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Resource Hub 

Section 1: The Three Levers — How Any Hormone Changes a Cell 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Define the whole chapter by its central conclusion before any 
pathway appears. A hormone has exactly three levers on a cell, and 
every mechanism we draw later is just a different way of pulling one of 
them. 

A hormone edits a cell's proteins, nothing else 

What a Hormone Does (State It First) 

• Hormone = chemical messenger carried by the blood 
that alters a target cell's activity 

• It acts only by changing the cell's proteins: types, 
amounts, or activities 
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Start with what a hormone does. A hormone is a chemical messenger 
that alters the activity of a particular cell type, and it does so by changing 
the types, the amounts, or the activities of that cell's proteins. That is the 
entire menu. There is no fourth option, and stating that limit at the outset 
sets the expectation for the rest of the chapter. When we draw an 
elaborate second messenger cascade later in the chapter, all of that 
machinery acts on one of these three levers, nothing more than that. 

Change the proteins, change the phenotype 

Make students see why proteins are the target and not something more 
vague. Proteins are the working parts of the cell, the enzymes, the 
channels, the pumps, the transcription factors, the structural scaffolding. 
They are what the cell uses to do anything at all. So, if you change which 
proteins are present, how many there are, or whether they are switched 
on, you change what the cell looks like and what it does. You change its 
phenotype. That is why a hormone does not act on a cell in some 
general, unspecified way. It acts by changing the protein population, and 
the edited proteins are the actual cause of every downstream effect you 
will name. 

Only three levers exist, and one is fast 

Now the three levers, stated plainly, with the speed difference built in from 
the start. Types means making a protein the cell was not making before, 
something new in that cell. Amounts means making more or less of a 
protein it already makes. Both of those run through transcription and 
translation, so both are slow, hours to days. Activities means taking a 
protein that already exists and switching it on or off, usually by adding or 
removing a phosphate, and that is fast, seconds to minutes. Hold that 
contrast deliberately, because the entire hydrophilic versus lipophilic story 
coming up later is the same speed split expressed through a different 
property. 

Solubility determines everything that follows 

Close the frame by pointing at the fork in the road the whole chapter turns 
on. The classic hormone is blood-borne. It is made in an endocrine gland, 
diffuses into the blood, is carried through the circulation, and randomly 
diffuses back out at some distant capillary bed where a target cell is 

• Proteins are the cell's working parts: enzymes, 
channels, pumps, transcription factors, scaffolding 

• Change the proteins, change the phenotype 

The Three Levers 

• Types: make an entirely new protein the cell was not 
making before 

• Amounts: make more or less of an existing protein 

• Activities: switch an existing protein on or off (often by 
phosphorylation) 

Causal Chain: Stimulus to Phenotype Change 

Stimulus detected by an endocrine cell → hormone 
secreted → reaches a target cell and binds its receptor → 
binding alters the cell. The only things in a cell that can 
be altered are its proteins, so the protein population is 
edited (types / amounts / activities); and proteins are the 
cell's working parts, so editing them changes what the 
cell does: its function and phenotype 

Key Distinction: Fast Lever vs. Slow Levers 

• Activities = fast (seconds to minutes): flip an existing 
protein 

• Types and amounts = slow (hours to days): build via 
transcription and translation 

• The lever pulled, not the hormone's identity, sets the 
speed 

Common Errors 

• Error: Thinking a hormone has a direct effect of its 
own. It has none. The effect is whatever that cell's 
receptor is coupled to. 

• Error: Believing one hormone equals one action. The 
same hormone reaches cells with different proteins 
and produces different outcomes. 



located. Whether it can then reach inside that cell or must act from 
outside the membrane depends entirely on one property, its chemical 
class. Hydrophilic or lipophilic. That single distinction determines where 
the receptor sits, how fast the response starts, and how the hormone is 
carried, and it organizes every section that follows. 

• Error: Treating types, amounts, and activities as 
vague synonyms instead of three distinct, 
mechanistically different operations. 

Prediction Prompt 

• Predict: A drug blocks all new protein synthesis in a 
cell but leaves existing proteins intact. Which of the 
three levers can a hormone still pull, and which two 
are disabled? 

• Predict: A hormone produces an effect within seconds 
in one tissue and only after many hours in another. 
Using the three levers, explain how one hormone 
delivers both timescales. 

 

Section 2: Forms of Cell-Cell Signaling — Local vs. Distant 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the whole map of chemical signaling first, so endocrine 
signaling has a defined place within it. Students think hormones are the 
only chemical messengers. They are one box on a larger board, and the 
board is organized by distance. 

Signaling is organized by distance, not by molecule 

Anchor on the problem signaling solves. Diffusion is far too slow over long 
distances. If a cell released a chemical and relied on diffusion alone to 
carry it to a target across the body, transit would take days, months, even 
years. Neural signaling avoids that limit with speed and anatomical 
connection, carrying information rapidly and precisely to specific targets. 
That is one end of the board, very fast and very targeted, the system you 
use to get your hand off a hot stove. Endocrine sits at the other end, 
slower but broadcast widely. The board is organized by how far the signal 
has to travel and how it gets there, not by the chemical identity of the 
messenger. 

The Board, Organized by Distance 

• Autocrine: acts on the releasing cell or same cell type 
nearby (local, intrinsic) 

• Paracrine: acts on an adjacent cell of a different type 
(local, intrinsic) 

• Intracrine: acts inside the cell that made it, never 
released (local, intrinsic) 

• Endocrine: released to the blood, acts on distant 
receptor-bearing cells (extrinsic) 

• Neuroendocrine: neuron releases onto a capillary bed; 
product travels in blood (extrinsic) 

Two Axes Worth Drawing 

• Local (autoregulation) vs. distant (blood or neural) 

• Intrinsic (from the tissue) vs. extrinsic (from outside) 



Auto-, para-, and intracrine are all local 

Now walk the local controls, because not every target is far away. When a 
cell releases a messenger that acts back on itself, or on an adjacent cell 
of the same type, that is autocrine. When the messenger acts on an 
adjacent cell of a different type, it is paracrine. When the agent acts inside 
the very cell that made it, without ever being released, that is intracrine. 
All three are local, all three are forms of autoregulation, and all three are 
intrinsic, meaning the control arises from within the local tissue. Group 
them on the board so students see they are variations on one theme, 
control that never leaves the local tissue. 

A hormone is broadcast, not aimed 

Contrast that with extrinsic control, where the signal comes from outside 
the local area. A neuron reaching in from the central nervous system is 
extrinsic. So is a blood-borne hormone. The endocrine cell releases its 
product into the interstitium, it diffuses into the bloodstream, passes 
through the heart, and now is everywhere. Hormones are not directed to 
a destination. They are carried by pressure driven flow, they diffuse out at 
capillary beds all over the body, and only cells expressing the right 
receptor respond. The distribution is essentially random. The receptor, 
not the hormone, determines which cells respond. 

The same molecule can be transmitter or hormone 

A neuron can release its product not at a synapse but onto a capillary 
bed, where it travels in the blood like any hormone. We call that a 
neurohormone, and the control is neuroendocrine. The posterior pituitary 
hormones are the classic example. The lesson to draw is that the 
molecule does not define the category. The same norepinephrine is a 
neurotransmitter at a synapse and a hormone in the blood. What defines 
the category is where it acts relative to where it was released. 

Causal Chain: Why a Hormone Reaches Everywhere but Acts 
Selectively 

Endocrine cell secretes into interstitium → diffuses into 
blood, carried by pressure-driven flow → distributed to 
essentially all tissues at random → diffuses out at 
capillary beds everywhere → only cells expressing the 
matching receptor respond 

Key Distinction: Neural vs. Endocrine 

• Neural: fast, targeted, anatomically connected to 
specific cells 

• Endocrine: slower, broadcast, any cell with a receptor 
can respond 

• Same molecule can serve both (norepinephrine): the 
site of action sets the category 

Common Errors 

• Error: Thinking the identity of the molecule sets the 
category. The same molecule can be neurotransmitter 
and hormone. 

• Error: Assuming a hormone is aimed at its target. It is 
not. Distribution is random; the receptor determines 
which cells respond. 

• Error: Confusing paracrine with endocrine. The 
dividing line is amount and dilution, not chemistry (see 
Section 3). 

Prediction Prompt 

• Predict: A messenger is released in tiny amounts and 
degraded quickly, never reaching an effective blood 
concentration. Local or systemic action, and why? 

• Predict: A single neuron releases the same 
transmitter at a synapse onto one muscle fiber and, 
elsewhere, onto a capillary bed. Name the category at 
each site and justify by location, not molecule. 

 



Section 3: What Makes a Hormone Blood-Borne — Size and Duration of the Signal 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Answer the obvious student question head on. If paracrine, 
autocrine, and endocrine agents are all released into the interstitium, 
what actually makes one of them a blood-borne hormone? The answer is 
not chemistry. It is amount and duration. 

Every messenger starts in the same place 

Set the puzzle cleanly. Every chemical messenger, except those crossing 
gap junctions directly, is secreted into the interstitial fluid, because that is 
the medium surrounding all cells. So, a paracrine agent and a classic 
hormone begin in exactly the same place, deposited into the same fluid. If 
they share a starting point, the thing that makes one local and one 
systemic has to be something that happens afterward, downstream of 
secretion. That reframes the whole section. 

Amount and durability, not chemistry, make it systemic 

Now the resolution. Paracrine and autocrine agents are released in such 
small amounts that once they reach the bloodstream they are diluted 
below an effective concentration, and on top of that they tend to be 
degraded quickly. Between dilution and rapid breakdown, they never build 
a concentration high enough to produce an effect at a distant target, so 
they stay local by default. Classic endocrine hormones are secreted in 
larger quantity, and often carried in a protected form, so they survive 
dilution and circulate at concentrations that still work far away. The 
difference is dose and durability, not a different class of molecule. 

The categories are about reach, not class 

Occasionally a paracrine agent is released in such large amounts that it 
begins to have body wide effects, though that is rare. And the reverse 
holds too. A systemic hormone will also act in autocrine or paracrine 
fashion on neighbors if those neighbors happen to express the receptor. 
A hormone feeding back to inhibit its own production is a clean example 

The Real Distinction 

• Same starting point (interstitium); fate decided by 
amount + durability 

• Paracrine/autocrine: small amount + fast degradation, 
diluted below an effective concentration in blood, local 
only 

• Endocrine: larger amount, often carrier-protected, 
survives dilution, distant action 

The Boundary Is Porous 

• A systemic hormone also acts locally on neighbors 
that express the receptor (e.g., feeding back on its 
own gland) 

• A paracrine agent in very large amounts can 
occasionally go systemic (rare) 

Causal Chain: Why a Paracrine Agent Stays Local 

Released in small amount into interstitium → enters blood 
and is diluted in the whole blood volume → blood 
enzymes degrade what remains, lowering it further → 
never reaches an effective distant concentration, while 
near the release site, before that dilution, it is still 
concentrated → acts only on nearby cells 

Key Distinction: Access vs. Clearance 

• Blood transport gives access to nearly all tissues 

• It also creates clearance routes: blood enzymes, liver, 
kidney filtration 

• Circulating level = rate of addition (secretion) minus 
rate of removal (clearance) 

Common Errors 



of that. So, the categories describe scale and reach, not separate 
chemistries. 

Blood access comes with clearance 

Blood transport gives a hormone access to nearly every tissue, but the 
same access exposes it to clearance, by degrading enzymes in the blood, 
by liver inactivation, or filtration at the kidney. A hormone's moment to 
moment concentration is therefore a balance, addition by secretion 
against removal by clearance. That balance between addition and 
removal underlies much of the regulation you will teach later in the 
chapter. 

• Error: Thinking there is a chemical difference between 
a paracrine agent and a hormone. The difference is 
dose and reach. 

• Error: Assuming blood transport only helps. It also 
creates the clearance routes that limit a hormone's 
lifespan. 

• Error: Believing the local-versus-systemic line is fixed. 
A large enough paracrine release can go systemic, 
and a systemic hormone can act locally. 

Prediction Prompt 

• Predict: A peptide is secreted in normal amounts but 
mutated so a blood enzyme can no longer degrade it. 
Predict the effect on its circulating concentration and 
duration of action. 

• Predict: A paracrine mediator is suddenly secreted at 
100 times its normal amount. Predict whether it can 
now act systemically, and explain using dilution and 
degradation. 

 

Section 4: Receptors Make the Target — Sensitivity Lives in the Cell, Not the Hormone 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Relocate the cause of a hormone's effect away from the 
hormone and into the target cell. Students instinctively credit the 
hormone. The accurate version is that the receptor is what makes a cell a 
target. 

The target cell, not the hormone, sets sensitivity 

State the principle and make it stick. A hormone is dispersed everywhere 
in the blood, but only cells expressing a matching receptor respond to it. 
So, it is the target cell, by expressing the receptors it does, that 
determines its own sensitivity. The hormone is necessary but never self-

Core Principle 

• Hormone is everywhere; only receptor-bearing cells 
respond 

• The target cell sets its own sensitivity by which 
receptors it expresses 

• No receptor, no response, regardless of hormone level 

A Receptor Has Two Jobs 



sufficient. No receptor, no response, no matter how much hormone floods 
past. This is the same answer the chapter gives again and again, and it is 
worth establishing now so students stop crediting the hormone for 
outcomes the target cell controls. 

A receptor must both recognize and transduce 

The receptor performs two distinct functions. First, recognition. The 
receptor must bind its hormone selectively out of a mixture of nutrients, 
wastes, and structurally similar molecules, and bind it with enough 
specificity and affinity that the hormone does not simply diffuse back off 
before anything happens. Second, transduction. That binding has to be 
converted into a cellular action. A receptor that recognized but did not 
transduce would be like a lock with a key in it but the tumblers won’t turn. 
Many drugs act in exactly that way; they are receptor blockers. 

The shape change, not the binding, is the signal 

When a hormone binds, the hormone itself is not modified. What changes 
is the conformation of the receptor. That conformational change is the 
event. It is what activates the hormone receptor complex and launches 
everything downstream. So binding is not the message. The shape 
change that binding causes is actually the message. Students who hold 
that straight will not be confused later when a drug binds without 
activating, because they will know the missing step is the conformational 
change, not the binding. 

Receptor location follows hormone solubility 

Finally, place the receptor by chemistry, which sets up the next several 
sections. Because every hormone reaches the cell from the interstitial 
space, a membrane receptor with its binding site facing outward is the 
logical default, and it is required for hydrophilic hormones that cannot 
cross the membrane. But lipophilic hormones slip through the bilayer, so 
their receptors can sit anywhere inside, in the cytoplasm, in the nucleus, 
even in the mitochondria. That one fact, that receptor location is dictated 
by hormone solubility, is the spine of the chapter, and we will lean on it in 
nearly every remaining section. 

• Recognition: bind the correct hormone among many 
similar molecules, with enough specificity and affinity 
that it does not dissociate immediately 

• Transduction: convert binding into a cellular action 

• The actual signal is the receptor's conformational 
change, not the binding itself 

Causal Chain: From Binding to Cellular Action 

Hormone binds receptor (hormone unchanged) → the 
receptor's conformation changes, and that shape change, 
not the binding, is the signal → the reshaped receptor 
can now do something it could not do before: this is 
transduction → that new capability launches the 
downstream signal (the mechanisms come in Sections 
12-15) → cell function altered 

Key Distinction: Recognize vs. Transduce 

• Recognition alone: a blocker can bind without 
activating (bound, but no conformational change 
follows) 

• Transduction: binding is converted into action via the 
shape change 

• Receptor location follows solubility: hydrophilic 
outside, lipophilic inside 

Common Errors 

• Error: Crediting the hormone alone for the effect. The 
receptor and its downstream coupling produce the 
effect; the hormone triggers it. 

• Error: Thinking binding itself transmits the signal. The 
conformational change in the receptor does. 

• Error: Assuming a bound molecule must activate. A 
blocker can bind and recognize without transducing. 

Prediction Prompt 

• Predict: Two cells sit in the same hormone-rich blood. 
One responds strongly, one not at all. What single 



property differs between them, and what does that tell 
you about where control of the response lives? 

• Predict: A drug binds a receptor with high affinity but 
causes no conformational change. Predict its effect on 
the cell, and on the response to the natural hormone 
competing for that receptor. 

 

Section 5: One Hormone, Many Jobs — Receptor Subtypes 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Break the one-hormone, one-action assumption with a single 
vivid case, then generalize. The case is epinephrine producing opposite 
effects on the same blood vessels depending on its concentration. 

One hormone, opposite effects in different cells 

Pose the problem. It would be simpler if each hormone had exactly one 
receptor and one action, but that is not the case. Most hormones have 
several receptor subtypes, sometimes in the same cell, sometimes 
scattered across very different tissues. The binding sites are similar 
enough to fit the same hormone, yet what each subtype triggers 
downstream is often completely different. That is how one molecule runs 
a whole repertoire of actions, and it is why you cannot predict a 
hormone's effect from the hormone alone. 

Epinephrine shows the subtype determines the response 

Run the epinephrine example carefully, because it carries the section's 
central point. During moderate exercise, epinephrine relaxes the vessels 
feeding skeletal muscle, increasing blood flow to meet demand. Under 
severe stress, epinephrine secretion rises much higher and now engages 
a second, lower affinity receptor that constricts those same muscle 
vessels, raising systemic pressure and maintaining perfusion of the brain 
and heart. Same hormone, same vessels, opposite effect, and the thing 

Why Subtypes Exist 

• One hormone, several receptor subtypes, different 
downstream wiring, different actions 

• Binding sites are similar (they fit the same hormone); 
downstream effects are not 

Epinephrine on Muscle Vessels (the Case) 

• Exercise: moderate epinephrine, high-affinity receptor, 
vasodilation, more flow to muscle 

• Severe stress: high epinephrine, low-affinity receptor 
engages, vasoconstriction, higher systemic pressure 

• Opposite effects on the same parameter, set by 
concentration 

Causal Chain: Why the Effect Reverses as Concentration 
Rises 

Epinephrine rises above resting levels, where only the 
high-affinity subtype is occupied and the muscle vessels 
are dilated → the high-affinity subtype saturates, so the 
dilator signal stops growing with concentration → the 
same continuing rise in concentration now occupies the 
low-affinity subtype as well → a constrictor signal is 
added at those same muscle vessels and grows as that 



that flipped it was concentration acting through receptor subtypes with 
different binding affinities. 

Receptor subtype, not the hormone, picks the outcome 

The key point is that affinity determines not only the size of the response 
but sometimes its character. When subtypes differ in affinity, the high 
affinity receptor fills first at low hormone levels, and the low affinity one 
only engages once levels climb. So, the response becomes concentration 
dependent, and a single hormone can deliver graded or even opposite 
effects as its level changes. In other cases, the subtypes simply drive 
unrelated actions at different tissues, and a single receptor type can 
produce wide ranging effects too, by being coupled to different 
downstream machinery in different cells. 

The cell's receptors are the determining factor, again 

Tie it back to the chapter's spine. This is the same principle the chapter 
returns to in every section. The diversity of hormone action does not 
come from the hormone alone. It comes from which receptor subtypes the 
target cell expresses and with what affinity they bind. The hormone is like 
a knock at the door. What follows from that knock is set by which receptor 
subtypes the cell expresses. 

occupancy climbs → the constrictor effect exceeds the 
capped dilator effect → vessel diameter falls and 
systemic pressure rises 

Key Distinction: High-Affinity vs. Low-Affinity Subtype 

• High-affinity subtype fills first at low hormone levels 

• Low-affinity subtype engages only at high levels 

• Result: concentration-dependent, even reversing, 
responses from one hormone 

Common Errors 

• Error: Believing a hormone has a fixed effect. The 
effect can flip with concentration via subtypes. 

• Error: Thinking opposite effects require opposite 
hormones. One hormone plus two subtypes does it. 

• Error: Forgetting the source of diversity is the cell's 
receptor expression, not the hormone. 

Prediction Prompt 

• Predict: A cell expresses only the low-affinity 
epinephrine subtype. At resting epinephrine levels, will 
it respond? What changes during severe stress, and 
why? 

• Predict: A drug selectively blocks only the high-affinity 
epinephrine subtype. Predict the effect on muscle 
blood vessels at low versus high epinephrine 
concentrations. 

 

Section 6: Chemical Class Predicts Everything — The Hydrophilic/Lipophilic Divide 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach the single organizing rule of this chapter as a sorting 
exercise. If a student can sort a hormone into hydrophilic or lipophilic, 

Classes by What They Are Built From 



they can predict where its receptor is, how fast it acts, and how it is 
carried. Everything else is detail. 

Sort hormones by what they are built from 

Lay out the chemical classes by what they are built from, because the 
build determines the behavior. Two amino acids serve as substrates, 
tyrosine and tryptophan, and we care mostly about tyrosine. Then there is 
the peptide group, which is really the peptide, protein, and glycoprotein 
group, the only hormones coded directly by DNA, because they are 
amino acid sequences. And finally, the lipid derived class, built from 
cholesterol or from arachidonic acid. That is the whole taxonomy by 
origin, and it is worth putting on the board as three columns. 

The property that matters most: can it cross the 
membrane? 

Now collapse the taxonomy onto a key property that matters for function, 
whether or not the hormone can cross a membrane. Lipophilic means fat 
liking, soluble in fats, so it dissolves into the bilayer and passes through. 
Hydrophilic means water soluble, stuck outside, because it cannot cross 
the lipid core. This distinction determines receptor location, which we set 
up in the last section. Lipophilic receptors sit inside the cell, hydrophilic 
receptors face outward on the membrane. This means the three-column 
taxonomy becomes a two-way sort, and the two-way sort is what does the 
predictive work. 

A shortcut replaces the long list 

Give them a shortcut so they won’t be tempted to memorize the long list. 
There are only two lipophilic groups worth remembering, the steroids and 
the thyroid hormones. Everything else is hydrophilic. The catecholamines 
are hydrophilic. Every peptide, protein, and glycoprotein is also 
hydrophilic. So, you do not need to memorize which hormones are 
hydrophilic. Focus, instead, on the short lipophilic list, steroids and thyroid 
hormones. All other hormones are hydrophilic by default. This inversion is 
a durable tool, and it applies every time a new hormone appears. 

Two distinctive exceptions to flag early 

• Amino acid-derived: from tyrosine (catecholamines, 
thyroid) and tryptophan (melatonin) 

• Peptide group: peptide / protein / glycoprotein; only 
group coded directly by DNA 

• Lipid-derived: from cholesterol (steroids) or 
arachidonic acid (eicosanoids) 

The One Rule That Matters 

• Lipophilic, crosses membrane, receptor inside 
(cytoplasm / nucleus / mitochondria) 

• Hydrophilic, cannot cross, receptor outside 
(membrane, site faces interstitium) 

Derivation Chain: From Chemical Class to Predicted 
Behavior 

The large majority of hormones are hydrophilic. Only the 
steroids and thyroid hormones are lipophilic. Recall the 
latter group and everything else is hydrophilic. Then, 
solubility sets receptor location (inside or membrane) → a 
receptor at the membrane acts through proteins the cell 
already has (the fast activities lever), while a receptor 
inside acts through the gene program (the slow types and 
amounts levers), so location sets speed. Separately, the 
same solubility determines whether the hormone travels 
dissolved in plasma or needs a carrier, so much of its 
behavior is now predicted 

Key Distinction: The Shortcut 

• Lipophilic = steroids + thyroid hormones (memorize 
this short list) 

• Everything else is hydrophilic (catecholamines, all 
peptides/proteins/glycoproteins) 

• Two asterisks: melatonin is amphipathic; eicosanoids 
are lipid-derived but paracrine 

Common Errors 

• Error: Memorizing a long hydrophilic list. Focus on the 
short lipophilic list instead. 



Handle the two honest asterisks so students are not surprised by them 
later. Melatonin, from tryptophan, is amphipathic, part hydrophilic and part 
lipophilic, and we mostly set it aside because its human hormonal role is 
not well established. And the eicosanoids, from arachidonic acid, are 
lipid-derived but usually act in paracrine fashion rather than as classic 
blood-borne hormones, which is why aspirin and ibuprofen matter 
clinically even though we do not study eicosanoids as hormones. Name 
both, then move on, so the clean rule stays clean and the exceptions are 
labeled as exceptions rather than discovered as contradictions. 

• Error: Calling catecholamines lipophilic because they 
are derived from tyrosine (like the lipophilic thyroid 
hormones). They are hydrophilic, bind to membrane 
receptors, and are fast-acting. 

• Error: Treating all lipid-derived molecules as 
hormones. Eicosanoids usually are not. 

Prediction Prompt 

• Predict: You are told a new hormone binds a receptor 
in the nucleus. Without any other information, is it 
hydrophilic or lipophilic, and which two structural 
classes is it most likely to belong to? 

• Predict: A new peptide hormone is discovered. 
Predict its solubility, its receptor location, and whether 
it needs a blood carrier, using only the shortcut. 

 

Section 7: Amino Acid-Derived Hormones — Two Fates for One Substrate 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Use tyrosine to show that the same starting amino acid yields 
a hydrophilic group and a lipophilic group, depending only on which 
enzymes the gland has. The substrate does not determine the outcome; 
the gland's enzyme set does. 

Tyrosine's first fate: fast catecholamines 

Start with the catecholamines, made in the adrenal medulla from tyrosine. 
They are produced in sequence, each one converted to the next: 
dopamine becomes norepinephrine, and most of that becomes 
epinephrine. The medulla is essentially a sympathetic ganglion, so these 
are your sympathetic hormones, released during stress. They are 
hydrophilic, which carries three consequences worth stating together, 
because students should read solubility as a package. They bind 
membrane receptors, they are poorly protected in the blood, and they 

Tyrosine, Two Fates 

• Catecholamines: adrenal medulla; dopamine → 
norepinephrine → epinephrine (most) 

• Catecholamines are hydrophilic, fast, short half-life; 
sympathetic/stress 

• Thyroid hormones: thyroid gland; iodinate tyrosines on 
the thyroglobulin scaffold, join in pairs 

T3 vs. T4 

• 1 + 2 iodines = T3 (active); 2 + 2 = T4 (thyroxine, the 
prohormone) 

• Target cells deiodinate T4 → T3 



have some of the shortest half-lives of any hormone, which fits their 
minute-to-minute role in the stress response. 

Tyrosine's second fate: slow thyroid hormone 

Now the second fate of tyrosine, the thyroid hormones, made by the 
thyroid gland through a completely different mechanism. Tyrosine 
residues sitting inside a large scaffold protein, thyroglobulin, get iodinated 
and then joined in pairs. Pairing a residue carrying two iodines with one 
carrying one gives three iodines total, that is T3, Triiodothyronine. Pairing 
two two-iodine residues gives four, that is T4. T4, also called thyroxine, is 
the best-known thyroid hormone, but it is essentially a prohormone. T3 is 
the active hormone, and target cells convert T4 to T3 by chopping off one 
iodine. Note for students that the better-known hormone, thyroxine, is the 
inactive precursor, and that it circulates at roughly forty times the 
concentration of the active form. 

Same precursor, opposite solubility and speed 

Drive this contrast home, because it isolates the actual variable. Same 
substrate, tyrosine. One gland makes a hydrophilic, fast, short-lived 
stress hormone group. The other makes lipophilic, slow, long-lived 
metabolic hormones that bind intracellular receptors. This divergence was 
never in the amino acid itself. It was in the enzymes each gland 
expresses. That is the same logic as receptor subtypes from two sections 
ago and the steroid assembly line coming next, the substrate is generic 
and the enzymes are specific, so the product is determined downstream 
of the starting material. 

One more amino-acid hormone, then move on 

Mention the third amino acid briefly and then let it go, so it is named but 
not overweighted. Tryptophan is the precursor for melatonin from the 
pineal gland, tied to light and dark cycles and sleep. Its human hormonal 
effects are not well established, it is amphipathic rather than cleanly one 
or the other, and so we deliberately do not build on it. Naming it and 
setting it aside is the right move, so students are not surprised to see it 
later but also do not spend study time on a hormone we are choosing not 
to develop extensively. 

• T4 is the best-known thyroid hormone, but it’s inactive; 
it circulates at roughly 40 times the concentration of 
the active form, T3 

Causal Chain: Why One Substrate Gives Opposite Hormones 

Tyrosine enters two glands that express different enzyme 
sets → in each gland, only the reactions its own enzymes 
catalyze can run → the same substrate is therefore 
carried down two different reaction sequences → the two 
finished molecules differ in structure. Structure sets 
solubility, so one product is hydrophilic and one lipophilic; 
solubility in turn sets receptor location and speed, so one 
group is fast and membrane-acting, the other slow and 
intracellular 

Key Distinction: Catecholamines vs. Thyroid Hormones 

• Catecholamines: hydrophilic, membrane receptors, 
fast, short-lived 

• Thyroid: lipophilic, intracellular receptors, slow, long-
lived 

• Same precursor (tyrosine); the gland's enzymes are 
the fork 

Common Errors 

• Error: Calling T4 the active hormone. T3 is active; T4 is 
the precursor. 

• Error: Lumping catecholamines with thyroid because 
both come from tyrosine. Opposite solubility, opposite 
kinetics. 

• Error: Thinking the substrate determines the product. 
The gland's enzyme set determines it. 

Prediction Prompt 

• Predict: Thyroid hormones raise metabolic rate. 
During starvation, would you expect the enzyme that 
converts T4 to active T3 to be up- or down-regulated, 
and what is the consequence for energy expenditure? 



• Predict: A gland takes up tyrosine but lacks the 
iodinating enzymes. Predict which tyrosine-derived 
hormone it can still make and which it cannot. 

 

Section 8: Steroid and Eicosanoid Hormones — Two Faces of Lipid-Derived 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Show that lipid-derived hormones split into the classic 
steroids and the clinically prominent eicosanoids, and that the steroid 
family is a sequential assembly line in which one enzyme determines the 
product. 

Steroids are cholesterol, rearranged 

Steroids first. They all start from cholesterol, which is lipophilic, so 
steroids are lipophilic and bind intracellular receptors. Every steroid 
secreting gland converts cholesterol to pregnenolone, and from there the 
path forks based on which enzymes are present. The adrenal cortex 
makes cortisol and aldosterone, the gonads and placenta make the sex 
steroids, and there is even a calcium regulating steroid, calcitriol, derived 
from vitamin D. Give students the spelling tell, because it is a quick 
check. Steroids tend to end in -ol or -one. Cortisol, aldosterone, 
testosterone, calcitriol. If it sounds like that, suspect a steroid, and if it is a 
steroid, you already know it is lipophilic with an intracellular receptor. 

One enzyme determines which steroid is made 

Make the assembly line do real work with a single enzyme. Testosterone 
and estrogen are separated by one enzymatic step, run by aromatase. 
Ovaries express aromatase strongly, so most of the testosterone they 
produce is converted to estrogen. Testes express it far less, so 
testosterone accumulates. This one enzyme difference is the synthetic 
difference between the two chief sex steroids. It also sets up the 
bottleneck logic that matters clinically. If aromatase is deficient, 
testosterone accumulates because it cannot be converted, which is the 

Steroids 

• Pathway: cholesterol → pregnenolone → (enzyme-
dependent fork) → specific steroid 

• Products: cortisol, aldosterone (adrenal); sex steroids 
(gonads/placenta); calcitriol (from vitamin D) 

• Spelling tell: steroids tend to end in -ol / -one; if so, 
lipophilic, intracellular receptor 

One Enzyme, One Fork 

• Testosterone, via aromatase, becomes estrogen 

• Ovaries: high aromatase, push to estrogen; testes: low 
aromatase, testosterone accumulates 

• A deficient enzyme in a sequential path backs up the 
precursor (bottleneck logic) 

Causal Chain: Why Aromatase Deficiency Raises 
Testosterone 

Aromatase activity is deficient → the single step from 
testosterone to estrogen runs slowly or not at all → 
testosterone is no longer consumed by that step → it 
continues to be produced but has no exit from the 
pathway → precursor (testosterone) accumulates behind 
the block 

Key Distinction: Steroids vs. Eicosanoids 



basis of the effects of aromatase deficiency on sexual development. A 
missing enzyme in a sequential pathway does not just lose a product, it 
backs up the precursor behind the block. 

Eicosanoids are the local lipid messengers 

Now the other face of lipid derived hormones, the eicosanoids, from 
arachidonic acid. These are the prostaglandins, leukotrienes, and 
thromboxanes. The reason to teach them is not as hormones, because 
they mostly act locally in paracrine fashion, but because they explain how 
several common drugs work. NSAIDs like ibuprofen block eicosanoid 
production, and since prostaglandins mediate pain and leukotrienes 
mediate inflammation, that is why those drugs work. Low dose aspirin 
blocks thromboxane production, and since thromboxanes promote 
clotting, that is why people take a daily aspirin to lower clot risk. The 
clinical familiarity is the hook, not a claim that these are classic hormones. 

Lipid-derived is not a single category 

Leave the teaching point on the board, because students will otherwise 
file all lipid molecules together. Lipid-derived doesn’t mean just one thing. 
Steroids are slow, blood-borne, intracellular-receptor hormones built on 
an enzyme-controlled assembly line. Eicosanoids are fast, local, 
paracrine mediators that you mostly meet through the drugs that block 
them. Same broad chemistry, two very different physiological lives, and 
the difference between them is the same amount and reach distinction 
from Section 3, applied to a new pair of molecules. 

• Steroids: slow, systemic, intracellular-receptor 
hormones on an enzyme assembly line 

• Eicosanoids (from arachidonic acid): fast, local, 
paracrine mediators 

• You meet eicosanoids through the drugs that block 
them (NSAIDs, aspirin) 

Common Errors 

• Error: Treating all lipid-derived molecules the same. 
Steroids are slow systemic hormones; eicosanoids are 
fast local mediators. 

• Error: Thinking a missing enzyme only removes a 
product. It also causes the upstream precursor to 
accumulate. 

• Error: Calling eicosanoids classic blood-borne 
hormones. They usually act in a paracrine manner. 

Prediction Prompt 

• Predict: A person lacks aromatase. Predict whether 
testosterone or estrogen accumulates, and explain 
what that predicts about sexual development. 

• Predict: An NSAID blocks eicosanoid synthesis. 
Predict its effect on pain and inflammation, and explain 
which eicosanoids are responsible for each. 

 

Section 9: Peptide Hormones — Cut From a Larger Precursor 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Treat peptide hormones as the only group coded directly by 
DNA, then show that they are almost never made in final form at first. 
They are carved out of a bigger, inactive precursor. 

What Makes This Group Special 

• Gene-coded: only hormones coded directly by DNA, 
regulated by transcription factors 



Peptides are made, then cut down 

Start with what makes this group special, because that difference has 
consequences you will use later. Peptides, proteins, and glycoproteins 
are amino acid sequences, so they are the only hormones coded directly 
by DNA. Two consequences follow: their production is regulated by 
transcription factors, and anything that blocks ribosomes blocks their 
synthesis specifically, which is true of no other hormone class. They 
range in size from a few residues to a couple hundred, and many 
physiologists just call the whole group peptide hormones for simplicity. All 
of them are hydrophilic, so all of them bind membrane receptors. 

The gene codes a precursor, not the hormone 

Now the processing story, because students assume the gene codes the 
finished hormone directly. It does not. The first product is a 
preprohormone, an immature, inactive sequence. The pre part is a signal 
sequence that directs the growing chain into the endoplasmic reticulum 
lumen rather than into the cytoplasm. Once inside, the pre is clipped off, 
leaving the prohormone. The prohormone goes to the Golgi for 
packaging, and the pro part is usually removed there to reveal the active 
hormone. Sometimes the pro stays attached and the hormone circulates 
inactive until it is activated in the blood or at the target. So, the path is 
preprohormone, then prohormone, then active hormone, with a cut at 
each step. 

Cleavage buys speed and variety 

Add the two features that increase the yield from a single gene. 
Sometimes a single precursor contains several copies of the same small 
hormone, so one gene yields many peptides per cut. And sometimes a 
single prohormone yields several different products depending on which 
enzymes the secreting cell has. POMC is the showcase, an anterior 
pituitary precursor with multiple cleavage sites and more than half a 
dozen possible peptide products, including ACTH. In some cases, the 
product sequences even overlap, so a given cell physically cannot make 
all the products at once. The cell's enzyme set determines which 
hormones come out of the same starting protein. 

• Ribosome inhibitors block their synthesis specifically 
(true of no other class) 

• All peptide/protein/glycoprotein hormones are 
hydrophilic, so they bind to membrane receptors 

Processing Chain 

• preprohormone → (clip pre = signal sequence, enters 
ER) → prohormone → (clip pro at Golgi) → active 
hormone 

• Sometimes pro stays on; hormone circulates inactive, 
activated later in blood or at target 

Derivation Chain: Why One Gene Can Yield Many Hormones 

Gene codes one preprohormone → the finished hormone 
is not that product but is cut out of it, so the sequence 
must be cleaved to release anything active. Because 
cleavage is what releases the product, one precursor can 
carry several copies of the same hormone, or several 
different ones, and cleavage at a given site releases only 
the products flanking it → so the cleavage enzymes a cell 
expresses determine which products it can release → 
different cells release different products (e.g., POMC → 
ACTH and others) 

Key Distinction: Gene Codes the Precursor, Not the Hormone 

• The gene codes an inactive preprohormone, cut twice 
to reveal the active hormone 

• One precursor, many copies of one hormone or 
several different products 

• Same logic as the steroid assembly line: generic 
precursor, specific enzymes 

Common Errors 

• Error: Thinking the gene codes the active hormone 
directly. It codes an inactive preprohormone that gets 
cut twice. 



Like the steroid line, many products from one 

Leave them with the unifying idea, which echoes the steroid and tyrosine 
assembly lines from the previous two sections. In every one of these 
groups, the final hormone is the result of enzymatic editing of a larger or 
more generic precursor, and the gland's specific enzymes decide the 
product. Peptides do it by cleaving a polypeptide, steroids by modifying 
cholesterol step by step, catecholamines and thyroid by enzymatic 
conversion of tyrosine. Different chemistry, same logic every time, the 
precursor is generic and the enzymes are specific. 

• Error: Assuming one gene makes one hormone. 
POMC makes many; one precursor can yield several 
products. 

• Error: Forgetting that some peptides circulate as 
inactive prohormones, activated later in blood or at the 
target. 

Prediction Prompt 

• Predict: An antibiotic shuts down ribosomal 
translation. Which chemical class of hormone is 
directly blocked, and why is that class uniquely 
vulnerable? 

• Predict: A cell loses one of the cleavage enzymes 
that processes a shared prohormone (like POMC). 
Predict the effect on the set of peptide products it can 
secrete. 

 

Section 10: Pre-Made and Stored — Why Vesicles Speed the Response 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Explain storage by the constraint it removes. Hydrophilic 
hormones are held pre-made in vesicles because synthesis is the slow 
step; if synthesis had to occur after the stimulus arrived, the response 
would be delayed by that step. 

Hydrophilic hormones must be stored, not made on 
demand 

Set the rationale before the mechanism. Peptide and protein hormones 
are made by transcription and translation. Catecholamines are made by 
enzyme modification of a precursor. Either route takes real time. So 
instead of building on demand, the cell builds in advance, stores the 
finished hormone in vesicles, and lets the stimulus simply trigger release 
of preformed product. That converts a slow synthetic process into a fast 

Why Store at All 

• Synthesis is the slow step 

• Pre-build and store, so the stimulus only has to trigger 
release 

• Slow synthesis becomes a fast release event 

Peptide / Protein Path 

• Golgi → vesicle tagged v-SNARE → motor protein 
down microtubule → tethered to actin as a releasable 
pool 

• SNAREs are address labels matching vesicle (v) to 
target membrane (t) 



release event. If a cell had to synthesize hormone after the stimulus 
arrived, the response would lag by the slowest step in the pathway. 

Peptides ride the Golgi into storage vesicles 

Walk the peptide and protein path, because they are already passing 
through the Golgi during production. They bud off the Golgi inside 
vesicles, and those vesicles are tagged with a protein called v-SNARE, v 
for vesicle. SNARE proteins are address labels for membrane fusion, 
much like the address on a piece of mail has to match the address on the 
house for delivery. A motor protein carries the vesicle along a microtubule 
toward the membrane, where the vesicles collect and tether to actin 
filaments as a readily releasable reserve pool, sitting right under the 
surface, held there until the trigger arrives. 

Secretion is triggered exocytosis 

Now the trigger. The v-SNARE on the vesicle and the t-SNARE, t for 
target, on the inside of the cell membrane line up and are ready. The last 
thing needed, the actual trigger for fusion, is a rise in intracellular Ca2+. 
For regulated exocytosis generally, calcium is the final trigger. When it 
rises, the membranes fuse, the vesicle releases its hydrophilic hormone 
into the interstitium, and from there the hormone diffuses to the blood. 
Note the membrane bookkeeping problem this creates. Every fusion adds 
membrane to the cell surface, so the cell must retrieve membrane by 
endocytosis to keep from expanding endlessly. 

Exceptions prove the solubility rule 

Close with the two exceptions, because they reinforce the solubility spine 
rather than complicate it. Steroids are not stored this way at all. Being 
lipophilic, they would just leak out of any vesicle, so they are made on 
demand and diffuse straight out of the cell as they are produced. That is 
why steroid responses are slower to begin: synthesis and secretion are a 
single step that starts only when the stimulus arrives. And the 
catecholamines, hydrophilic but not peptide based, get a hybrid 
treatment: the vesicles take up the precursor, the hormone is finished 
inside the vesicle, and then it is exocytosed like a peptide. Storage, in 
short, is available only to hormones that can be held in a vesicle, and it is 
what makes their release fast. 

Causal Chain: How a Stimulus Releases Stored Hormone 

Vesicles are already docked at the membrane with v-
SNARE matched to t-SNARE, so fusion is primed and 
waiting on one thing → intracellular Ca2+ rises when the 
stimulus reaches the cell → the paired SNAREs are 
released to complete fusion, and the vesicle membrane 
joins the cell membrane → fusion opens the vesicle 
interior to the outside, so the hormone is released into the 
interstitium → the hormone diffuses to the blood  

Key Distinction: Stored vs. Made on Demand 

• Stored (vesicles): peptides/proteins and 
catecholamines, fast release on stimulus 

• Made on demand: steroids, since lipophilic hormones 
would leak from vesicles 

• Catecholamines are the hybrid: precursor taken up, 
finished inside the vesicle, then exocytosed 

Common Errors 

• Error: Thinking all hormones are stored in vesicles. 
Steroids are not; they are made on demand. 

• Error: Forgetting calcium is the trigger for exocytosis. 

• Error: Missing that each fusion adds membrane, so 
the cell must recover it by endocytosis. 

Prediction Prompt 

• Predict: A toxin cleaves SNARE proteins in an 
endocrine cell. The cell still synthesizes plenty of 
peptide hormone. Predict what happens to secretion, 
and why intact synthesis does not rescue it. 

• Predict: A drug blocks calcium entry into a secretory 
cell. Predict the effect on stored-hormone release, and 
explain why synthesis being normal is not enough. 



 

Section 11: Carriers in the Blood — Solubility, Protection, and Half-Life 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Explain blood carriers by the two problems they solve, not as 
facts to memorize. Lipophilic hormones do not stay dissolved in plasma 
on their own, and some hormones must persist far longer than a brief on-
and-off signal. 

Lipophilic hormones cannot travel free 

Problem one is solubility and retention. A lipophilic hormone in aqueous 
plasma does not dissolve well, and worse, it will diffuse straight into the 
walls of the blood vessels themselves and disappear indiscriminately into 
any tissue it comes into contact with. Imagine a hormone leaking 
randomly into the wall of the aorta, nowhere near its target, simply 
because the vessel wall is fatty and the hormone is fat soluble. To solve 
this, a hydrophilic carrier protein, a spherical protein with a binding site, 
wraps the lipophilic hormone, keeps it dissolved, and retains it in the 
bloodstream instead of partitioning into the vessel wall. 

Carriers extend a hormone's lifespan 

Problem two is duration. Some hormones regulate quantities that change 
on a long-term scale, such as metabolic rate, growth, and fluid volume, 
where minute-to-minute on and off control would serve no function. For 
those you want the hormone to last. The carrier slows removal by 
shielding the hormone from degrading enzymes in the plasma. Binding 
does double duty: it keeps the hormone in circulation and it extends its 
functional lifespan. Thyroid hormone half-life is so prolonged by carriers 
that secretion can stop and activity persists for over a week, which 
matches the timescale of the processes it regulates. 

Hydrophilic hormones mostly don’t need a carrier 

Hydrophilic hormones generally travel free and unbound. Because they 
are unbound, they diffuse readily out of capillaries to reach targets, but 

Two Problems Carriers Solve 

• Solubility/retention: lipophilic hormones will not stay 
dissolved and leak into vessel walls; the carrier keeps 
them in blood 

• Duration: the carrier shields from degrading enzymes, 
lengthening half-life (thyroid: over a week after 
secretion stops) 

Free vs. Carried Tradeoff 

• Hydrophilic (mostly unbound): free, fast out of 
capillaries, but degraded quickly, short half-life 

• Lipophilic (carried): long-lasting, but most is bound and 
inactive at any moment; only the free fraction acts 

Causal Chain: Why a Small Secretion Surge Amplifies Fast 

Carrier binding capacity is not greatly in excess of the 
hormone present → small rise in secretion saturates the 
carriers → free fraction jumps sharply (only free can act) 
→ cellular response amplifies quickly 

Key Distinction: Bound vs. Free Hormone 

• Only the free fraction can leave the blood and act 

• Bound hormone is a reservoir, released as free 
hormone is used up (sustains action) 

• Total hormone level alone doesn’t determine activity; 
only the free fraction (set by secretion and carrier 
amount) is biologically active 

Common Errors 

• Error: Thinking bound hormone is active. Only the 
free fraction can leave and act. 



they are also exposed to plasma enzymes that quickly degrade them into 
inactive products. That is the catecholamine story in one line, free, fast, 
short-lived. Free travel buys speed and pays for it with a short half-life. 
Carried travel affords longevity but means most of the hormone is inactive 
at any moment because only the free fraction can act. 

Bound versus free is a control knob 

Now the dynamic detail that makes carriers a control knob rather than just 
a sponge. Free and bound forms exist in equilibrium. As free hormone 
diffuses out or is degraded, more comes off the carrier to replace it, 
sustaining action over time. And here is a key point of control. Because 
the carriers' binding capacity is not greatly in excess of the hormone 
present, a small surge in secretion can saturate them, so the free fraction 
jumps sharply and the response amplifies fast. Responsiveness to a 
lipophilic hormone can therefore be raised quickly by secreting enough to 
saturate its carriers, which is a fast way to raise the effective level of an 
otherwise slow hormone. 

• Error: Assuming total hormone level equals activity. 
Free level (and carrier amount) is what matters. 

• Error: Believing carriers only slow things down. They 
also enable fast amplification once saturated. 

Prediction Prompt 

• Predict: Two patients have very different total thyroid 
hormone levels but identical symptoms. How is that 
possible, and what does it tell you about measuring 
total versus free hormone? 

• Predict: A patient's carrier protein level doubles while 
secretion is unchanged. Predict the immediate effect 
on free hormone and on the cellular response, and 
how the system compensates. 

 

Section 12: Membrane Receptors and the Recruiter Concept 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Sort the three membrane receptor types and name the G-
protein coupled receptor for what it does: it recruits a separate G protein 
and effector enzyme rather than acting on the signal itself. 

Hydrophilic hormones act from outside 

Set the stage. Hydrophilic hormones are stuck outside the cell, so their 
receptors sit in the membrane with the binding site facing the interstitium. 
But there is more than one way a membrane receptor can turn binding 
into an internal action. Note the three architectures first, so the G-protein 
coupled type has something to contrast against. Students who see only 
the recruiter type tend to think every membrane receptor works that way, 

Three Membrane Receptor Types 

• Channel receptor: the receptor is the channel; binding 
opens it (common in neural signaling) 

• Receptor-enzyme: the receptor is an enzyme (usually 
a kinase, e.g., RTK); binding activates it directly, no 
middleman 

• Recruiter receptor: G-protein coupled; recruits a G 
protein, which engages an effector enzyme 

The Recruiter, in Detail 



and then receptor tyrosine kinases look like an exception instead of one 
of three architectures. 

Some receptors are channels themselves 

First, the channel receptor. This receptor is itself an ion channel, and 
binding the hormone opens it. One protein both binds and conducts. This 
is more common in neural signaling with neurotransmitters, but some 
hormones use it too. Second, the receptor enzyme. The receptor is 
actually an enzyme, usually a kinase, and binding activates its enzymatic 
domain directly. The receptor tyrosine kinases are this type, and the point 
to make here is that there’s no middleman, just direct protein-to-protein 
activation of a phosphorylation cycle. That leaves the third and most 
common architecture. 

Most membrane receptors recruit a G protein 

Third, and most prevalent, the recruiter receptor, the G-protein coupled 
receptor. This recruiter does not act on its own. When the hormone binds, 
the receptor recruits a G protein, and the G protein in turn engages a 
membrane bound effector enzyme. The G protein is the switch in the 
middle, and it comes in two forms, stimulatory (Gs), which turns the 
effector enzyme up, and inhibitory (Gi), which turns it down. So, the same 
receptor architecture can either drive or brake the downstream enzyme 
depending on which G protein it engages. This provides flexibility the 
other two types do not have. 

Amplification is the point of the cascade 

Now introduce amplification, which is what lets the system work at very 
low hormone concentrations. The hormone receptor complex can activate 
more than one G protein before it dissociates. Each activated G protein 
can switch on its effector enzyme, and that enzyme can then produce 
many product molecules. This means a single hormone binding event 
fans out into a large internal signal, multiplied at several steps. That is 
why hormones can work at the extremely low blood concentrations they 
circulate at. We are about to follow two specific recruiter pathways, cAMP 
and PLC, and at every step you should be able to point to where the 
signal is being multiplied. 

• hormone binds → receptor recruits G protein → G 
protein engages effector enzyme → response 

• Gs turns the effector enzyme up; Gi turns it down; 
same architecture, drive or brake 

Causal Chain: Why It Works at Tiny Hormone Concentrations 

One hormone-receptor complex → activates several G 
proteins before dissociating → each G protein switches 
on an effector enzyme → each enzyme produces many 
product molecules → one binding event fans out into a 
large internal signal 

Key Distinction: Direct vs. Recruiter Receptors 

• Channel and receptor-enzyme: the receptor itself does 
the work (conduct or catalyze) 

• Recruiter (GPCR): the receptor recruits; the G protein 
and effector enzyme act 

• Only the recruiter offers stimulatory/inhibitory effects 
via Gs vs. Gi 

Common Errors 

• Error: Thinking the GPCR does the work itself. It 
recruits; the G protein and effector enzyme act. 

• Error: Forgetting G proteins come in stimulatory and 
inhibitory forms. 

• Error: Missing where amplification happens. It is 
multiple steps, not one. 

Prediction Prompt 

• Predict: A hormone circulates at 10-12 M yet produces 
a strong cellular response. Point to the specific steps 
in the recruiter pathway that make such a tiny signal 
sufficient. 

• Predict: A mutation locks a G protein in its inhibitory 
form for a given receptor. Predict the effect on the 
downstream effector enzyme when the hormone 
binds. 



 

Section 13: The cAMP Pathway — Adenylate Cyclase and PKA 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Walk the cAMP pathway as a single cascade, then require 
students to work the reverse, the shut-off. Activation runs in one direction; 
ending the response takes a separate action at every level. 

Build the cAMP cascade in order 

Build the activation cascade in order, naming each handoff. A hydrophilic 
hormone binds a G-protein coupled receptor, forming the hormone 
receptor complex. That recruits a G protein, stimulatory in this case. The 
G protein activates the membrane enzyme adenylate cyclase. Adenylate 
cyclase cleaves ATP to make the second messenger, cyclic AMP, cAMP. 
Cyclic AMP activates cAMP dependent protein kinase, also called protein 
kinase A. The kinase phosphorylates target proteins, flipping inactive 
proteins to active, and those proteins can be enzymes, channels, pumps, 
or transcription factors, so the cell's function changes. State the parallel 
variant: swap adenylate cyclase for guanylate cyclase and ATP for GTP, 
and you get cyclic GMP, cGMP, instead, working the same way, though 
its downstream effects are often opposite. Same logic, different letters 
and outcomes. 

This pulls the activity lever, fast 

Now ask them to recall the chapter's spine, reaffirming that the cascade is 
not just a list to memorize. A kinase adds a phosphate to specific amino 
acids in a protein, and since function follows from structure, changing the 
structure changes the function. Usually phosphorylation activates, 
occasionally it inactivates, but the principle is that phosphorylation is a 
switch. This is the activity lever from Section 1, pulled fast through a 
second messenger. Hold the word switch, because phosphatases are 
about to flip it back, and the symmetry between kinase and phosphatase 
is what makes the shut-off logical. 

Activation Cascade 

• Hormone → GPCR → Gs → adenylate cyclase → 
ATP to cAMP → activates PKA → phosphorylates 
proteins → cell function changes 

• Variant: guanylate cyclase on GTP gives cGMP, same 
logic 

Phosphorylation Is a Switch 

• Kinase adds phosphate, conformational change, 
usually activates (sometimes inactivates) 

• This is the activity lever from Section 1, pulled fast 

Causal Chain: Why Three Removals Are Needed to Shut It Off 

Degrade the hormone, so the receptor is unoccupied and 
adenylate cyclase is no longer driven, but the cAMP 
already made persists → phosphodiesterase converts 
that cAMP to inactive 5'-AMP, but the proteins the kinase 
already phosphorylated remain active → a phosphatase 
removes those phosphates, returning the proteins to their 
inactive state → only after all three removals is the 
response fully off 

Key Distinction: Switch-On vs. Shut-Off 

• Switch-on: one cascade, one direction (hormone to 
phosphorylated proteins) 

• Shut-off: three separate removals (hormone, second 
messenger, phosphorylation) 

• PDE inhibition turns the pathway up, not down 
(inhibiting an inhibitor) 

Common Errors 



The shut-off matters just as much as the switch-on 

Now the shut off, and this is where students most often come up short. 
Turning off the response takes a separate move at each level. First, 
degrade the hormone enzymatically, so the receptor is no longer 
occupied and the enzyme is no longer driven. But that alone does not 
stop the response, because the second messenger is still present. So 
second, eliminate the cyclic AMP: the enzyme phosphodiesterase 
converts active cyclic AMP into inactive five prime AMP, and the message 
is gone. That is still not sufficient, because the kinase has already 
phosphorylated proteins and those remain active. So, third, a 
phosphatase, the opposite of a kinase, removes those phosphate groups 
and returns the proteins to their inactive state. Three independent 
removals, hormone, second messenger, phosphorylation, are all required 
to fully shut the response down. 

The shut-off points are often where drugs act 

End with the pharmacology, which makes the shut-off steps concrete. 
Phosphodiesterase is itself a target. Block it and cyclic AMP is degraded 
more slowly, so it persists and even builds up, which enhances the 
hormonal response. A lot of us consume phosphodiesterase inhibitors 
daily, caffeine, theophylline in tea, theobromine in chocolate, the 
methylxanthines. Use the brake analogy at the board. Phosphodiesterase 
is a brake on the signal, because it removes the second messenger. If 
you inhibit the brake, the car goes faster. Inhibit an inhibitor and you 
activate the pathway. 

• Error: Thinking removing the hormone ends the 
response. The second messenger and 
phosphorylations persist. 

• Error: Forgetting the phosphatase. Without it, 
phosphorylated proteins stay active. 

• Error: Reading PDE inhibition as turning the pathway 
down. It turns it up (inhibiting an inhibitor). 

Prediction Prompt 

• Predict: Caffeine inhibits phosphodiesterase. For a 
hormone that signals through cAMP and PKA, predict 
the effect on the duration and size of the response, 
and explain it as inhibiting a brake. 

• Predict: A drug blocks the phosphatase but leaves 
everything else intact. Predict what happens to the 
response after the hormone and cAMP are gone, and 
why. 

 

Section 14: The PLC Pathway — IP3, DAG, and Calcium 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach the PLC pathway as one enzyme that makes two 
messengers, then follow each one separately. The reason it feels harder 
than cAMP is that the signal forks, so draw the fork explicitly. 

Front End, Swapped Enzyme 



Same front end, a different enzyme 

Set up the same front end but swap the enzyme. A hydrophilic hormone, 
a G-protein coupled receptor, and a G protein are active as before, but 
now the recruited enzyme is phospholipase C, a lipase. A lipase acts on a 
lipid substrate, and the nearest lipid substrate is the membrane itself. In 
this instance, phospholipase C acts on a membrane lipid called PIP2, 
phosphatidylinositol bisphosphate, sitting in the membrane. It cleaves 
PIP2 into two separate molecules, and this is the key event that makes 
the pathway split: one product is hydrophilic and one is lipophilic, so they 
go different directions and do different jobs. Draw the fork on the board 
now, because everything that follows is just following each branch. 

IP3 releases calcium 

Follow the hydrophilic product first. That is IP3, inositol triphosphate. 
Being water soluble, it diffuses off into the cytoplasm and binds a calcium 
channel receptor on the endoplasmic reticulum. The ER is a calcium 
storage site, holding Ca2+ at concentrations more than ten thousand-fold 
above those of the cytoplasm. So, when IP3 opens that channel, calcium 
pours down its gradient into the cytoplasm and intracellular calcium 
spikes. Here is the line worth repeating at the board: cytoplasmic calcium 
is like the little kid who runs through the house turning on all the lights and 
opening all the faucets. Calcium switches things on everywhere, 
contraction in muscle, neurotransmitter release in neurons, secretion in 
endocrine cells, which is exactly why cells normally keep cytoplasmic 
calcium low. 

DAG stays in the membrane and activates PKC 

Now follow the lipophilic product. That is DAG, diacylglycerol, and being 
fat soluble it stays in the membrane. There it activates protein kinase C, 
PKC, and PKC needs both DAG and the rising free Ca2+ to work, which is 
the detail that links the two arms of the fork back together. PKC then 
phosphorylates a wide range of proteins, changing their function, the 
same protein phosphorylation logic from the cAMP pathway. Meanwhile, 
the elevated calcium has a second action. It binds calmodulin, a calcium 
sensing protein, and the calcium-calmodulin complex activates a family of 
calmodulin-dependent kinases, which phosphorylate yet another set of 

• Hormone → GPCR → G protein → phospholipase C 
(a lipase) 

• PLC cleaves membrane PIP2 into two messengers: 
one hydrophilic (IP3), one lipophilic (DAG) 

IP3 Arm (Hydrophilic) 

• IP3 → cytoplasm → opens ER Ca2+ channel → Ca2+ 
floods into the cytoplasm (ER stores Ca2+ over 
10,000x cytoplasm) 

• Analogy: calcium is like a kid turning on every light and 
faucet; it switches on contraction, secretion, release; 
kept low at rest 

DAG Arm (Lipophilic) 

• DAG stays in membrane → activates PKC (needs 
DAG and Ca2+) → phosphorylates proteins 

• Rising Ca2+ also binds calmodulin → Ca-calmodulin 
activates CaM kinases → more phosphorylation 

Causal Chain: Why Cytoplasmic Calcium Spikes Then Must 
Be Cleared 

Hormone, GPCR, and G protein together activate PLC, 
which cleaves membrane PIP2 to IP3 and DAG → IP3 is 
water soluble, so it leaves the membrane, diffuses 
through the cytoplasm, and opens an ER calcium channel 
→ Ca2+ is stored in the ER at more than ten thousand 
times cytoplasmic concentration, so it floods down that 
gradient into the cytoplasm and activates PKC (which 
also requires DAG) and CaM kinases → calcium does not 
leave the cytoplasm on its own, so these effects persist 
until two pumps actively remove it: a membrane Ca-
ATPase moves Ca2+ out and SERCA returns it to the ER 
→ calcium falls, calmodulin releases, phosphatases 
reverse phosphorylation 

Key Distinction: IP3 vs. DAG 

• IP3: hydrophilic, leaves to the cytoplasm, releases ER 
calcium 



proteins. Consequently, you end up with two phosphorylation arms, one 
through DAG and PKC directly, one through calcium and calmodulin. 

Two messengers mean two things to shut off 

Then the shut off, which now has one extra wrinkle the cAMP pathway did 
not: you have to put the calcium back. Degrade the hormone, degrade IP3 
and DAG, dephosphorylate the proteins with phosphatases, close the 
channels. But cytoplasmic calcium does not fall on its own. Two pumps 
handle it. A calcium ATPase in the cell membrane pumps calcium out of 
the cell, and the SERCA pump transports calcium back into the ER. Once 
those mechanisms drop cytoplasmic calcium, calcium comes off 
calmodulin, the calmodulin kinases go quiet, and phosphatases finish 
reversing the phosphorylations. Same shut off discipline as before, plus 
active calcium removal, and that extra step is where a SERCA blocker 
does its damage. 

• DAG: lipophilic, stays in the membrane, activates PKC 

• PKC needs both DAG and calcium, which reunites the 
two arms 

Common Errors 

• Error: Thinking IP3 and DAG do the same thing. IP3 
releases ER calcium; DAG activates PKC in the 
membrane. 

• Error: Forgetting calcium must be pumped back. It 
does not fall passively. 

• Error: Missing that PKC needs both DAG and 
calcium. 

Prediction Prompt 

• Predict: A drug blocks the SERCA pump that refills 
the ER with calcium. Predict whether the cell becomes 
more or less responsive to a PLC-coupled hormone, 
and explain through cytoplasmic calcium. 

• Predict: A drug blocks only the membrane calcium-
ATPase. Predict the effect on how quickly the cell can 
end a PLC-driven response, and why. 

 

Section 15: Lipophilic Hormones — Intracellular Receptors and the HRE 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Contrast this entire section against the last two. Hydrophilic 
hormones act from outside the membrane and trigger fast second 
messengers. Lipophilic hormones cross the membrane and alter the gene 
program. Different door, different timescale, different lever. 

Walking in changes everything 

Start with entry, because it is the whole reason the mechanism differs. A 
lipophilic hormone, like a steroid, diffuses readily through the lipid bilayer 

Entry Sets the Mechanism 

• Lipophilic hormone diffuses through bilayer → binds 
receptor in cytoplasm or nucleus → complex goes to 
nucleus 

• Steroid receptors sit inactive, held by chaperones; 
hormone binding raises DNA affinity and releases 
chaperones 



and ends up in the cytoplasm. It does not need a membrane receptor, 
because its receptor is inside the cell. That receptor can be sitting in the 
cytoplasm or already in the nucleus. Either way, the hormone binds it, 
and the hormone receptor complex ends up in the nucleus. This contrasts 
with the mechanism in the last two sections. There is no knocking from 
outside and no second messenger relay, because the hormone itself 
crosses the membrane. 

The complex switches on a gene 

Now the genetic machinery. The hormone receptor complex binds a 
specific stretch of DNA called the hormone responsive element, the HRE. 
Frame the HRE as essentially part of a promoter, the control region sitting 
in front of the gene for the protein to be made. When the complex binds 
and activates that element, it switches on transcription of the downstream 
gene. Transcription gives mRNA, the mRNA is translated into protein, and 
now the cell makes either an entirely new protein or more of one it was 
already producing. In other words, this is the “types and amounts” lever 
from Section 1, working directly at the gene level. Steroid receptors are 
interesting in that they sit inactive, stabilized by chaperone proteins, until 
the hormone binds; binding raises their affinity for DNA and the 
chaperones release. 

Thyroid adds a mitochondrial receptor 

Add the thyroid hormone case, because it adds a third receptor location. 
Thyroid hormones act on nuclear transcription in the same way, but T3 
also binds receptors inside the mitochondria. That makes sense once you 
remember thyroid hormones control metabolic rate and heat production, 
and the mitochondrion is the site of oxidative metabolism. So T3 can alter 
the expression of mitochondrial genes and even drive mitochondrial 
biogenesis, building more mitochondria. This is where the earlier 
statement that lipophilic receptors can be cytoplasmic, nuclear, or 
mitochondrial becomes concrete, and the mitochondrial case is 
essentially thyroid only. 

Editing genes is slow to start and slow to stop 

Close on the defining feature: speed, or the lack thereof. Transcription, 
translation, and protein turnover take time. So lipophilic hormone effects 

Genetic Machinery 

• Complex binds HRE (part of the promoter region) → 
transcription on → mRNA → translation → new or 
more protein 

• This is the types/amounts lever, pulled at the gene 

Causal Chain: Why Lipophilic Effects Are Slow 

Hormone diffuses in and binds intracellular receptor → 
the complex moves to the nucleus and binds the HRE, 
switching on transcription → mRNA is made, then 
translated, and both are multi-step synthetic processes, 
so the new protein appears only gradually → the effect 
appears only as that protein accumulates, and ending it 
requires degrading protein that is already made → onset 
over 30 min to hours, reversal equally slow 

Key Distinction: Three Receptor Locations 

• Cytoplasmic and nuclear: steroids and thyroid (gene 
transcription) 

• Mitochondrial: essentially thyroid only (T3), fits its 
metabolic-rate role 

• All lipophilic, because the hormone must cross 
membranes to reach them 

Common Errors 

• Error: Thinking lipophilic hormones need a membrane 
receptor. They enter the cell and bind internal 
receptors. 

• Error: Treating the HRE as the gene. It is the 
control/promoter region in front of the gene. 

• Error: Forgetting the mitochondrial receptor case 
(thyroid). 

Prediction Prompt 

• Predict: A cell is exposed to a steroid hormone and, 
separately, to a peptide hormone. Which response 



are slow to start, often more than half an hour, sometimes hours to days 
for full effect, and they are slow to reverse, because the proteins made 
have to be degraded over time. This is the price of editing the gene 
program instead of flipping an existing switch. It is the exact opposite 
tradeoff from the fast, short-lived second messenger pathways, and the 
next section makes that contrast very clear. 

appears within seconds and which within hours, and 
what mechanistic difference accounts for the gap? 

• Predict: A mutation prevents a steroid receptor from 
releasing its chaperone proteins. Predict the effect on 
the hormone's ability to alter transcription, and why. 

 

Section 16: Fast vs. Slow — Reconciling the Two Tracks 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Resolve a very common oversimplification. Many students 
believe hydrophilic always equals fast and lipophilic equals slow. That is 
the tendency, not the rule. Each class has both a fast and a slow track. 

The clean rule: hydrophilic fast, lipophilic slow 

State the clean version first, because it is mostly true and worth keeping. 
Hydrophilic hormones tend to act fast, because they are tied to signal 
transduction, cyclic AMP, cyclic GMP, IP3 and DAG, all of which work 
within minutes at most. Lipophilic hormones tend to act slow, because 
they work through transcription and translation, which takes hours at 
minimum and days for full effect. If students remember only that, they are 
mostly right. The exceptions are still worth teaching, because each class 
has access to both timescales. 

Hydrophilic hormones also reach the genes 

Hydrophilic hormones also have a slow track, because their second 
messenger cascades can activate transcription factors, and once 
transcription is altered the response runs on the same hours-long 
timescale as a lipophilic hormone's. The fast and the slow pathways are 
not triggered by separate hormones here. They are two outputs of one 
signaling system, depending on whether the kinase flips an existing 
protein or switches on a transcription factor. 

The Clean Version (Mostly True) 

• Hydrophilic: fast (signal transduction: cAMP, cGMP, 
IP3/DAG; minutes) 

• Lipophilic: slow (transcription/translation; hours to 
days) 

The Complication (Both Have Both) 

• Hydrophilic also slow: second messengers can 
activate transcription factors, a gene-level change 

• Lipophilic also fast: some bind membrane receptors, 
second messengers or ion channels, rapid onset 

Causal Chain: Why One Hormone Can Deliver Two Speeds 

Hydrophilic hormone activates a second messenger → 
the kinase it activates acts on two sets of substrates in 
parallel: existing proteins, switched on within minutes 
(fast effect), and transcription factors, which switch on 
genes whose new proteins take hours to appear (slow 
effect). Two timescales, two effects, one hormone. 

Key Distinction: Label vs. Lever 

• Class label (hydrophilic/lipophilic) only gives the 
default tendency 



Lipophilic hormones have a fast track too 

Lipophilic hormones also have a fast track. As a general rule, they do not 
act at membrane receptors, but some steroids have been shown to do 
exactly that, linked to second messenger systems or even ion channels, 
and producing rapid onset responses. The result is a tidy symmetry: both 
hormone classes have a fast signal transduction track and a slow 
transcription track. They just lean in opposite directions by default. 

The lever sets the clock, not the label 

Speed is set by the mechanism the hormone engages, not by its label 
alone. Switching an existing protein on through a second messenger is 
fast. Building new proteins through transcription is slow. Any hormone 
that can engage both mechanisms has both speeds available. 

• The lever pulled sets the speed: activity = fast, 
types/amounts = slow 

• Symmetry: both classes have a fast transduction track 
and a slow transcription track 

Common Errors 

• Error: Treating hydrophilic=fast / lipophilic=slow as an 
absolute rule. It is a tendency. 

• Error: Thinking a hormone has one speed. The lever it 
pulls sets the speed. 

• Error: Forgetting that hydrophilic hormones can reach 
the genes, and some lipophilic hormones can act fast. 

Prediction Prompt 

• Predict: A hydrophilic hormone produces an effect 
within minutes and another effect in the same cell over 
many hours. Without it being two hormones, explain 
how one hormone delivers both timescales. 

• Predict: A steroid produces a measurable response 
within a minute, far faster than transcription allows. 
Predict the mechanism it must be using, and why that 
does not violate the clean rule. 

 

Section 17: Controlling Secretion — Pulsatility and Three Inputs 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Get students past the oversimplified stimulus, hormone, 
response model. Real secretion is pulsatile, it responds to three kinds of 
input, and it is restrained by feedback. 

Secretion pulses; it is never steady 

Start with pulsatility. Hormone levels rise and fall over time, regularly or 
sporadically. Daily pulses are circadian rhythms, about a day. Many 

Pulsatility 

• Circadian: daily rises and falls; baseline plus pulses 
(growth hormone: nightly plus meal/exercise) 

• Episodic: present only with stimulus, otherwise 
undetectable (oxytocin during suckling) 



hormones have a non-zero baseline with pulses riding on top, and growth 
hormone is the showcase, nightly circadian pulses during sleep plus short 
pulses with exercise or meals, which coincide with periods of growth and 
repair. Other hormones are episodic, present only with their stimulus and 
otherwise undetectable, like oxytocin, which appears during suckling and 
clears between feedings. The two reasons pulsing matters: it prevents 
target cells from desensitizing to constant high levels, and for some 
reproductive hormones the frequency of pulses, not the absolute level, is 
the actual code. 

Three inputs drive secretion: humoral, neural, hormonal 

Now the three inputs that drive secretion. Humoral input means the 
stimulus is a substance carried in the body fluids, dissolved nutrients or 
electrolytes like glucose or calcium, detected directly. Neural input means 
the nervous system carries the signal; neurons act as sensors for things 
like blood pressure, osmolarity, temperature, light, smell, and sound, and 
the central nervous system integrates and triggers secretion. Hormonal 
input means a hormone itself drives secretion of another hormone. Those 
three, humoral, neural, hormonal, are the complete set of triggers, and 
every secretory event you teach later will fall under one of them. 

Feedback makes hormone systems self-limiting 

Hormones can be released in a cascade, one triggering the next, 
hormone one to hormone two to hormone three (this is the logic of the 
pituitary axis). And hormones inhibit their own release through negative 
feedback. When a hormone directly inhibits its own secretion, that is 
autoinhibition, a short loop. When a hormone later in a cascade feeds 
back to inhibit a gland earlier in the cascade, that is a longer loop. Both 
often coexist. The effect is that hormone systems are self-limiting and 
tend not to run away; sustained runaway secretion is usually pathological. 

Growth and reproduction break the homeostatic mold 

Not all hormones serve homeostasis. The growth and reproductive 
hormones often answer to less obvious cues, light and dark cycles, 
internal biological clocks, or reciprocal loops where hormone A controls 
hormone B which feeds back on A. Female reproductive hormones are 
the prime example. The unifying point for students is that secretion is 

• Why pulse? prevents desensitization; for some 
reproductive hormones, pulse frequency is the code 

Three Inputs 

• Humoral: a substance in the body fluids (glucose, 
Ca2+) detected directly 

• Neural: nervous system senses BP, osmolarity, 
temperature, light, smell, sound, then triggers 
secretion 

• Hormonal: a hormone drives another hormone's 
secretion 

Causal Chain: Why Hormone Systems Are Self-Limiting 

Hormone is secreted and acts → the hormone itself 
inhibits its own gland (autoinhibition, a short loop), or a 
hormone further down a cascade inhibits a gland earlier 
in it (a long loop) → either way, the inhibitory signal grows 
as the hormone's own level rises → so secretion is 
restrained exactly when it is highest → system tends not 
to run away (runaway = disease) 

Key Distinction: Circadian vs. Episodic 

• Circadian: baseline never falls to zero; pulses ride on 
top 

• Episodic: hormone comes and goes entirely with its 
stimulus (oxytocin) 

• Exception to homeostasis: growth/reproduction use 
clocks, light cycles, reciprocal loops 

Common Errors 

• Error: Believing secretion is steady. It is pulsatile, 
often episodic. 

• Error: Thinking absolute hormone level is always the 
signal. Sometimes pulse frequency is. 

• Error: Assuming all hormone secretion serves 
homeostasis. Growth and reproduction often do not. 

Prediction Prompt 



controlled by a layered set of inputs and feedback loops, not by a single 
arrow from stimulus to response. 

• Predict: Dietary iodine deficiency lowers thyroid 
hormone output. Predict what happens to the 
secretion of the upstream pituitary and hypothalamic 
hormones, and why that can enlarge the thyroid 
(goiter). 

• Predict: A drug holds a normally pulsatile hormone at 
a constant high level. Predict the effect on target-cell 
sensitivity over time, and explain why pulsing normally 
prevents it. 

 

Section 18: Receptors Are Not Fixed — Up/Down-Regulation and Affinity 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Attack the intuition that response size tracks only the 
hormone level. It does not, because the receptor is regulated too. The cell 
can change how many receptors it has and how tightly they bind. 

Response does not track hormone level alone 

State the misconception and correct it head on. It feels obvious that the 
cellular response depends entirely on the circulating hormone 
concentration. This is not true. Receptors are actively regulated, in 
number and in affinity, so the same hormone level can produce very 
different responses depending on the receptor state of the target cell. The 
size of the response depends on the receptor as much as on the 
hormone. The target cell does not set its sensitivity once; it adjusts it 
continuously. 

The cell changes how many receptors it shows 

When hormone levels are chronically high, the cell endocytoses 
membrane receptors into vesicles, lowering receptor number and 
reducing sensitivity. That is down regulation. When hormone levels are 
low, the cell exocytoses stored receptors to the membrane, raising 
number and sensitivity. That is up regulation. The effect is not to cancel 

Correct the Intuition 

• Response is not a function of hormone level alone 

• Receptors are regulated in number and in affinity 

• The target cell adjusts its own sensitivity continuously 

Number Regulation 

• Down-regulation: chronic high hormone, endocytose 
receptors, fewer receptors remain, less sensitive 

• Up-regulation: low hormone, exocytose stored 
receptors, more receptors are present, more sensitive 

• Effect: not to cancel the hormone but to buffer against 
extremes (T2D: buffering carried to a pathological 
extreme) 

Causal Chain: Why Chronically High Insulin Causes 
Insensitivity 

Insulin chronically high (e.g., constant overfeeding) → 
target cells endocytose insulin receptors → the number of 
receptors at the cell surface falls (down-regulation) → 
fewer surface receptors are available to bind, so the 



the hormone but to buffer it, keeping the response from becoming too 
large at high hormone levels or too small at low ones, since both 
extremes are associated with disease. Type 2 diabetes is the clinical 
example usually given: chronically high insulin drives receptor down 
regulation, and the tissues become less responsive. 

The cell also changes how tightly it binds 

Now affinity regulation, the more subtle lever. Instead of changing how 
many receptors there are, the cell can also change how tightly its 
receptors bind hormones. Affinity can shift in response to the hormone's 
own level, and it can also shift in response to other hormones. In other 
words, one hormone can tune the sensitivity of a cell to a different 
hormone, interacting at the level of each other's receptors, not just their 
own. That previews integration in the next section. Local conditions such 
as pH and temperature also modulate receptor affinity. 

Three numbers set the response, not one 

Three numbers set a response, not one: hormone concentration, receptor 
number, and receptor affinity. The cell controls the second and third 
actively, as a buffer and as a way to let hormones modulate one another. 
So, when a student predicts the magnitude of a response, hormone level 
alone is never the full answer. Consider how many receptors are present 
and how tightly they bind, because the target cell is constantly adjusting 
both. 

same insulin level forms fewer complexes and produces 
a smaller response → tissues become insulin-insensitive 
(the receptor component of type 2 diabetes) 

Key Distinction: Number vs. Affinity 

• Number: how many receptors are displayed (up/down-
regulation) 

• Affinity: how tightly they bind (set by the hormone, by 
other hormones, by pH and temperature) 

• Three numbers set the response: hormone 
concentration, receptor number, receptor affinity 

Common Errors 

• Error: Equating circulating level with response 
magnitude. Receptor state matters as much. 

• Error: Reading down-regulation as the body fighting 
itself. It is buffering against extremes. 

• Error: Forgetting affinity can be tuned by other 
hormones, not just the hormone's own level. 

Prediction Prompt 

• Predict: Chronically high insulin leads to receptor 
down-regulation. Explain how that produces insulin 
insensitivity (type 2 diabetes) even when insulin levels 
are high. 

• Predict: Hormone X raises the affinity of a cell's 
receptors for hormone Y. Predict the effect of X on the 
cell's response to a fixed level of Y, and what category 
of interaction this constitutes. 

 

Section 19: Hormonal Integration — Additive, Synergistic, Permissive, Antagonistic 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: Establish that a cell receives many hormonal signals at once 
and must resolve them into a single response, and that hormones modify 
one another's effects in four defined ways: additive, synergistic, 
antagonistic, and permissive. 

A cell computes one answer from many signals 

Cells are continuously exposed to many signals arriving at specific times 
and concentrations. Some signals are stimulatory, but others are 
inhibitory. Target cells must integrate all of that input into a single 
response. Integration happens because hormone pathways interact, 
through shared targets, through interacting transduction mechanisms, 
and through effects on each other's receptors, affecting affinity as 
discussed previously. There are four such dynamic relationships, and the 
first two are illustrated by the effects of glucagon and epinephrine, 
released under different stimulus conditions, on cellular nutrient 
management. 

Additive sums; synergistic amplifies 

Additive (also called complementary) integration means cellular 
responses simply sum. If glucagon raises glucose by X and epinephrine 
raises it by X, together they give 2X. This happens when the pathways do 
not interfere and the cell can handle the larger total. Synergistic 
integration means the combined effect is greater than the sum, X plus X 
gives more than 2X, because the transduction mechanisms actually 
enhance one another. With these two modes of integration, the pathways 
simply add or actively amplify each other. 

Opposing hormones buy agility 

Antagonistic integration next, this time looking at the combined effects of 
glucagon and insulin. Antagonistic means one hormone's transduction is 
diminished by another's. Insulin’s action opposes that of glucagon: 
glucagon drives cyclic AMP and nutrient release, and insulin both 
reverses the downstream actions and increases phosphodiesterase to 
remove the cyclic AMP itself. In tonic antagonism, opposing hormones 
are steadily and concurrently active. While it may appear wasteful, this 
mode of integration provides agility. Simultaneously active but opposing 
controls allow the system to move quickly in either direction. This is 

The Setup 

• Cell hit by many signals at once, must integrate to one 
response 

• Running example: glucagon and epinephrine (both 
release nutrients, different stimuli) 

The Four Relationships 

• Additive (complementary): effects sum, X + X = 2X; 
pathways do not interfere 

• Synergistic: combined greater than sum, X + X greater 
than 2X; transduction mechanisms enhance each 
other 

• Antagonistic: one pathway diminishes another (insulin 
vs. glucagon; insulin also raises PDE to remove 
cAMP) 

• Permissive: one hormone required for another's effect 
though it does little alone (cortisol enables 
epinephrine) 

Derivation Chain: Why Tonic Antagonism Buys Agility 

Both opposing hormones active at once → the response 
is held at an intermediate level → a change in either 
direction requires only raising one hormone or lowering 
the other → neither hormone has to be secreted from 
zero first, so change in either direction is fast 

Key Distinction: Additive vs. Synergistic vs. Permissive 

• Additive: effects sum (2X); Synergistic: effects more 
than sum (more than 2X) 

• Permissive: the enabling hormone may do little alone 
but is required for the other 

• Test by assigning the word, not reciting the definition 

Common Errors 

• Error: Confusing additive (sum) with synergistic (more 
than sum). 



readily achieved by increasing one and/or decreasing the other, the same 
logic as sympathetic and parasympathetic balance. 

Permissive hormones enable, even when they do little 

We’ll consider permissive integration last. This is one students often 
forget. Permissive means one hormone is required for another to have its 
effect, even though the first does very little on its own. Cortisol is 
permissive to epinephrine, it makes tissues much more sensitive to 
epinephrine, so epinephrine works properly only when cortisol is present. 
Cascade dependence is the extreme version of permissive integration: 
hormone A is needed to stimulate B, which must be present to stimulate 
C. This is exactly what occurs in the hypothalamic-pituitary axis covered 
next. Additive, synergistic, antagonistic, and permissive integration are 
the means by which cells process multiple input signals.  

• Error: Calling simultaneous opposing hormones 
wasteful. This configuration buys two-way agility. 

• Error: Forgetting permissive: the enabling hormone 
may have little effect alone. 

Prediction Prompt 

• Predict: Hormones A and B each lower BP by X; 
together they lower it by 4X. Hormone C lowers BP 
only when A is present. Hormone D raises BP. Assign 
additive/synergistic/permissive/antagonistic to each 
relationship. 

• Predict: Insulin raises phosphodiesterase activity in a 
cell where glucagon signals through cAMP. Predict the 
effect on the glucagon response, and name the 
category of interaction. 

 

Section 20: The Hypothalamus-Pituitary Axis — Two Routes, Many Loops 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach the pituitary as two completely different glands that 
happen to hang from the same stalk. The posterior is wired; the anterior is 
plumbed. Get students to see the anatomy first, and the control logic 
follows. 

The pituitary is a middleman, not a master 

Reframe the “master gland” myth up front. The pituitary was called the 
master gland because it controls so many functions, thyroid secretion 
along with those of the adrenals and gonads, growth, and milk production. 
The pituitary is better described as a middleman, receiving signals from 
the hypothalamus and relaying them like falling dominoes to peripheral 
glands and other structures. The brain integrates input and packages 
some of its output as hormones through the pituitary. The two routes that 

Reframe 

• Pituitary = middleman, not the “master gland” 

• Hypothalamus integrates, pituitary relays like falling 
dominoes 

Posterior (Wired Route) 

• Hypothalamic nuclei (oxytocin, vasopressin) → axons 
= hypothalamo-hypophyseal tract → posterior pituitary 
→ release onto capillary bed → blood 

• Released by a neuron onto blood = neurohormone; 
direct tissue effects, few feedback steps 



follow are both just ways the brain reaches the blood, and the two are 
anatomically very different. 

The posterior pituitary is wired, not plumbed 

Posterior pituitary is the wired route. The hypothalamus is a neural 
structure at the base of the brain, about the size of an almond, wrapped 
around the third ventricle. Certain hypothalamic nuclei produce oxytocin 
and vasopressin (also called antidiuretic hormone), in response to entirely 
different stimuli: oxytocin for childbirth and milk letdown, vasopressin in 
response to high blood osmolarity, dehydration, and low blood pressure. 
The axons of those neurons run all the way down to the posterior pituitary 
as a bundle called the hypothalamo-hypophyseal tract, naming the start 
and the end. When action potentials travel the tract, the neuron releases 
what would normally be a neurotransmitter, but because it is released 
onto a capillary bed and enters the general circulation, it is called a 
neurohormone. The posterior pituitary is therefore the axon terminals of 
hypothalamic neurons, releasing hormones into the blood. The effects are 
direct and there are few feedback steps. 

The anterior pituitary is plumbed through a portal 

Anterior pituitary, the plumbed route. Here the control is vascular rather 
than axonal. Neurons release tropic neurohormones into a first capillary 
bed in the hypothalamus, those “releasing hormones” travel down portal 
vessels to a second capillary bed in the anterior pituitary, and there they 
diffuse out and bind receptors on anterior pituitary endocrine cells. The 
anterior pituitary cells then secrete their own hormones into that same 
capillary bed and out to the body. In this system, then, we have two 
capillary beds in series connected by portal vessels. Many anterior 
pituitary hormones are tropic, meaning they stimulate yet another 
endocrine gland (like the thyroid, adrenal cortex, and gonadal endocrine 
tissue) downstream. There are numerous releasing and inhibiting 
hypothalamic hormones because there are many different anterior 
pituitary cell types running metabolism, growth, reproduction, stress, and 
lactation, which is exactly why the pituitary has been historically thought 
of as a master controller. 

• Stimuli differ: oxytocin for childbirth/milk letdown; 
vasopressin/ADH for high osmolarity, dehydration, low 
BP 

Anterior (Plumbed Route) 

• Hypothalamic tropic neurohormones → 1st capillary 
bed → portal vessels → 2nd capillary bed (anterior 
pituitary) → endocrine cells secrete → blood 

• Portal system: two capillary beds in series plus portal 
vessels 

• Anterior pituitary tropic hormones stimulate a further 
gland (cascade) 

Causal Chain: Why the Portal Route Lets Tiny Signals Work 

Hypothalamic hormone secreted into 1st capillary bed → 
travels under a centimeter in a very small blood volume 
→ it is diluted into only that small volume rather than the 
whole circulation → reaches anterior pituitary at high local 
concentration → drives secretion there. Far less hormone 
is needed than if it were sent through the whole 
circulation. 

Key Distinction: Posterior vs. Anterior 

• Posterior: neural/direct release, few feedback loops 

• Anterior: vascular/portal cascade, many feedback 
loops (short and long) 

• HPA example: cortisol restrains both ACTH and CRH 

Common Errors 

• Error: Treating both pituitary lobes the same. 
Posterior is neural/direct; anterior is 
vascular/portal/cascade. 

• Error: Thinking the anterior pituitary is controlled by 
axons. It is controlled by portal blood. 

• Error: Forgetting that posterior secretions are 
neurohormones released by neurons onto a capillary 
bed. 



The portal keeps tiny signals strong; multiple points of 
feedback control 

The portal arrangement means tiny amounts of hypothalamic hormone, 
traveling less than a centimeter in a very small blood volume, can 
powerfully drive the anterior pituitary, while the same hormones would be 
diluted below an effective concentration if sent through the whole 
circulation. That is the entire point of the local portal route. Then layer in 
multivariate feedback, a very significant and recurring theme. Here, a 
peripheral gland hormone can feed back on both the pituitary and the 
hypothalamus. Furthermore, an anterior pituitary hormone can feed back 
on the hypothalamus, giving short and long negative feedback loops, as 
in the HPA axis where cortisol restrains both ACTH and CRH. Contrast 
the two routes one last time: posterior is direct neural release with few 
loops; anterior is a vascular cascade with many. Same stalk, two very 
different pathways and outcomes. 

Prediction Prompt 

• Predict: CRH travels under 1 cm in the portal system 
to the anterior pituitary; vasopressin from the posterior 
pituitary enters the whole circulation. Predict which 
requires only far smaller secreted amounts to act, and 
why. 

• Predict: A clot blocks the portal vessels between the 
hypothalamus and anterior pituitary. Predict the effect 
on anterior pituitary hormone secretion, and why the 
posterior pituitary is unaffected. 

 

Section 21: A Teaching Note — Why the Hormone Catalog Comes Last 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: State the chapter's own instruction, that the hormone catalog 
is not to be memorized. The reason is the teaching spine of the whole 
course, that students should be able to reason with the mechanisms 
rather than recall isolated facts. 

Do not memorize the hormone table 

This chapter ends with a long table of individual hormones and their 
actions, and it instructs students not to memorize it. The reason is that a 
hormone's action is defined by the organ system it acts on. Aldosterone 
means nothing until you understand the nephron. Atrial natriuretic peptide 
means nothing until you understand blood volume, blood pressure, and 
their regulation. Angiotensin II (actually, the renin-angiotensin-aldosterone 
system or RAAS) is nothing more than a list of disconnected effects until 

The Stance 

• The chapter's own instruction: do not memorize the 
hormone table 

• This is deliberate, and the reason is the spine of the 
course 

Why Studying Endocrinology Needs to Occur in an Organ 
Systems Context 

• A hormone's job is defined by the system it acts on; no 
system, no meaning 

• Aldosterone needs the nephron; ANP needs blood 
volume; angiotensin II needs CV and renal 



you have the cardiovascular and renal systems to hang them on. 
Assembled, those effects describe one of the body's principal control 
systems. Nothing in human physiology exists in a vacuum, so we need to 
stop featuring isolated facts in our teaching.  

Everything taught here was transferable mechanism 

Everything in this chapter was mechanism oriented: the three levers, the 
solubility divide, where receptors sit, how second messengers amplify 
and shut off, how transcription is slower, how secretion is controlled and 
integrated, how the axis cascades. None of it required knowing any 
specific hormone's full set of actions, and the resulting understanding 
transfers directly to the organ system chapters. For example, when you 
meet aldosterone in the kidney chapter, you will already know it is a 
steroid, so it is lipophilic, so its receptor is intracellular, so it acts by 
changing protein expression, and it acts slowly. Much of aldosterone's 
behavior is predicted before any of its specific actions are introduced. 
This logic applies to every hormone in the human body. Understand, don’t 
memorize. 

Run the machinery instead of recalling a fact 

When a new hormone appears in a discussion, do not instinctively reach 
for a memorized fact. Run the machinery. Ask its chemical class, which 
tells you its solubility, which tells you where its receptor is and how fast it 
acts. Ask what tissue expresses the receptor, because that tissue, not the 
hormone, determines the response. Ask what stimulus drives secretion 
and what feeds back. That sequence regenerates most of what a 
memorized encyclopedia entry would have told you, and unlike the 
encyclopedia account, it also works on a hormone the student has never 
seen. 

Mechanism first; encyclopedia content you can predict 

So, treat the hormone table as a reference, an index to come back to 
once the organ systems give it meaning, not a study list. The order 
matters. Mechanism first, because mechanism is what lets you reason. 
The catalog last, because by then the details no longer have to be 
memorized. You will be able to predict them. That is the reason for 

• Memorizing now = answering questions you have not 
learned to ask 

Causal Chain: The Working Rule for Every New Hormone 

New hormone appears → check it against the short 
lipophilic list → that gives solubility, and solubility gives 
receptor location and speed → identify which tissue 
expresses the receptor (it determines the response) → 
identify the stimulus and feedback; most of what the 
hormone table would have told you has now been 
reconstructed, without looking it up 

What This Chapter Gave You Instead 

• Transferable mechanism: levers, solubility divide, 
receptor location, amplification and shut-off, speed, 
secretion control, integration, the axis 

• The hormone catalog is a reference index, not a study 
list; mechanism first, catalog last 

Prediction Prompt 

• Predict: You are handed an entirely new hormone to 
consider and told only that it is a steroid. Before any 
other information is given, predict its solubility, 
receptor location, lever (activity vs. types/amounts), 
and rough speed of action. 



building from the logic up, and it is the move this entire course is going to 
ask of you again and again. 

 


