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Part I:
Neurotransmitters from Amino Acids: Overview

Catecholamines (tyrosine) * These pathways are critical in
” < the brain, periphery, and are
Thyroid hormones (tyrosine) targets for many

\

Serotonin (tryptophan)

AN

pharmacological agents

AN

Histamine (histidine)
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GABA (glutamate)
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Glutathione
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Creatine
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Catecholamine | ° Synthesis/Clinical Correlation:
SynthESiS  Steps and Coenzymes!

* Parkinson disease: neurodegenerative,
idiopathic loss of dopamine-producing cells
in the brain, L-DOPA
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Catecholamine
Degradation

» Degradation/Clinical Correlation:
* MAO and COMT to VMA

* Pheochromocytoma (adrenal medulla,
excess catecholamines, episodic
hypertension)

* Diagnosis: urinary VMA or plasma
metanephrines
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Thyroid Hormones:
Synthesis from Tyrosine

* Thyroid Peroxidase catalyzes:
* 1) lodine oxidation
* 2) lodination of tyrosine to form MIT/DIT
* 3) Coupling of MIT/DIT to form T3 and T4

* TSH is the major stimulator
e Synthesis requires iodine
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Serotonin

e Serotonin (5-HT): Regulates
mood, sleep, appetite

* Precursor to melatonin in the

pineal gland

Melatonin biosynthesis
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Histamine

* Histamine:

 Histidine Decarboxylase (PLP-dependent)

* Mediates

* allergic responses
e gastric acid secretion (via H2 receptors)

 wakefulness
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GABA

* GABA: The major inhibitory
neurotransmitter

e Glutamate Decarboxylase (requires PLP)

* Autoantibodies against this enzyme are
seen in Stiff-person syndrome and type 1
diabetes

Symptoms of
Stiff Person Syndrome

nnnnnnnnnnnnnn
: : taut facial expression
generalized anxiety P
disorder, depression,

difficulty breathing
and specific phobias

if thorax muscles
are affected

stiffness in trunk,
abdominal, and
lumbar muscles,
causing characteristic
hyperlordosis

intermittent
painful spasms

proximal limb
weakness

arm and leg muscles
closest to the body
become weak

triggering stimuli

fracture of bones

and joint dislocations
though rare, may occur
and are caused by
sudden painful spasms

MebicarNewsTopay | healihline

L-glutamate GAD GABA



Glutathione: Synthesis
and Functions

* y-glutamylcysteinylglycine
* Major intracellular antioxidant

e Synthesis:

* Glu + Cys (by y-glutamylcysteine synthetase,
rate-limited by cysteine) - + Gly (by
glutathione synthetase).

* Glutathione Peroxidase (requires Selenium)

* Regenerated by Glutathione Reductase (requires
NADPH)
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Creatine and Creatinine
Metabolism

e Occurs in the liver
* Gly + Arg > = + SAM (methyl donor) - Creatine

* Transported to muscle/brain and phosphorylated to
Phosphocreatine (high-energy reserve)

* Creatinine is the non-enzymatic, irreversible breakdown
product of creatine/phosphocreatine

* Its constant production and exclusive renal filtration make
serum creatinine a key marker for GFR
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PART Il: HEME SYNTHESIS

(DETAILED)



Heme Synthesis: Overview & Location

* Heme is a porphyrin ring chelating an iron atom

* It is a prosthetic group for hemoglobin, myoglobin, cytochromes
(P450), catalase, and peroxidase

* Erythroid cells synthesize ~“85% for hemoglobin; the liver synthesizes
the rest for cytochromes

* The pathway is partitioned between the mitochondrion and cytosol
* Precursors: Succinyl-CoA (TCA cycle) and Glycine



Heme
Synthesis:
Overview
& Location

ERYTHROPOIETIC

in urine.

LEAD POISONING

e Ferrochelatase and ALA dehydratase (ALAD)'
are particularly sensitive to inhibition by lead.

e Protoporphyrin and ALA accumulate

e ALAD deficiency porphyria is a very rare AR
acute hepatic porphyria.

PROTOPORPHYRIA (EPP)

e This chronic AD and AR disease is
caused by a deficiency in
ferrochelatase.

o Protoporphyrin accumulates in
erythrocytes, bone marrow,
and plasma.

e Patients are photosensitive.

[

[

VARIEGATE PORPHYRIA (VP)

ACUTE INTERMITTENT
PORPHYRIA (AIP)

e This acute AD disease is caused by a
deficiency in hydroxymethylbilane synthase?.

e Porphobilinogen and ALA
accumulate in the urine. '
e Urine darkens on exposure

e This acute AD disease is caused by a
deficiency in protoporphyrinogen oxidase.

e Protoporphyrinogen IX and other
intermediates prior to the block
accumulate in the urine.

o Patients are photosensitive.

Protoporphyrin IX
A

KEY:

Hepatic
porphyria

Erythro-
poietic

to light and air. = p—— o
o Patients are not photosensitive. S HEREDITARY
s COPROPORPHYRIA (HCP)
L ¢ Erotoporphyrinogen i e This acute AD disease is caused by a

8-Aminolevulinic acid

&-Aminolevulinic acid (ALA)

deficiency in coproporphyrinogen Il oxidase.
e Coproporphyrinogen lll and other

intermediates prior to the block
accumulate in the urine.
o Patients are photosensitive.

MITOCHONDRIA

| @ <o

1

Coproporphyrinogen il

Coproporphyrinogen Ill  _SPONANEOUS o o on0rphyrin il

PORPHYRIA CUTANEA TARDA (PCT)

e This chronic disease can be caused by an AD
deficiency in uroporphyrinogen decarboxylase.

e Uroporphyrin accumulates in the
urine.

e It is the most common porphyria.
o Patients are photosensitive.

°7

Porphobilinogen

Hydroxymethylbilane _.I,__) Uroporphyrinogen Il —Spontaneous . \yroporphyrin Il
CONGENITAL ERYTHROPOIETIC
PORPHYRIA (CEP)
e This chronic AR disease is caused by
a deficiency in uroporphyrinogen Il
synthase.

e Uroporphyrinogen | and
coproporphyrinogen |
accumulate in the urine.

e Patients are photosensitive.

l Spontaneous
Uroporphyrinogen | —> Uroporphyrin |

l Spontaneous
Coproporphyrinogen | ————————————> Coproporphyrin |

porphyria




Step 1: Formation of 6-
Aminolevulinic Acid (ALA)

 Mitochondrial
* ALA Synthase (ALAS) (PLP)

* The committed and rate-limiting
step in heme synthesis

* There are two isozymes: ALAS1
(liver, regulated) and ALAS2
(erythroid, constitutive)

e Heme inhibits ALAS1

COO

CHa
Cl)Hz—COO" C.H2
NH,* O=C-CoA
Glycine Succinyl CoA
L >,

ALAS1 €< ............. Heme

(mitochondrial
enzyme)

PP ‘\_) CoA

d-Aminolevulinic acid (ALA)



Steps 2 & 3: From ALA to
Porphobilinogen (PBG)

* Step 2 (Cytosol): Porphobilinogen (PBG)
* ALA Dehydratase (Porphobilinogen
Synthase)
* Toxicity: highly sensitive to lead (TcALA)
* Major biochemical lesion in lead poisoning
 Step 3 (Cytosol): 4 PBG >
Hydroxymethylbilane via PBG Deaminase
(Hydroxymethylbilane synthase)

d-Aminolevulinic acid (ALA)

d-Aminolevulinic
acid dehydratase
(cytosolic enzyme)

Lead wmumm: > Q

(Two molecules
condense)

2 H,0

A COO™

COO™ CH,
CllCH,

(ﬁ—C

\N/

H

CH,
NH,
Porphobilinogen

Porphobilinogen

Hydroxymethyl-
bilane synthase

(Four molecules
condense)

k—>4NH3

Y

Hydroxymethylbilane



Steps 4 & 5: Formation of )

Uroporphyrinogen Il Y

* Step 4 (Cytosol): spontaneous cyclization to \

Uroporphyrinogen | s/

* Step 5 (Cytosol): Uroporphyrinogen Ill Synthase = .

N NH HN—7
/ \

» A deficiency causes Congenital Erythropoietic

JTNH N

Porphyria Hydroxymethylbilane e Tk A E P
o/ %
Uroporphyrinogen Il | (Ring closure and Bty waha ot
synthase isomerization)
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“00C-CHj CH,-COO™
“00C-CHzCH CH,-CH,-COO™
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N NH HN
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Wp X [ ¢\

P = X / .
N NN ~Ac
~>—_';,-' e ~ //
Ac P

Uroporphyrinogen-I
(not biologically useful isomer)



Decarboxylation to
Coproporphyrinogen |l

 Step 6 (Cytosol): decarboxylation to
methyl groups

* Uroporphyrinogen Decarboxylase
* Product: Coproporphyrinogen Il

* Clinical Note: Deficiency causes
Porphyria Cutanea Tarda, the most
common porphyria, associated with
photosensitivity and skin fragility

“00C-CH,-CH, CH,-COO~

~“0O0C-CH, CH,-CH,-COO™
~“O0C-CH; CH,-COO™
~“0O0C-CH5CHs CH,-CH,-COO™
Uroporphyrinogen lll
Uroporphyrinogen IlI _
decarboxylase (Decarboxylation)
K) 4 CO,
Y
“00C-CH,-CH, CHs
CHj CH,-CH,-COO~
CHg CHj
~“0O0C-CH5CHs CH,-CH,-COO™
Coproporphyrinogen lli



“00C-CH,~CH, CHg
CHj CH,-CH,-COO~

Steps 8 & 9:
Mitochondrial B . AL e

Coproporphyrinogen lli HeGaCnl He )

Steps to Heme |

Coproporphyrinogen Il _
oxidase (mitochondrial | (Pecarboxylation,
enzyme) 2 %ng il “00C CHCHCSJH -

° I 2 ~CH,-CH, CH,-CH,-COO™
Coproporphyrl nogen CH,=CH CHg Protoporphyrin IX
Oxidase & CHy CH=CH, o
Protoporphyrinogen Oxidase o orocraase @ < Lead

. . . mitocnonarial enzyme 2 H+
(inhibited by lead) CH; CH
“00C-CH,-CH, CH,-CH,-COO"~ HoC=CH ghia

* Final Step (Mitochondrion): Protoporphyrinogen IX S e
(Ferrochelatase, lead) ”“’""’;’,{,@’;ﬁ’;”"ge”l (Oxidation) o "

.. . H,C=CH CHs “0O0C-CH,-CH, CH,-CH,-COO~

° Ir.on de..ﬂCIe.nCy resu!ts In CHg CH=CH, Heme (Fe?* protoporphyrin IX)
Zinc being inserted instead,
forming zinc protoporphyrin CH CH,

-O0C-CH,-CH, CH,-CH,-COO~

Protoporphyrin IX






Heme Degradation: Overview

* Approximately 250-300 mg of heme is degraded daily, primarily from
senescent RBCs destroyed by macrophages in the spleen, liver, and
bone marrow

* The released heme is degraded to bilirubin, a process that conserves
iron and converts a potential toxin into an excretable waste product



Step 1: Formation
of Biliverdin

* Heme Oxygenase

Heme oxygenase ° P ro d u CtS :
/ \ il o .
. W . B|I|verd|n.. A green, water-
O co Fe soluble pigment
HOC CouH HO,C CO,H e Carbon Monoxide (CO):
Heme Bilfa lungs; its production rate

can be used to estimate
heme turnover

* I[ron (Fe?*): Recycled and
stored as ferritin



.
=N / \ N
\* / / \ \
) \g -/ MACROPHAGE /

Step 2: Formation of T o NADPH
Unconjugated Bilirubin

* Enzyme: Biliverdin Reductase (cytosolic, high activity) U\ * A * * )\J 1
* Product: Unconjugated Bilirubin (UCB) Rl NADPHW",
* Lipid-soluble (hydrophobic) i e VKNAW |

* Tightly bound to albumin in plasma, and toxic to the B o
CNS (kernicterus) ,:{ ,Lj\\kj\ g /)\_\\qﬁ)
* Also called "indirect-reacting” bilirubin '

Bilirubin

BLOOD Bilirubin—albumin
complex



Transport, Uptake, & Conjugation

BLOOD  Bilirubin-albumin
complex

 UCB-albumin ->liver (dissociation) = Facilitated diffusion v
— Intracellular carrier proteins (e.g., ligandin) (preventing
efflux)—> endoplasmic reticulum for conjugation

* UCB + 2 UDP-Glucuronic Acid - Bilirubin Diglucuronide

* UDP-Glucuronosyltransferase (UGT) (ER)

* Significance: Conjugation (hydrophilic), non-toxic, and AR
ready for biliary excretion 1
BILE

Bilirubin

LIVER

Bilirubin
UDP-

glucuronosy!-
lransferase 2 UDP

Bilirubin diglucuronide

* Conjugated Bilirubin (CB), or "direct-reacting" bilirubin



Biliary Excretion &
Intestinal Fate

 Actively transported into bile
(MRP2)

e Bacterial B-glucuronidases
deconjugate it back to UCB

e Also, bacteria reduces it back
to a colorless compound
called urobilinogen

Sinusoid Hepatocyte Bile canaliculus

ATP
UDPGA UDP i
OATP1B1 MIREA
= — Unconjusated¥ Conjugated
' =" bilirubin “*———— Bilirubin
— UGTIAL (_hrub
Facilitated Enzyme-catalyzed ATP-dependent
diffusion glucuronidation » ¢

‘1 Rate limiting step

) Heme
s
3 Heme
g oxygenase
=
Biliverdin -
Biliverdin
reductase
Bilirubin Enterohepatic

Circulation
/ (via Portal System)

|

Stercobilin /
Glucuronic acid \

C
lremoveq by Urobilinogen
bacteria  (gtercobilinogen)

v Intestine

N




Enterohepatic Circulation
& Final Excretion

e “80% oxidized to stercobilin
(brown pigment)

e ~20% reabsorbed into portal
blood and re-excreted
(enterohepatic circulation)

e (~2-5%) escapes, excreted as
urobilin (kidneys, yellow
pigment)

Senescent red cells are a
major source of hemeproteins.

Unconjugated bilirubin
is transported through
the blood (complexed to
albumin) to the liver.

B Conjugated bilirubin
is actively secreted
into bile and then
the intestine.

a In the intestine,

glucuronic acid is
removed by bacteria.
The resulting bilirubin
is converted to
urobilinogen.

Breakdown of heme to bilirubin
occurs in macrophages of the
mononuclear phagocyte system,
particularly in the liver and spleen.

/.
‘ D I glucuronic acid.

diffusion by the liver
and conjugated with

BLOOD VESSEL

g The remainder of the urobilinogen
Is transported by the blood to the
kidney, where it is converted to yellow
urobilin and excreted, giving urine its
characteristic color.

-

a A portion of this urobilinogen
participates in the enterohepatic
urobilinogen cycle.

R o . /

Some of the urobilinogen
is reabsorbed from the gut

and enters the portal blood. To urine

/N

_— : Urobilinogen is oxidized
y Sy by intestinal bacteria to
the brown stercobilin.



PART IV: JAUNDICE -
PATHOPHYSIOLOGY &
DIAGNOSIS

(MAJOR EMPHASIS)



Jaundice: Definition and Presentation

* Yellow discoloration of skin, sclera, and
mucous membranes

* Elevated serum bilirubin levels (>2-3 mg/dL)

 Scleral icterus is an early sigh due to the high
elastin content that binds bilirubin

* It is a symptom, not a disease, indicating a
disorder in bilirubin metabolism




Hemol@ — Ungtialinrj#giited

Pre-Hepatic (Hemolytic) 02°

?
. . 0., \ @
Jaundice: Pathogenesis @\&i“‘ﬁ Y +emolytic

4y
\
\

|

e Cause: Excessive destruction of red

o0
a° L ,.
) j
blood cells (hemolysis) .| O

j
ll\'. \ < >

* Overwhelms the liver's conjugation |-
capacity e

* Examples: Sickle cell anemia, G6PD TESTEE
deficiency, autoimmune hemolysis,
malaria

» Key Defect: Overproduction of ﬂ
bilirubin from heme




Pre-Hepatic Jaundice:
La bOratO ry FlndlngS l‘ Hemolysisl — Ungﬁﬂiﬁaﬂted

S, o |
. . \i | Hemolytic
* Total Bilirubin: Increased (mostly 6 & jaundice |
unconjugated) 3\30@ er
* Urine Bilirubin: NEGATIVE??
* Urine Urobilinogen: Markedly INCREASED??

e Stool Color: Very dark brown (high stercobilin)

INTESTINE

e Other: low haptoglobin Q’




Hepatic (Hepatocellular) Jaundice:
Pathogenesis

e Cause: Liver cell damage impairs all phases of bilirubin metabolism:
uptake, conjugation, and excretion

* Examples: Viral hepatitis (Hep A, B, C), alcoholic liver disease, cirrhosis,
drug-induced liver injury (e.g., acetaminophen overdose)

* Key Defect: Dysfunction of hepatocytes

TYPES OF JAUNDICE

HEPATIC. OOO POSTHEPATIC
)

PREHEPATlC OQOO GALLSTONES, INFLAMMATION,

SCAR TISSUE, OR TUMORS
— < BLOCK THE FLOW OF BILE
r : INTO THE INTESTINES
TRANSFUSION REACTIONS, [i{{ 1 LI SR ) S S
\\\ ) R <
S S NI
3 Z :

SICKLE CELL ANEMIA,
* THALASSEMIA,

\,;\ &
// AUTOIMMUNE ‘
— DISEASE
90 > v
la"" %J g
g

T |} HEPATITIS, CANCER,
0 g ", CIRRHOSIS, CONGENITAL
) DISORDERS, DRUGS
200 o] c
WWW.MEDCOMIC.




Hepatic Jaundice: Laboratory Findings

 Total Bilirubin: Increased (both unconjugated and conjugated)??
e Urine Bilirubin: POSITIVE??

* Urine Urobilinogen: often increased (if intrahepatic cholestasis
predominates, it may be decreased).

 Stool Color: May be pale if cholestasis is significant

* Other: Elevated liver enzymes (AST, ALT)



Post-Hepatic

(Obstructive) Jaundice:

Pathogenesis

e Cause: Physical obstruction

* Examples: Gallstones,
pancreatic head carcinoma,
bile duct stricture

e Key Defect: Mechanical
blockage of bile flow

Posthepatic jaundice
Normal bile flow
Bilirubin, the substance that causes
jaundice, is processed in the liver.
It leaves the liver in the bile fluid
and flows into the intestine.

Common”.
bile duct

Intestine

Jaundice
Yellowing of the skin
and white of the eyes

When bile flow is blocked,
bilirubin levels increase in the
blood and can cause jaundice.




Post-Hepatic Jaundice: Laboratory Findings

 Total Bilirubin: Markedly increased (mostly conjugated)??
e Urine Bilirubin: Strongly POSITIVE??

* Urine Urobilinogen: NEGATIVE or LOW

e Stool Color: Pale, clay-colored

e Other: Pruritus due to bile salt retention



Comparison: The Three Types of Jaundice

Feature

Main Defect
Bilirubin Type
Urine Bilirubin
Urine Urobilinogen
Stool Color

Key Labs

Pre-Hepatic
Overproduction
Unconjugated ™1
Negative
Increased

Dark

Low haptoglobin

Hepatic
Hepatocellular Injury
Mixed T

Positive

Variable

Variable

High ALT, AST

Post-Hepatic
Obstruction
Conjugated ™M1
Positive
Decreased/Absent
Pale/Clay

High ALP, GGT



Activity of the enzyme that
conjugates bilirubin with
glucuronic acid, bilirubin UDP-
glucuronosyliransferase
(bilirubin UGT), is low in

Neonatal Jaundice e
(Physiologic)

UGT activity

Premature s
Full term ==

* Common in newborns due to: R —
* High RBC turnover R
* Immature hepatic uptake and UGT activity

Serum levels of bilirubin rise
after birth in full-term infants,
although usually not to

S

(CO nJ U gat | on ) :SE; dangerous concentrations.
. . N E
e Sterile gut (delayed bacterial colonization) - S
. . . . 210
increased enterohepatic circulation of UCB z 7: 4
= « Premature w
* Usually appears on day 2-3, peaks by day 5, resolves by 2 &= Tulll ==
weeks. 3 — 2 18 2 30

Postnatal days

premature infants may rise to

Serum levels of bilirubin in
toxic levels.




Neonatal Jaundice
(Physiologic)

Jaundice Kernicterus

Yellowing."g ~

of skin ;
Bilirubin moves
Excess bilirubin from bloodstream
in blood into brain tissue
FADAM.

* Risk: If levels rise too high, UCB can cross the immature

blood-brain barrier and cause kernicterus (permanent
neurological damage)

* Treated with phototherapy (converts UCB to water-
soluble isomers)

f

Jaundice in Newborns

Yellow coloring
of skin and eyes

Newborn
with jaundice

Healthy newborn



Inherited Disorders of Bilirubin Metabolism

* Crigler-Najjar Syndrome Type I:
 Complete deficiency of UGT
e Severe unconjugated hyperbilirubinemia, kernicterus, fatal without
liver transplant

* Crigler-Najjar Syndrome Type Il: partial deficiency of UGT, less severe

a Crigler-Najjar Syndrome )
@ N
Bilirubin Impaired bilirubin metabolism Hyperbilirubinemia
(PS0eTiAT )
UGT1A1 mutation

=
$ CH, Uridine diphosphate g’} |
glucoronosyl transferase 1A1 o
& &
Jaundice Kernicterus
N v

\ i




Inherited Disorders of Bilirubin Metabolism

e Gilbert Syndrome: —
* Mild (~30%) reduction in UGT activity Syndrome
* Benign, very common (~5-10% population)
* Mild, unconjugated hyperbilirubinemia during stress,
fasting, or illness

* Dubin-Johnson Syndrome: Defect in hepatic excretion of
conjugated bilirubin (MRP2). Causes conjugated
hyperbilirubinemia.

* Liver has a characteristic black pigmentation
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