulate protein synthesis 

1 1 - Promote normal growth 
: Stimulate growth hormone (GH) secretion 
i 

Promote bone growth 
Promote lGF-I produclion by liver 

i 't #' Promote development and maturation of 
I nervous system· 

Promote neural branching 
Promote myelinization of nerves 
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TABLE 9-8. Factors Affecting Thyroid 

Hormone Secretion 

Stimulatory Factors 

TSH 
Thyroid-stimulating 

immunoglobulins 
Increased TBG levels 

(e.g., pregnancy) 

·~ 

Inhibitory Factors 

I- deficiency 
Deiodinase deficiency 
Excessive I- intake (Wolff-Chaikoff 

effect>) 
Perchlorate; thiocyanate (in hi bit .I­

pump) 
Propylthiouracil (inhibits peroxidase 

enzyme) 
Decreased TBG levels (e.g., liver 

disease) 

r·~ 
I 

l i 

·J 
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Figure 76-5. Approximate relationship of thyroid hormone (T4 and T3) 

daily rate of secretion to the basal metabolic rate . 
. -~--- ... ..--~-------~--·_,,_._.,... ___________ . ·-··- -~------~ 

--· - --------------L Effect on Basal Met-.bolic Rate. Because thyroid hor· 
mone increases metabolism in almost all cells of the body, __ -
excessive quantities of the hormone can occasionally in· 
crease the basal metabolic rate to as much as 60 to 100 per 
cent above normal. On the- other hand, when no thyroid 
hormone is produced, the basal metabolic rate falls almost 
to half normal; that is, the basal metabolic rate be-
-comes -30 to -60, as discussed in Chapter 72. Figure 76-6 
shows the approximate relationship between the daily sup• 
ply of thyroid hormones an"d the basal metabolic rate. Ex­
treme amounts of the hormones are required to cause very 
high basal metabolic rates. 



* Multiple<.D hormones, including growth 
hoctmone (GHj,insuJin - like gro'1D factors 
(IGF-Iafnd -II), insulin, thyroid hormones, 
glucocorticoids2 andr~ens & estffigens 
contribute to the growth process in humans. 
Among these , GH & IGF-I have been 
implicated as the major determinants of 
growth in normal postuterine life. 

* Thyroid hormones are essential in normal 
amounts for growth; excess does not produce 
overgrowth as with GH, but causes increase 
catabolism of proteins & other nutrients. 

* Thyroxine at normal concentrations has 
permissive effect on the action of GH on 
protein synthesis in its absence aminoacids 
uptake & protin synthesis are not much 
stimulated. 

* Reduced thyroid activity in ehildhood 
produces dwarfs who are mentally retarded, 
whereas reduced GH in childhood produces 
dwarfs with normal intelligence. 
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{{:MUltiple hormoneS, · induding gro~h hcictp~;:;~or GH)v~rsulin-li~rowth 
tactor~ (t~ l and -ll~nsulin, tpyrmd hon\lones, glucocorticoi~s~ ndro­
gens,_ and strogens contribute to the growth ~rocess m humans. Among 
"these, GH and IGF-l have been implicated as the major determinants of 
growth in normal pospnerine lifeJl However, deficiencies· (or exc;:esses) of 
each of the other hormones can seriously affect the normal growth of the 
musculoskeletal system as well as the growth and maturation of other 
tissues. 
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UNDERACTIVITY of THYROID 
If the THYROID shows atrophy of its secretory cells or is inadequately 

stimulated by the Anterior Pituitary:-

FALL (or.absen011:) LESS (or no) 
ofTJ.IVROID THYROID 

/HORMONES\ HORMONES\ 
1 in blood 1 1 enter blood • 

I 1 I m dczprass ' 
I : activrty of \ 

I \ ,J;, I ANTERIOR I 

I 1-1 \'l! ' PITUITARY 1 

\ ttTS:t.Z'tTSH ,t 
\ L~Y!!§ff!ln.tl , 1 ~ 

, tisS~iiii701Yl~i ,' ~ ', to ~ ......... _~_ .. .,..., 4ody 
.... ___ .SllM WG IJOt!IMONE 7i&sves 

• 

Insufficient HORMONAL SECRETION 
released to Blood Stream. 

-TISSUE OXIDATIONS are depressed. 
ie. Rate al; which eel Is use IZnergy is 
rttduced. · ' · · · 

~ Thtt Basal Metabolic Rate falls. · 
-Less Heat is produced. 
-Body Temperature falls ~d pczraon 
· feels COLD). · 

Energy units .:.:restored with.watcr. 
. ~SKIN- Thick,lttathczr~. puffy, ~llow 
~ ~ ~ ~ (due to circulating carotencz). 

~~~ Blood choltz&t.zrol lncrqases. 
· ·"'~,u: •• · Appetite is redu~; Weight increa::.es. 

Gut movements sluggish•Cbnatipation .. 
Heartand Respirator>i· Rates and 

Blood Pnzssunz-I'GIC!uced. 
Thought processes slow down ..... 
·Lathcirgy;4pat:fw; S~mnolcz:nctt .. , ,, 

. ·, HAIR- Brittle, !Jparse, dry. 
· -Slow, husky vorce. Bantz marrow 
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364 PHYSIOLOGY 

I' 

Symptoms 

Causes 

TSH levels 

Treatment 

~ \ 

---·-- ----·---- -·-j 
·') 

TA BtE 9-9. Pathophysiolof'V of Thvro!d Hnrmnnl's 

Hyperthyroidism 

Increased basal metabolic rate (BMR) 
Weight loss 
Negative nitrogen balance 
Increased heat production 
Sweating 
Increased cardiac output 
Dyspnea (shortness of breath) 
Tremor, muscle weakness 
tXophth-1 __ -.... 
Goiter 

Graves' disease (increased thyroid-stimulating 
immunoglobulins) 

Thyroid neoplasm 
Excess TSH secretion 
Exogenous T 3 or T, 

Decreased (feedback inhibition of T 3 on the 
anterior lobe) 

Propylthiouracil (inhibits peroxidase enzyme and 
thyroid hormone synthesis) 

Thyroidectomy 
13'1 (destroys thyroid) 
13-Adrenergic blocking agents (adjunct therapy) 

---------------------------
Hypothyroidism 

Decreased basal metabolic rate 
Weight gain 
Positive nitrogen balance 
Decreased heat production 
Cold sensitivity 
Decreased· cardiac output 
Hypoventilation 
Lethargy, mental slowness 
.Drooping eyelids 
Myxedema 
Growth retardation 
Mental retardation (perinatal) 
Goiter 

Thyroiditis (autoimmune or Hashimoto's 
thyroiditis) 

Surgery for hyperthyroidism 
I- deficiency 
Congenital (cretinism) 
Decreased TRH or TSH 

Increased (by negative feedback if primary defect 
is in thyroid gland) 

Decreased (if defect is In hypothalamus or anterior 
pituitary) 

Thyroid hormone replacement tl1erapy 
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Normal 
thyroid 
follicles 

Stimulated 
hyperplastic 

thyroid 
follicles 

-.. -. 

Epithelial cells 

Colloid undersoins resorption 

Basal membrane 

Apical membrane 

71' Stored hormone 
r · (colloid) 

'-

FIGURE 40-1 Schematic representation of the basic thyroid unit. A normal follicle consists of a 
central core of colloid material surrounded by a single layer of cuboidal cells~ When stimulated by . 
thyrotropin, the cells elongate and the central core becomes scalloped because of resorption of 
the colloid. .:::---:..--
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TABLE 15-5: Types of Thyroid Dysfunctions _ , ,,, 1 
~£Z;~~~~?.;~'J".t.;~-..:;;;:-•.~~-~~-i;i~·z.;:· "::::.:L ·:,:, _ _:_:;:;,z-:.::,s;;:~;~::::.; -__ ,;_;:;.::.:·.::-~~:.:-~~ -~-- -~-::t;:.S .. ~'S00;::;.--.:.~--~~ .... :.!_;_:_:::.z~;:_,·i;:e:;;;:.,:;;;;c'$,~~~~ · mo"?e~~f-:.i::.::E;:::;::;u.;~~'"Z.):-:::-;~~-:.:-;:· ~ .. '::, ;:;::);,;,-:::·.;io;~;:,:g,;: ..: . . ~-.:.. : . .' ~~ 

· THYROID PLMMA CONCENTRATIONS 
I DYSFUNCTION CAUSE . OF ~ELEVANT HORMONES 

Hypothyroidism 

Hyperthyroidism 

Primary failure of thyroid gland 

Secondary to hypothalamic or anterior 
pituitary failure 

U.ck of dietary iodine 

Abnonnal presence of thyrord-stimulating 
immunoglobulin (TSi) (Grave's disease) 

Seconaary to excess hypadiala:mic or anterior 
pituita•y secretion 

Hypersecming thyroid tumor 

l T3 a;,dT4;f TSH 

! T 3 and T 4; ! TRH and/or ! TSH 

! T3 and T4; t TSH 

f T3 and T4;! TSH 

f T 3 a.--d T 4: f TRH and/or f TSH 

fr 3 and T4; ! TSH 

.GOITER 
PRESENT? 

G>· 
No 

G) 
® 
@ 

No 

J 
..--
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NODUL"R 
GOITERS 

... ---- ···-----·-·····-··4---·-------:---

- --------.~c:-.: 
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Parathyroid glands 
_J_.-::;::::;::~ (located on posterior 

side of the thyroid 
gland) 

-=IJIT---- Oxyphil cell 

~..___ ____ Red blood cell 

Figure 79-10 The four parathyroid glands lie immediately behind 
the thyroid gland. Almost all of the parathyroid hormone (PTH) 
is synthesized and secreted by the chief cells. The function of the 
oxyphil cells is uncertain, but they may be modified or depleted 
chief cells that no longer secrete PTH. 



1-The parathyroid glands develop at 5- f4 weeks 
of gestation. 

2- PTH is a single chain protein (9600 
molecular weight) that contains 84 amino 
acids. 

The biologic activity of the hormone resides 
within a.a.l-34. 
3- PTH interacts with receptors on the surface 

of the target cells increasing the formation of 
cAMP, IP & diacylglycerol. 

4- PTH is free in plasma with half life 25m. 
5- PTH is essential for life, without it Ca++ 

falls in plasma neuromuscular excitability t, 
tetany & death occurs. 

6- The dominant regulator of PTH secretion is 
the plasma Ca++ level. 

7- Ca++ also regulates the size & the number of 
parathyroid cells. 

8- Hypomagnesemia stimulates PTH secretion 
such as Ca++ but less potent. 

9- Arise in plasma phosphate concentration 
indirectly causes a transient t in PTH 
secretion. 

10- 1,25 (OH)2 -D directly redues PTH 
secretion. 



t Plasma calcium 

+Plasma PTH 

+Plasma + Urinary excretion 
of phosphate 1 ,25-(0H)2 D3 

t Urinary excretion 
of calcium 

t Release of calcium 
into plasma 

t Plasma phosphate t Plasma calcium 

- c -

-: FIGURE 36.7 
. ~- ~· 

metabolism. 

Effects of parathyroid hormone 
(PTH) on calcium and phosphate 

.-~----
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FIQURE 3B·7 Overview of parathyroid hormone (PTH) actions. PTH acts directly on bone and::)/. 
kidney to Increase calcium influx into plasma. By stimulating t',26·(0Hla·D synthellia,.P~H .. ~,di;.it,I#), 
rectly also increases calcium absorption from the gut. Thus plasma calcium level increases~: I<!-?~~~~~; 
contrast, PTH Inhibits renal tubular resorption of phosphate, thereby increasing urinary phos~.=l~i·C 
phate excretion. This effect quantitatively offsets entry of phosphate from bone and gut. There-:.~({ 
fore plasma phosphate level decreases. · .· · ' 

:.<:.• .· 
. ·:·: ;.' .. :· .' 
.•. f"' • 

. :_ ·-, 
.. ·-·-. 

----- .: :: .. -.~ -->---

.. ·:-:_-:j•-:' I 
.. ;.:,· ... -

•, J .•. 

-... ;_: .-
·._· .. 

---------- ----· ··------- .. 

' 

\ 



UNDERACTIVITY of PARATHYROHDS 
Atrophy o~ removal of Parathyroid tissucz causes afa.ll;in BLOOD CALCIUM 

and increased excitability of Neuromuscular tissu~. ··-This ka.ds • to sevire ·· , :·-·· 
. -- .. ,,.:_::.,: · convulsive c!lsorder::TETANY.,.""::.:->· 

• 
T 

'

1 

, t/sual Manifestatt'ons:~. ·. . ·': :••·',it':, •: ic:"_)•; __ :!;: 

' ' ' ' ' ' ', 
' '• 

' ', 
' ~ 

TWITCHINGS, 
NERVOUSNESS, 
OCCASIONAL SPASMS 
OF FACIAL AND 
LIMB MUSCLES. 

KIDNEY 

[i !. · h · b .1- • I. ca/cllJm and /norgant~ Note the Inverse nz -attons tp !ZvWr.?efl P asma 

Symptoms anz rrzlJ~wzd hy in;(zcdon .. of Calcium, large doses of a Vit.D 
pound and Par~thonnone. _ ...... _ ......... --------;--:;~j,;-· 

. ~' ... 



OVERACTIVITY of PARATHYROIDS 
'· .. '-

. : !,! '; : j' ;, , ~ '' ' .. , . 'I 

Ovczractivity of thcz Parathyroids (due often to tumour) lczac:is tq risrz 
BLOOD CALCIUM hzvcil and <:zvczntually to OSTEITIS FIBROSA CYST!CA . 
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Preosteoclasts 

PTH Vitamin D 

\I 
Acid secretion 

Lysosome 

Ruffled membrane 

Osteoblast 

Figure 79-5 Bone resorption by osteoclasts. Parathyroid hor­
mone (PTH) binds to receptors on osteoblasts, causing them to 
release osteoprotegerin ligand (OPGL), v.,-hich binds to receptors 
on preosteodast cells. This causes the cel!s to differentiate into 
mature osteoclasts. The osteoclasts then develop a ruffled bor­
der and release enzymes from lysosomes, as well as acids that 
promote bone resorption. Osteocytes are osteoblasts that have 
become encased in bone ma~rix- during bone tissue. production; 
the osteocytes form a system of intercc~,:::iecte:d cells that spreads . 
all through the bone. 
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'~"Vi tCiril"in D 
Vitamin D, in conjunction with PTH, is the sec­

ond major regulatory hormone for Ca2
+ and phos­

phate metabolism. The roles of PTH and vitamin D 
can be distinguished as follows. The role of PTH is 
to maintain the plasma Ca2 

+ concentration, and its 
actions are coordinated to increase the ionized Ca2 + 

concentration toward normaL-The role of vitamin D 
is to promote mineralization of new" bone,· and its 
actions are coordinated to increase both Ca2 + and 
phosphate concentrations in plasma so that these 
elements can be deposited in new bone mineral. 

o Bone. In bone, 1 ,25-dihydrox-ycholecalciferol 
acts synergistically with PTH to stimulate osteo­
clast activity and bone resorption. This action 
may seem paradoxical, since the overall action 
of l ,25-dihydro::qcholecalciferol is to promote 
bone mineralization. However, mineralized 
"old" bone is resorbed to provide more Ca2 •· 

and phosphate to ECF so that "new" bone can 
. be mineralized (bone remodeling). -

--' .--~-~:..~~;. :·. :,.:.....-, .. ·~~~-- ~ 
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Vitamin D & its Metabolism 

1. Vitamin D, is a major regulator of calcium & phosphate 
metabolism. 

2. Vitamin D is a hormone in the sense that it is synthesized 
in the body, although not by an endocrine gland; after 

further processing, it is transported via the circulation to 
act on target cells. 

3. It is a vitamin in the sense that when it cannot be 
synthesized in sufficient quantities, it must be ingested in 

minimal amounts for health to be maintained. 

4. Deficiency of vitamin D causes failure of bone 
mineralization & results in the classic disease of rickets in 
children & softening ofthe bones (osteomalacia) in adnits. 

5. The sterol structure of the synthesized form of vitamin D 
(D3) differs slightly from the form usually ingested (D2). 

6. Vitamins D3 & D2 are essentially prohormones that 
undergo identical processing that converts them to 
molecules with identical qualitative & quantitative 
actions. 

7. Once vitamin D enters the circulation from the skin or the 
gut, it is concentrated in the liver. There it is 
hydroxylated to 25-0H-D. this molecule is transported to 
the kidney where it undergoes alternative fates. , · 

8. 24,25-(0H)2-D is only 1/20th as potent as 1,25-(0H)2-D 
& mainly serves to dispose of excess vitamin D. 

9. Vitamin D, 25-0H-D & 1,25-(0H)rD circulate bound to 
a protein carrier. 1,25-(0H)rD has by far the lowest 

concentration & the sh01iest half-life of the three. 



+ Plasma calcium 

t Plasma PTH 

f 
t Renal 1 a-hydroxylase activity 

+ Urinary excretion 
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FIGURE 36.9 ' Effects of 1, 2 5 -dihydroxycholecalcifer•t 
[1;25-(0Hh 0 3 ] on calcium and pho_ 

phate metabolism . 
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FIOURE 38·5 Vitamin D metabolism: Whether synthesized In the skin or absorbed !rom the d 
vitamin D undertjoes ::5 hydroxylation in tho ::var. In t!:e kidney, it is further hydroxylated in 
1 position when more biological activity is required or in the 24 position when less blol{ 
activity Is required. 
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II TABLE 51-2. Vitamin D-metabolism in humans 

1.25-(0Hh-03 
24,25-(0Hh-03 

25-0H-03 

-·-- -- ____ .,.--. 

:\ 

Plasma concentration 
(JJ..g/L) 

0.03 
2 

20 

--,. ~------ ... -

Plasma half-life 
(days) 

1 to 3 
15 to 40 
5 to 20 

Estimated production rare 
(!J.glday) 

1· 
l 

10 

,. 

~ 
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': ~ 

' 
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i. 

i 
I 



+ Plasma calcium 

+Plasma PTH 

f 
+ Renal 1 a-hydroxylase activity 
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FIGURE 36.9 ' 
Effects of 1, 2 5-dihydroxycholecalciferoL 
[1 ,25-(0H)2 0 3 ] on calcium and ph< 

phate metabolism. 
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Figurr 8.41. Function and regulation of 1 ,25-(0HhD. (From Haussler and McCain, 1977.) 
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_ Table 7.5 Caus~s of deficiency of 1 : 25-dihydroxycalciferol · 

Failure to-synthesize ch:olecalciferol in the skin (this occurs in dar
1
k-skinned 

pe-ople in a temperature climate) 

Dietary deficiency of c~olecalciferol (relatively unimportant) 

Failure to hydroxylate chole~;alciferol in the 2? position (this-occurs in chronic 
liver disease; hepatic osteodystrophy) 

1··· Rapid metabolism of cholecalcifero~ and its· active metabolites (this occurs · 
·when-hepatic enzymes are- induced and is seen in patients taking anticonvulsants) 

' . 

Failure to hydroxylate ~5-cholecal~iferol in the 1 position (this occurs in·· 
patients with chronic renal failure; renal osteodystrophy) 
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1. g~qlJ.il:ed -f()r ,the mainteilancf:!qf::no;-mal- ~<-~- -· 
. soditun permeability in ne~e's ; ·:·:- .. . ,. . ' 

2. Involved in triggering the release of 
. : . 

acetylcholine frorn' nerve endings at the 
neuro1nuscular junction · · 

3. Involved in excitation-contraction coupling 
in muscle cells · 

4. Serves as an intracellular signal' for some 
horn1ones 

5. Required by son1e enzymes for· normal 
activity 

6. Required· for blood clotting to occur . 
no1~mally 

7·. Req1:1-i~-~~ for protein secretion _·_ ·. ·- -
B. Coi1stituerit-ofboru:!________ _, 
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Ta~le; 21-1. :Distribution (mmoi/L) of calcium in normal 

human plasma. 

. - -- -------n·· -- -~-- . 
_ -: -" uifflislble 
· -- lonized 1(Ca2+) 

Comple,xed to HC03-, 
~ citrate, etc 

- \ · · Nondiffu$ible (protein-bound) 
· Bound tb albumin 

Bound to globulin 
' 

1.18 
0.16 

0.92 
0.24 

1.34' 

1.16 

\ ,. 

Total plasma calcium 2.50. 

@lonizetL.ca:.'\ C:~ri¢~Dtrat_ion, depe_nds_Q_r:? __ bl~od _pH. 41kafosis 1n4reases the protein· bot!_ 
ancf decreases- 'the loni.Zed ca+ + concentration,whQr-eas ac\do-s)s has the opposite eff. 

' ect. 

I \ 

~ \ - - \ 
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FIGURE 9-32. Effects of add-base disturbances on plasma pro­
tein-binding of. Ca~·. and . the· lonlzed'.' Ca z+ ··concentration in 
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Kidneys 

t Phosphate 
reabsorption 

t Urinary excretion 
of phosphate 

r Plasma phosphate 

t Plasma calcium 

Parafollicular cells 
t CT secretion 

t Plasma CT 

t Calcium 
reabsorption 

t Urinary excretion 
of calcium 

Bone 
t resorption 

t Calcium 
release 

t Plasma calcium 

-- ' -
FIGURE 36.8 Effects of calcitonin (CT) on calcium 

and- phosphate metabolism. 
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Calcitonin 

1. Calcitonin, a straight-chain peptide of 32 amino acids, has a 
molecular weight of 3400. 

. ·', 

2. The biologically active core of the molecule probably resides in 
its central region. 

3. Calcitonin is secreted by thyroid parafollicular cells known as 
"C" cells. 

4. Calcitonin, (CT), decreases plasma calcium levels by 
antagonizing the actions of PTH on bone. 

5. Calcitonin is also present in nervous tissue, where ·it may 
function as a neuromodulator. 

6. The major stimulus to CT secretion is a rise in plasma calcium 
concentration. 

7. The hypocalcemic action is caused by inhibition both of 
osteocytic osteolysis & osteoclastic bone resorption particularly 
when these are stimulated by PTH. 

8. However, with respect to phosphate, it has the same net effect as 
PTH; that is, CT decreases plasma phosphate concentration & 
increases urinary phosphate excretion slightly. 

9. The importantwf CT in humans is controversial CT deficiency 
does not lead to hypercalcemia & CT hypersecretion does not 
produce hypocalcemia. It may be that abnormal CT secretion is 
easily compensated for by adjustment in PTH & vitamin D 
levels. 

10. Is degraded within the liver & kidney, after half-life of30-60 
minutes. 
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Osteomalacia 
~ . 

-Y: Osteomalacia is rickets in adults and is frequently called 
"adult rickets." 

Normal adults rarely have a serious dietary deficiency of 
vitamin D or calcium because large quantities of calciu& are 
not needed for bone growth as in children. However, a se:6-
~ deficiency of both vitamin D and calcium occasiOnally 
occurs as a result of steatorrhea (failure to absorb fat), for 
vitamin Dis fat-soluble, and calcium tends to form insolu­
ble soaps with fat;,; consequently, in steatorrhea ).wth vita­
min D and calcium tend to pass into the feces:XU~ these 

. ·~ 

conditions an adult occasionally has such poor calcium and ' 
phosphate absorption that adult rickets can occur, though 
this almost never proceeds to the stage of tetany-but very 
often is a cause of severe bone disability. 
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fliCKETS ·. CD . 
@ Rickets. occurs mainly in children as a result of calcium or 
phosphate~eficiency in the extracellular fluid; Yet, ordi­
narily rickets is due to lack of vitamin D, rather than a 

. dietary lack of calcium or phosphate. If the child is properly 
exposed to sunlight, the 7 -dehydrocholesterol in the skin 
becomes activated by the ultraviolet rays and forms vitamin 
D3 , which prevents rickets by promoting calcium and phos­
phate absorption from the intestines, as discussed earlier in 
the chapter. . 

tYChildren who remain indoors through the winter in gen­
eral do not receive adequate quantities ofvitaffii,n D without 
some supplementary therapy in the diet~iCKets tends to 
occur especially in the spring months because vitamin D 
formed during the preceding summer is stored in the liver 
and is still available for use during the early winter months. 
Also, calcium and phosphate absorption from the bones can 
prevent clinical signs of rickets for the first few months of 
vitamin D deficiency. 
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OSTEOPOROSIS 
. I . - (]) \ • :-----

•. Osteoporosis, the\ffiost common of ali bone diseases in 
adults:-a.~d::especia.Ily in old age, 1a a different di~e~se 
from osteomalacia and rickets for rtG?esults from dimin­
ished orgaaic matrix rather tban ~bndrmal bone calci­
fication: U§ltially, in osteoporosis the osteoblastic activity 
. in the bone is less than normal, and consequently the 
·rate· of: bone deposition is depressed.?JBut occasionally, 
as in hyperparathy;roidism~ the cause pfthe diminished 

~.~-~- e~~e~~--~st_eo<;la..~-~~~ .?-~ti~io/~-~ . ,· ...... -·---.... .. .... :--· 
-. ' 

) 

-



CAUSES OF OSTEOPOROSIS ARE: 

1) Lack of physical stress on the bones because of· 

inactivity. 

2) Malnutrition to the extent that sufficient protein 

matrix cannot be fom1ed. 

3) Lack of vitamin C, 

4) Postmenopausal lack of estrogen secretion. 

5) Old age, in which many of the protein anabolic 

functions are poor . 

6) Cushing's disease, because massive quantities 

of glucocorticoids cause decreased deposition of 

protein. 

7) Acromegaly, possibly because of lack of sec 

hormones, excess of adrenocortical hormnes, 

and often lack of insulin because of the 

diabetogenic effect of growth hormone. 



Hypocalcemic Tetany 
Hypocalcemic teta~ is the . involuntary tetanic contraction 
of skeletal muscles that occurs • when· the extracellular Ca 2+' 
concentration. falls to about 40 percent of its normal value. · · 
This may seem surprising,because we have seen that Ca2+ is· · 
required for excitation-contraction coupling. However, recall . 
that this Ca2+issarcoplasmic reticulumC~2 +, I1otextracellular . 
Ca2+. The effect of changes in extracelhilar Ca 2+ is exerted not 
·an the sarcoplasmic reticulum Ca2+·but directly on the plasma 
membrane. Low extracellular Ca2 + (hypocalcen:lla) increases 
the opening of Na+ channels in excitable membranes, lead-

. ing to membrane depolarization and the spontaneous firing. 
of action potentials. This causes the incn;ased muscle contrac~ 
dons,· which are similar to muscular cramping .. Chapter ·11 · 
distusses the mechanisms controlling the extracellular con- . 

centration of calcium ions~ 
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Calcium plays a key role in nerve and 
muscle function, enzyme function, and 
mineral balance in bone. 

:alciuni affects nerve and muscle · excitability, neuro­
:ransmitter release from axon terminals, and excitation- · 
:ontraction coupling in muscle cells. It serves as a second · 
>r third messenger in several intracellular signal · 
luction pathways. Some enzymes use calcium as a coJtac~t 
or, including some in the blood-clotting cascade. 
:alcium is a major constituent ofbone. Of all these 
he one that demands the most careful regulation 
,lasma calcium is· the effect of calcium on nerve· ex<:it:~ 
.bility. Calcium affects the sodium permeabili:tJ of 
nembranes, which influences the ease with which act:iol 
,otentials are triggered. Low plasma. calcium 
emia) can lead to the generation of 
,otentials in nerves. When motor neurons are 
etany of the muscles of the motor ·unit may o 
ondition. is called hypocalcemic tetany. 
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Alpha cells (Glucagon) 

Beta cells (Insulin and amy/in) 

Delta cells (Somatostatin) 

F cells (Pancreatic polypeptide) 

¥"\lSS! • •t .. '*" @ 311!11 

Amylin is a 37-amino acid peptide that is almost 
exclusively expressed within pancreatic beta 
cells, where it is copackaged with insulin in 
secretory granules~ 'Preclinicafdata indic-ate 

that amylin acts as a neuroendocrine hormone that comple­
ments the actions of insulin in postprandial glucose homeosta­
sis via several mechanisms. These include a suppression of 
postprandial glucagon secretion and a slowing of the· rate at 
which nutrients are delivered from the stomach to the small 
intestine for absorption.: 
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PROINSULIN 

52 51 50 49 48 

35 

A Chain 

IGURE 9-2G. Structure of porcine proinsulin. The connecting peptide (C peptide) is cleaved to form insulin. (Modified with 
:!rmlssion (rom W. N. Shaw and R. R. Chance. Effect of porcine proinsulin in vitro on adipose tissue and diaphragm of the normal rat. 
iabetes 17:737, !9G8.) 



Proinsulin .. 
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Figure 78-2 Schematic of the human proinsulin molecule, which 
is cleaved in the Golgi apparatus of the pancreatic beta cells to 
form connecting peptide (C peptide), and insulin, which is com­
posed of the A and B chains connected by disulfide bonds. The 
C peptide and insulin are packaged in granules and secreted in 
equimolar amounts, along with a small amount of proinsulin. 
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INSULIN RECEPTOR 

Insulin -..>:l-s-s~-1n~ul'n 
, .. ,, s-s-tJ tJ-s-s 

_;,, ···. 

Exlr<:~cellular fluid 

, .... 

!) \1'fnl Cell membrane 

~ 

FIGURE l.l-28. Structure of the 
ln.sulin receptor. The two a. sub­
units arc connected by disulfide 
bonds; each u subunit is con­
nected to a [:1 subunit by a disul­
fide bond. The f) subunits have 
t~osine kinase activity. ,.--· / 

lnlmcollulilr lluid 

Insulin receptors are found on many different cells 
in the body, including cells in which insulin does not 
increase glucose uptake. The receptor is made up of 2 a 
and 2 13 glycoprotein subunits. The subunits are linked to 
each other and to 13 subunits by disulfide bonds. The a 
subunits bind insulin and are extracellular, whereas the f3 
subunits span the membrane. The intracellular ends of 
the f3 subunits have tyrosine kinase activity. Binding of 
insulin triggers the tyrosine kinase activity of the f3 
subunits, producing autophoisphorylation of the 13 
subunits on tyrosine residues. This autophosphorylation 
in necessary for insulin to exert its biologic effects. 
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Figure 19-5. Oiagrammaticrepresentation of Hie struc:.­
ture ol the insu!;~ receptor. :h-:; receptc;- is a tetrameric 
protein made up of 2 C!. and 2 f3 subunits joined by disulfide 
(-S-S-) bonds. Insulin (INS) binds to the a subunits 

. and this triggers autophosphorylation of the tyrosine ki­
nase portjons of the {3 subunits inside the cell. The auto­
phosphorylation in turn triggers the rest of the multiple 
and extensive effects of insulin (Modified from Andersen 
AS: Reception and transmission Nature 1989;337:12.) 
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t Glucose 

GLUT2 

Glucose c; Glucokinase 

Glucose-6-phosphate 

~~Oxidation 
t ATP 

K+ .," 

t Insulin 

•••• •• •• 

t ca++ 

~-- - ~ - - ~epolarization 

ATP + K+ channel 
(closed) 

ca++ channel 
(open) 

Figure 78-7 Basic mechanisms of glucose stimulation of insulin 
secretion by beta ce!!s of the pancreas. GLUT, glucose transporter 



Ex1raceUular 
•space 

CCK 
acatylcholin~ 

~coli 
cytosol 

Leucine 

--Phospholipase C 

Other modulators of 
secretion act via the 
adenylyl cyclase~cAMP~ 
protein kln,1sc A pathway 
and the phospholipase 
c~ phosphoinositide 
pathway. 

Glucagon/ 
~}~adrenergic 
agonists 

Glucose 
@) 

Somatostatin 
galanin 
a-adrenergic 

agonlsts 

. ·-----~--··--

GLUT2 transporter 

•• ~ 'Insulin 

The increased glucose influx 
stimulates glucose metabolism, 

_ _ _o ,t_o, :an increase in [A TP]i 

The increased [ATP]i and/or 
[ATPJ, I [ADP); inhibits an ATP­
sensitive K"*- channel. 

Inhibition of this K+ channel causes Vm to 
become more positive (depolarization). 

The activation of this Ca2+ channel 
promotes Ca2+ influx, and thus · 
increases [Ca2+]1, which also evokes 
Ca2

"*-~induced Ca2+ release. 

lends to 
exocytosis and release into the 
blood of insulin contained 
within the secretory granules. 

FIGURE 50-4. Mechanism o( insulin secretion by 1he pancreatic f3 cell. Increased levels of extracellular glucose trigger the f3 cell to secrctc insulin in 
the seven stcps outlined in thts figure. Metabolizable sugars (e.g .. galactose and mannose) and certain amino acids (e.g., arginine and leucine) can also 
stimulate the fusion of vesicles thai contain previously synthesized insulin. In addition to thcse fuel sources, certain honnones (e.g., glucagon, 
somatostaLin. CCK) can also modulate insulin secretion. ADP. adenosine diphosphate; ATP, adenosine tnphosphate; cAMP, cyclic adenosine mono­
phosphate: CCK. cholecystokinin; DAG. diacylglycerol; ER, endoplasmic reticulum; IP1 , inositol 1,4,5~triphosphate; PIP2, phosphatidylinositol 4,5-
biphosph:Hc: PKA. protcin kinase A; PLC. phospholipase C. 
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Of 29 11mino jlcids in IGF..J:, 
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~JGURE 47-5. Structure of the insulin-like growth factors (IGFs). Insulin, IGF-I, and IGF-II share three domains (A, B, and C), which share a higl:; 
:legree of amino acid sequence homology. The C region is cleaved from insulin (as the C peptide) during processing, but is not cleaved from eithe1 
IGF-I or IGF-II. In addition, IGF-I and IGF-Il also have a short D domain. 

------------- --·- --------~ 

lhsulin-Like Growth Factor I, Which Interacts 
with a Receptor Similar to the Insulin 
Receptor, Is the Principal Mediator of the 
Growth-Promoting Action of Growth 
Hormone 

_...... 



" FIGURE 47-6. Comparison of in-
sulin, insulin-like growth facto 
(IGF)-I, and IGF-!1 receptors. Bot{ 
the insulin and IGF-I receptors are 
heterotetramers joined by disulfide 
bonds. For both, the cytoplasmic 
portwn of the f3 subunits have tyro­
sme kmase domains as well as auto­
phosphorylation sites. The IGF-II ' 
receptor (also called mannose-6-
phosphate [M6P] receptor) is a sin'··· 
gle polypeptide chain with no ki' · 
nase domain. 

Extracellular 
space 

~~~~l_ir/Xi,~~:qr?wth Factor II Has Acti~ns jl~ 
~!111../l~r ,tp !h.qse of Insulin-Like Growth Fact?~J 
, but Is Less Dj'!pendent on Growth Hormon,f;;¥ 
"he physio~pgy of iGF-II differs frdm that of IGF-I in •--~ 
umber ~f tmportant,re_spects. First, as noted earlier, tJ;~ 
'Ilthesls_ of)GF-!I dep~nds less on circulating GH than 
_at . of IGF>f. I~ pituitary dwarfism secondary to GH 
.fioency, the crrculatmg concentration of IGF-I is de­
eased, but that of IGF-II is hot. In s~es of excessive 
-I secreuon, plasma IGF-I is reliably el~vated whereas 
1sma I GF -II is not. ' 
L€!if!i$.'¥£M'(!_'li\.. ~:;n ._ .. _,..,.,~.--. '- ~r·:-:: ~~,c';::>:, -'k.'_,::-· · · ... , 

\.-: 

IGF·l 
RECEPTOR 

,---A----.. IGF-11 
MANNOSE-6-
PHOSPHATE 
RECEPTOR 

r-"---, 

Although IGF-II also binds to the IGF-1 receptor, it 1 

preferentially binds to its own so-called !GF-II receptor. 
This IGF-II receptor consists of a single-chain polypeptide 

, and is structurally 'very distinct from the IGF-I receptor 
;(see Fig. 47 -6). The IGF-Il receptor lacks a tyrosine-
{ kinase domain and does not undergo autophosphoryla­
j tion in response .to the binding of either IGF-II or IGF-L 
\The IGF-II receptor also binds manrJ.Ose-6-phosphate 
[ (M6P), but at a site different from that fo_r IGF-Il binding, · 
j and the receptor's physiological role appears to be .fn 
j. processing mannosylated proteins by targeting them for 
• lysosomal degradation. Thus, the term "IGF-Il receptor" is 
! somewhat of a misnomer;· the IGF-II receptor's role in the 
1 physiological action of IGF-II is not clear. . 
: Despite these differences, IGF-II does share with IGF-l 
· (and also with insulin) the ability to promote tissue 
' growth and cause acute hypoglycemia. These properties 
; appear to be due to IGF-Il's structural siniilarity to proin­
, sulin and its ability to bind to the IGF-1-receptor. 
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Oth~r hormones involved in-.th~ teg~lation 
of plasma glucose 

Insulin anJ glucagon play a pivoral role in the fine regulation of 
plasma blucosc lev<:ls-inJccJ, insulin is the only hormone 
capable of !owcri ng plasma glucose, anJ glucagon is rhc mosc 
imporram hyperglycemic hormone. Ncvenhclcss, a number of 
orh<:r agt·nrs also concributi.: ro rhc maintenance of a stable blood 
glucose, J..S well as mobilizing glucose when necessary. These 
hormones incluJe adrcm.l corricom:roiJs, growrh hormone, rhe 
carcclwbmincs, and rht: rhyroiJ hormonrs.'i 
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• Ail Ill<' pn >l'<''"'·' I isll·d "" tlw left -glyL'<l).:<'IIOivsis, gluL~>IIl'ogcncsis, lipolysis, anJ inliibitiou of glu- _ 
co."' npl;~kc·-an· "l'l'"'"d lo illsulin's al'lious and arc stimulat<•d by one or more of the glu<:ose-<:oun-. 
ll'frl'gnlalory lu>nllllll<'s iu i111: tahlt·. Au X imlicalcs that the hormone stimulates. tile process; no X· 
illdicalc·s ti~;ct tlu· lulfllllllll' bas uo lllajor physiologic;.! ••ffcL'I Clll the \>r<x:css. Epinephrine. stimulates · 
~ly<·ogc·uolysis i11 l11>tl• livc•r """ skt•ldal lllllsele, wl~t:n•;L, glucugun < ucs so ouly In liver. 

___.--' f(To a great J'Xleut iu.suliu may be-viz;\vcJ ~~ tlt~ '.'1)o~1iioiie--,, ·. 
of plenty. "''lt.s .sc.•ereliou and plasma conccntr<'ltion arc in-.; .· 
erea.sed duriug t!IC ahsoq>tivc periou und decreased dur- ; 
iug pmlul•~w·pliou, uud llu•.~o duu•w•s uc·c• ml!!cjlllllu ·lu ! 

l'IIIJ.\<' 111ost of tlw llllllnholie duut)!;l'S u.ssociutcd witlrthoso ,· 
p••riods. lu udditluu, oppo.slld lu vul'iuuli wnyli lo iu:>ulin':~'' 
t·fli·cls am tlw adious ol' l'ow· uwjo•· j!;htcolic-countcucgu­
lalw)' l'Outrols-~llll'llgou, l'piueplcrhw und lhu S)'llll~a- ·• 
llll'lil' ll(~f\'(~.\ to till' livl~r aud ;_~,diposc tissue, ~ortisol, unu : 
gruwtl• lwrco~oue (Taulc U:>-4J~'Giucagon und the .sympa- · 
thetic nervous system are activated during the postabsorp­
live period (or in any other .situation with hypoglycemia) ; 
and definitely play roles in pre~9nting hypoglycemia,glu- ··. 
ca~on being the more important'? The rates of .secretion of) 
eorlisol ami growth hormone are not usually coup~d to '·. 
the absOJ1>live-postaborplive pattern; nevertheless, their .. 
prc·scc•ce in tlw blood al basal concentmtions is necessary i 
liJr normal acljustlllent of' lipid and carbohydmtc metabo- 1 

lism to the postabsorptive pe1iod, and~xcessivc amounts 
of either hormone cause abnormally elevated plasma glu- ~ 

~ cose concentrations. . 
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11 Fig. 46-10 Mechanisms of insulin action on cells: Insu­
lin binding to CL-subunit of its receptor causes autophosphory­
lation by ATP of an intracellular ~-sabunit rtceptor site that 
generates tyrosine kinase activity. Glucose transporters ~rc 

then moved to the plasma membrane and facilitat~ glucose en­
try. The receptor tyrosinekinase is presumed to phosphorylate 
protein kinases and phosphatases, which in tum activ3te or 
deactivate target enzymes of glucose metabolism by phospho­
rylation or dephosphorylation. (This may be aided by genera­
tion of a separate inositol phosphate glycan second messcn­
ger.) By still undefinerl mechanisms, a transcription factor(s) 
is generated that stimulates or represses gene transcription 
through an insulin response element (IRE) in DNA molecules. 
Also independently potassium, magnesium,. and phosphate 
entries into the cell are facilitated. 
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Table 23.13 Principal actiui1s- oF111stllln on cdls 

[. Membrwze·ej]'ects 
Uptake of glucose increased 

U pt:.1kc of amino ncids increased 

Uptake of fatty acids increa::;cd 

Uptake of Mg2 ~ am.! K' increased 

:t:t: A1 etabolic effects 
Increased synthesis of DNA and RNA 

i 
Increased protein synthesis 1 

Increased synthesis or glyc-:Jg;.;n On liver and muscle) .! 

~:~:::~~ :~~ :~ :::: ~ :: ~;: ~: ~~:;~!"(;~';; :~: 1:~~ ~~~~~") ! ~;c1F 
I ·;: -:·-·:_-

.Increased fatty acid synthesis (in liver) -i · .L_.-_.--; _ ( 
... ~ I . , _;_:.-. 

~ : _; ~-

~:::::::: :~;;:~::~::~:(i:nli~:.)muscle) . ,;~~~(~ 
Decreased gluconeog-enesis (in liver and kidney) _ :·: J~E&:J 

Decreased ker~ne production (in liver) ·_:'·t:]j~ti~i-t 

Decreased triglyceride breakdown (in adipose tissuc)~~-ii~mt~fk 
,
1 
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'in controls, the maxium 
response is reached when 
only approximately 5% 
of the receptors are 
occupied by insulin. 

In the cells from the Typ~ 2 diabetic, 
the same maximal response is reached, 
but only at a much higher insulin 
concentration. 

Glucose 
transport 

Controls""- /_,/\ 

0.1 1 10 

/ Down regulation 
./ of receptors and 

' impairment of 
postreceptor 
signalling in type 2 
diabetes 

100 1000 10,000 

Concentration of insulin (11-U/ml) 

FIGURE 50-7. Response to insulin of normal and "downregulated" adi­
pocytes. 
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. }\ • -i Table 7.6 
Biological effects of insulin . l . -=----------------------------------------------l:A1 On carbohydrate metabolism . · ! 
-@ Reduces rate of release of glucose from liver .. --~-

a. by inhibiting glycogenolysis. :.\··:. 
b. by stimulating glycogen synthesis. . , , 
c. by stimulating glucose uptake. i -

: ·j _<. 
d. by stimulating glycolysis. . , 
e. by indirectly inhibiting gluconeogenesis via inhibition · :. · 

® Inc~!!!!Yr:~!do~~;:~:t~~~~{~~::~!~~s~:i:::lin-sensi- 3t]~ 
tive tissues, notably muscle and adipose tissue __ _ ---_: ,":.:•!': _ 

. - ·.,.- ,_ .. _,.._. ·-

a. directly, by stimulating glucose transport across the ~foit::.;J,:. 
. ,_ ....... - !--·~-.:..,~~-

plasma membrane.__ .:__ . . . . . ·. . ·-:.:\\.;:l;!jf.;~n 

fBJ On ~-i;~~:~;~~~~;'~educing plasma-frOO fa.tty aC!d levels."f!Ji\lf 
Q) Reduces rate of release of freefatty ac1ds from adipose:;~;-~::\. 

tissue. · - ; · ~--· :1~.\:!r 
®Stimulates de novo fatty acid synthesis and also conver~~ <~(\i· 

r;::'\ . sion of fatty acid~ t() triglyceri?_:s _inlive:. . _· · · __ -__ :-~~J~f_U 
J~ On protem metabolwm " - - · ·· ·· -·: -~::F~::?~~fl~\j? 

@ StinlUlales transport of free amino ucitls across the pl~sn1i·];~1;,,~ 
membrane in liver and muscle.- --- --- , ____ ---- .. ~~ .: .• ~ :S : .. t·'A~t~?.\~1-i 

.. ® Sti~ulat:s protein biosynthesis and 1 reduces. r~l~."-~i-~~1?_~~~~1 ·. ·· . ammo ac1d from muscle. . · -- ·--- --- ·- ·· - - -:,·,: ..... · ~-~,>-·::z~~l 
- - - - -- -·-~-·-~ .:..,.~£:t-kr 

D On ion transport · · · .. · · ~-:i1m 

------------------------------?.!-· . - . --~:;::~:w tt 
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! ·.:. . 'fable 19-5. Principal actions of insulin. 
~=========================================== ;:; -- .·· :.: ··. ·.-- .. 

. Adipose tissue 
1. Increased glucose entry 

~}::·:·:-_; -_ r 
- .~::~~--·,:: . 

2. Increased fatty acid synthesis 
3. Increased glycerol phosphate synthesis 
4. Increased triglyceride deposition . 41;~·. 
5. Activation of lipoprotein lipase 
6. Inhibition of hormone-sensitive lipase \ < 
7. Increased K + uptake : · 

I 

Muscle ::' ... 
1. Increased glucose entry · ''<! ~L . 
2. Increased glycogen synthesis . :ti _{(;-·· : 
3. Increased amino acid uptake .,. ,, 
4. Increased protein synthesis in ribosomes ;;,}.'1-J[:~~ ' 
5. Decreased protein catabolism .,: , . 
6. Decreased release ofglucoheogenic ·amino acids :' : · 
7. Increased ketone uptake . · · · - ;·; •· 
8. Increased K + uptake · ·· ·. · · · u~-::_ 

-.-Liver _ _ · ·,..; · · · · l-~, \'/ 
1." Decreased ketogenesis -~·~.·j.:; _;n -
2. Increased protein synthesis - ·_ ·.t~ .;;;.;:;: 
3. Increased lipid synthesis _ :-~ .:;:d ,£:.~ 
4. Decreased glucose output due to decre~sed -. -·~_;·:·\:¥! ;;;i_~:· .. 

gluconeogenesis and increased glycogen synthesis .,:~~~~j~:p 
General · . · · .. _ <TI';·;~-

1. Increased cell growth · · - -<" ~-.~~:nt;-_

-------~---------------·-·•,-·, J ••• , • J 
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Table 19-3. Effect of insulin on glucose uptake in tissues In :' 
which it has been investigated. -

d~:==========================, ============. ===== 
; Tissues In which insulin facilitates glucose uptake 
1
• Skeletal muscle . ' ' ' ' 

Cardiac muscle 
Smooth muscle 
Adipose tissue 
Leukocytes 
Crystalline lens of the eye 

. Pituitary 
Fibroblasts 
Mammary gland 

I· 

', Aorta 

. ' i I ; . -~ I 

~ A cells of pancreatic islets · 
. · Tissues in which Insulin does not facllltate glucoSe tip---

:I 

I 
' ' i 

take · ; · ' · 
Brain (except probably part of hypothalamus) 
Kidney tubules · 

:\ 
Intestinal mucosa 
Red blood cells "'"· : \ 

! 

·- ' 

.. 

·~ 

i 

<Q. 
' 
1 I 
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Figure 78-6 Effect of growth hormone, insulin, and growth 
hormone plus insulin on growth in a depancreatized and hypo­
physectomized rat. 

Insulin and Growth Hormone Interact Synergis­
tically to Promote Growth. 
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Figure 19-10 .. Effects of insulin deficiency. (Courtesy oL1 
RJ Havel.) 
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Table 19 
I --· --·- ·-·· 

'l Types of human diabete.5 mellitus .. : '.l 

Type 
i ! Type I 

I Type II 

Diabetes assoc,c ~ed 
with othor 
conditio11s 

------"-~----·-

Other Names , 

Insulin-dependent diabetes (lOOM). 
Juvenile diabetes. 
Ketosis-prone diabetes. 

Non-insulin-dependent diabetes 
(NIDDM). 
Maturity-onset diabetes. 
Ketosis-resist"l.nt diru..'l:e:h9s_ 

Examples include diabetes due to 
pancreatoectomy or pancreatic 
disease; diabetes due to defective 
forms of insulin or insulin receptors; 
and diabetes in patients with · 
Cushing's syndrome, acromogaly, or 
other endocrine diseases. 
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---·- · TabJe.tSHJ.Q~:-,JY,P~?~of ... hwro;aH-:diabetes mellitus~. __ , _____ _ 

.... %f{;i'*"·~~~,,~,~·<'f:~~"'''.. . • . :~~~~~.::.:~.:~~~~:·~;::;·.~· ·:.'·:,:.,~ .. :· .• : ••. 
· lnsulin-depeodenf diabetes (lOOM) . 
•Juvenile diabetes·.---_ · · . _ 

. Type! 
,. 

·"'"'''-~' -c~-'~-<·-·~~:-;~-~~.;:,,.,:-;y,~·>····-"·--·!:·' "••,Li'/:·o ,_,_;, ~:/; •.. ; ... __ ,J;:--.~-~J9.?:}5~FI 9.b.7 __ qi_~_P.:~t;~,--:•;_ ··---•--, -- ,_ ---·.- .. -·_ ._·_- ---
\ Type I diuuoles ntolJflus, ol· insuliii-c:lcpendiml·(- · ·· ,.,., .• ,.,,,,.,.,,,.,,,,,,;s:.:: 

~·-- ... .. -~· . 

' ' 
tliuuolcs mellitus [IDDMJ, was formerly known as \ 
juvenile-onset diaueleP.l'ypo I diabetes develops sud- ! 
tlonly,-usuall:Y helorll titer nge· of 15 years, and o.flen •. , . __ ,. > . • 

rollocls pathology of the p islet cells res):l_lting from \ 

- _-<, _ GflJl~ajO:\.Qfly:iP"~J~)n's"ullli ·act Tt'y, lind therr-·di·seaseisc-t- -.----: -., ---.' ~ -~ ., ~- .,~. -. _ ~ ,., .,., _ 
.. _ . _ _ -·- .,, ___ . _ _ v]rnJ)t;fecllon or an autoimmune responsM/I'ype I dia- . N ® 

·oxlroti1oly c:lifficult.lo conlro~lnsulin injectioi1's must -\1.· -:··:.:'·:.':~: .. ·: -··._. .... ": ' -~·-. ·. c 

bo given several limes duily to munage ketosis and, to 
n lesser extent, hyperglyceinla. Because of the early · 
onset of their disease, type l diabetics typi9.f1lly exh_ibit 
long-term vascular and noural pr_oblem~Compllca-
llous resulting from vnsculnr problems include ath­
orosclorosis, slrokos, hoorl nllncks, gangrene,_ and 
bllnJnoss; consequoncos of llolll'OJlalhies include loss . 
iof SOIISOlion, i111pnirod lJloddor function, and im· 
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' \ \ 'polunco. ·---· . ~·· ! ~ I ·. . I 
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j. Type II 
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_. -: •. · •. :·-;·-?.;- -: .... -·.:: -- _:._ . :-: . -..• -~~~ -~: .. -~ .. ... ~~-~-~~::-::'1;7-~ ~~:-·:.-. ..;.·:A: .... -~ ~: ~-~ ___ t_: -J::_:.:,:- -:~ l:: ~-; ·.: ~ ... ./ 
Noh-ins-ulin-de.pendent diabetes 

.. . ~·· ~.t~p:~JJ!~~~1~:lW~;w·:gB~~ · ;;;i~!~~~~· ·· , .· 
. .. . . ..... _ ·-.-. ~-"~n1Y~--9 .. :IJ§"'§··:·i'·'---,..!.?-., ..... 8L~.§~~),,-::·;· ... r:·,,;,~:· .-. :.-:··· -.. · __ . 

-Ket6sis·~resista'nt · diab .. etes~-·<:~~_;: :(-_'·: -~ · ~ 
. ..... ·-·· . . ·:· ' . ,' . - . ,··· ··. . ' 

- . . .. :-.· .... ..:· ...• :,·:::~.-... ·::-::· .:.;:··::·.·- .. ':;.:.··_· ... -, ....•.. ' _·- .· . .,:; :.':.l; ..... 
: 'Jypo 11 diabetes,· or non-insulin-depeildent diu· l . . 
,boles mellitus (NlDDM~ was £uni1erly culled mature· \ 1. · 

.onset diabetes hecuuse"'il occurs mostly after the age 
. ; . • .. . ' . . . ' I 

o[ 40 years anti is mcreasmgly _ commoh with nge. ' 
®uo.retllly or. a familial predisposlllon. is partlculnrly 'j 1 1 

stnklngln this diabetic group; if an identical twin has 
typo I! cllo.betes mellitus, the probo.billly that the other i 
twli1 will havo the tliseuso is 1UU%~Allhough most 
typo I! tllabollcs protluce)nsulin, tho:amount Is lnad- I 
oquulo u~horo is_ sotn_o ubnurmalily of the ht·!l·· ul111 \ j' 

rocoplura. I'ypo 11 diabelics are almost always ovar- , 
wolght anti account I or over !:JO% of the know11 dnsas-

1
,- [ 

of tllaboles mellitus. Ketosis is not a major problatn ~ 
fur llt!B group, anti in m_any casas th~ S;Y,~nploms tan J 
bo lllallugetl solely by uwl und cxerctsd-?...Wolght con-
trol Is very important, l.Jecuuso obesity alone causes 
U10 lnsullu receptors to become less sensitive to insulin. f 
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Diabetes associated · 
with other 
conditions 

-·- ---·----. ------·------·------------------7 
Examples include diabetes due' to.·­
pancreatoectomy or pancreatic . · . , . 
disease; diabetes due to defective 
forms _of insulin or insulin receptors; 
and diabetes in· patients with 
Cushing's syndrome, acromegaly, or 
other endocrine diseases.· 

··.<~)The nuJ.nbl1r:_·()rJI1e:._idlinity, or both,.·:of insulili ·. 
I • . '' • -. • ·- ,.,. ·-·~' ~ .. ~· _.Ji, •• ~ -,~_.. • • ' ' • '• ' • '' ' • • • 

receptors is affccled by.:._insU!itl and dlhcr ~llH~Jlll)llCS, . 
. exercise, food,<( arl.~}:·othcr:-l·adors@?Exi1o.silrc · to 

i ncrcascd · .. __ amounts _r·(J(l~·, insulin decreases·: ·receptor 
COilCClllnJlioll (Ul)Wll .·r.cgulalion), ·Uilll CXpnstirc to . 
dcq:£ilscJ_i insulin increLtscs .. the alliqity of. the rcccp- · 
tur~~~~Thc nii'mbc_r.of ,~c-ccptoi:S-11ct· (:e:n:E inci:e~is.cli in ·. 

· stnrvalion and dccrcnscu. in obesity unu acromegaly. 
® Tltc :i_llinity of the· receptors is iJtCI"l!uscu in adrenal 1 . 

i11s11 ITickncy :uid d~crcascd l?Y exces~ glucucorlicoids . 
t_. '. . \ ::.- ·..-: . ' ' ' . :--: .. :. _·. . . • : . . . : .• ' . ' 
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T()b~sity 
Obesity is the most common and most expensive nutri­
tional problem in the . USA. A convenient and reliable 
indicator of body fat is the body mass index (BMI), 
which is the body weight (in kilograms) divided by the 
square of the height (in meters). Values above 25 are 
abnormal. Individuals with values of 25-30 are over­
weight, and those with values > 30 are obese. In the 
USA, 55°/o of the population are overweight and 22°/o 
are obese. The incidence of obesity is also increasing in 
other countries. Indeed,. the Worldwatch Institute has 
estimated th~t although starvation continuers, to be a 
problem in ~any parts of the world, the number of 

·overweight people in the world is now as great as the 
number of underfed. , 



' . 

( 

. --~- -~--

' ' -------,....- --·:--~~--- ·--
:_ --: .i 

.·. -- _: 

. ~----1 

FIGURE 23-2 . 
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Inputs to beta cells and effects of insulin, including negative 
feedback, on. glucose and arl1ino-aci,d levels. 
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Table 78-1 Factors and Conditions That Increase or Decrease 
Insulin Secretion 

Increase Insulin Secretion 

Increased blood glucose 
Increased blood free fatty acids 
Increased blood amino acids 
Gastrointestinal hormones 

(gastrin, cholecystokinin, 
secretin, gastric inhibitory 
peptide) 

Glucagon, growth hormone, 
cortisol 

Parasympathetic stimulation; 
acetylcholine 

P-Adrenergic stimulation 
Insulin resistance; obesity 
Sulfonylurea drugs (glyburide, 

tolbutamide) 

Decrease Insulin Secretion 

Decreased blood glucose 
Fasting 
Somatostatin 
ex-Adrenergic activity 
Leptin 
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-/ ~Glucagon is a single peptide of 2'3 a... a.. with 
_m.w of 3500. Biologic acti vlty re'S'idesin 1-6 «·~· 500 
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Figure 19-12. Mean rates of insulin and glucagon deliv:- .. · · 
ery from an artificial pancreas at variOus· bloOd glucos_e. 
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levels. The device was programmed to establish< .. · .. 
maintain normal blood glucose in insulin-requiring·~ .. ci_•Cl ____ t--·_-;;,~ •• 
betic humans, and the values for hormone output approx-. 
imate the output of the normal human pancreas~- The- , · . 
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shape of the insulin curve also resembles the insu . . 
response of incubated B cells-tO graded conCentratiC::ins·,.~ .;.~ · .. U_·' ~-~-
of glucose. (Reproduced, with permission, from Marliss~--!~4i~t 
EB et al: Normalization of glycemia in ~diabetics~.:durfn:g_ · 
meals with insulin and glucagon delivery· by the ·artificial··· 
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Factors influencing glucagon release 

Stimulation 

. Amino acids 
Gastrointestinal polypeptide hormtmes · 
Catecholamines (exercise) 
Growth hormone l Glucocorticoids 

-. 
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·, 
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Inhibition · 

Glucose· 
Insulin 
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Free fatty acids 
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FIGURE 23-7 
_____ ::Inputs to delta cells and effects ~f somatostatin, including 

negative feedback, which .reduces entry of _glucose . and­
amino acids into the circulatiqn.::..:_··;~ :': · ... . .· .. .'. _ -' ·: ._ .J , .. , L 
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Cholecystokinin-Pancreozymin 

It was formerly thought that a hormone called chole­
cystokinin produced · contraction of the gallbladder 
whereas a separate hormone called pancreozymin in­
creased the secretion of pancreatic juice rich in en­
zymes. It is now clear that a single hormone secreted by 
cells in the mucosa of the upper small intestine has 
both activities, and the, hormone has therefore been 
named cholecystokinin-pancreozymin. It is also 

~ called CC~:r.~__Q,&_N_Q.sLcommQ.D.b'i.CC:.K~"'"--,-~, 
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Fig. 4.7 A diagrammatic representation of the patterns of glucagon and insulin release at rest 
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Obesity-body \\'eight more than 20% above some desirable 1 
~t.1ndard due to an excessive accumulation of adipose tissue-a£- 'l 
fc.:t~ one-third of the .1dult population in the United S!:Hcs. (An , 
.1thkte lllOI)' be Ol'<'tw.:ishr due to higher-than-normal amounts of- i 
mu~dc tissue without being obese.) Even moderate obesityis haz7 i 

arJous to health; it is implicated as a risk factor in cardiovascular./ 
disease, hypertension, pulmonary disease, non-insulin-dependent '.i 
di;1betcs mellitus, arthritis, certain cancers (breast, uterus, and'l 
colon), vari..:ose veins, and gallbladder disease. Also, loss ofbodyfat . 1 

in obese individuals has been shown to elevate HDL cholesterol, the'' 
type <lssociated with prevention of cardiovascular disease. ' . '.··_:_ --. --- ---'·:. __ ...... 
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B:>jy weight 165 :a 227 lb 

Fe· cell size 0.2 '"-:·:ell 0.6 _;<.glcell 

Fat cell 
' -

number 75 bil''on 75 billion 

,-~ ·. 
' Fig. 6.22 In obesity the number of fat 

cells (the number is determined in 

infancy) stays constant. but the fat· 

COiltl!llt of !!aLb illUP<ISl!S (afl!!r 

Stollenll<lll). 
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IWJ:I!fl@l:~ 
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Figure 19-11 . . Plasma glucose levels in arteriaJized ·· 
venous blood at which various effects o't hypoglycemia 
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Figure 19-6. Insulin, IGF-1, and IGF-11 receptors. Each 
hormone binds primarily to its own receptor, but insulin 
also binds to the IGF-1 receptor, and IGF-1 and IGF-11 bind 
to all three. The dark-colored boxes are intracellular 
tyrosine kinase domains. Note the marked similarity 
between the insulin receptor and the IGF-1 receptor; 
also note the 15 repeat sequences in the extracellular 
portion of the IGF-11 receptor. 
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Figure 78-7. Increase in plasma insulin concentration following 
a sudden increase in blood glucose to two to three times the 
normal range. Note an initial rapid surge in insulin concentration 
and then a delayed but higher and continuing increase in con-

. centration beginning 15 to 20 minutes later . 
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