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Learning objectives

Trace the determinants of arterial pressure from blood volume to cardiac output
and resistance.

Explain how impaired sodium excretion shifts pressure natriuresis.

Integrate polygenic susceptibility, vasoactive signaling, and environmental
influences.

Distinguish essential from selected secondary hypertension mechanisms.




Essential hypertension: A multifactorial disease

Genetic susceptibility

Sustained high blood

Altered pressure regulation ———
pressure

Environmental exposures

* Represents approximately 90%—95% of hypertension cases in the Robbins classification.
e Usually results from interacting genetic and environmental influences.
* No single causative endocrine or renal lesion is required to explain the common phenotype.




Why “essential” is not “without mechanism”

Many upstream inputs —>  Shared physiological pathways — Hypertensive phenotype

* “Essential” denotes the common primary phenotype, rather than a single identified secondary cause.
* Renal sodium handling and arteriolar resistance are plausible convergent pathways.
* Different combinations of contributors may yield a similar elevated pressure.




Arterial pressure has two immediate determinants

Cardiac output X Peripheral vascular resistance

— —

Arterial blood pressure

* Cardiac output determines blood delivered into systemic arteries per unit time.
* Peripheral vascular resistance determines opposition to systemic flow.
* A persistent increase in either variable can raise arterial pressure.




Cardiac output depends on heart rate and stroke volume

Circulating blood Cardiac filling . Stroke volume /

Renal Na* handling —
volume output

* Stroke volume is strongly influenced by cardiac filling pressure.
* Heart rate and contractility respond to adrenergic regulation.
* Blood volume links the kidney to stroke volume and cardiac output.




Volume expansion increases cardiac filling

Cardiac output
increases

Na* and water - Circulating volume

] —>  Filling pressure rises —
retained expands &P

* Retention of Na* promotes retention of water.
* Expansion of circulating volume raises cardiac filling pressure.
* Greater filling can increase stroke volume and therefore cardiac output.




Arterioles are the principal resistance vessels

* Peripheral resistance is regulated Physiological pathway
predominantly at the arteriolar level.
* Neural and humoral mediators change

smooth-muscle tone. Arteriolar smooth-muscle tone
* Small resistance-vessel changes therefore
have systemic pressure consequences. ¢

Peripheral resistance

Arterial pressure




Vascular tone reflects opposing mediators

Vasoconstriction

Vasodilation

Angiotensin |l

Catecholamines

Endothelin

Kinins

Prostaglandins

Nitric oxide

* Important constrictors include angiotensin I, catecholamines, and endothelin.

* Important dilators include kinins, prostaglandins, and nitric oxide (NO).
* The prevailing balance influences arteriolar resistance.




Adrenergic signaling influences both pressure levers

Heart rate / contractility

Adrenergic inputs Arterial pressure

\ Arteriolar tone /

* Adrenergic control affects heart rate and myocardial contractility.
* It also changes vascular tone.

* Neural signals can therefore modify cardiac output and resistance together.




Autoregulation is a local protective response

Local flow rises —> Arteriolar constriction — Resistance increases — Flow is restrained

* Resistance vessels can constrict when blood flow increases.
* This response helps protect a tissue from hyperperfusion.
* Local autoregulation is one component of the integrated regulation of resistance.




Metabolic demand modifies regional blood flow

* Tissue pH and hypoxia contribute to fine
adjustment of vascular resistance.
* These local signals serve regional perfusion

Physiological pathway

requirements. Local pH / oxygenation
* Systemic pressure reflects the integration of
local, neural, and hormonal influences. u

Arteriolar adjustments

Regional perfusion




The two hemodynamic pathways converge

Volume / output

Resistance / tone

Na* retention

Plasma volume

Cardiac output T

Vasoconstrictor bias

Arteriolar tone

Resistance

* Arenal/volume pathway primarily affects venous return, filling, and output.

* A vasomotor pathway primarily affects arteriolar resistance.
* Essential hypertension may involve both pathways over time.




The Kkidney determines long-term sodium balance

Dietary Na* intake — Renal Na* excretion — Body Na* / water balance

* Body sodium content depends on the balance of intake and renal excretion.
* The kidney filters large quantities of sodium and reabsorbs almost all of it.
* Small changes in net excretion can alter extracellular fluid volume.




Most filtered sodium is ordinarily reclaimed

Dominant constitutive

. Small regulated fraction
reabsorption

Large filtered sodium load

* Approximately 170 L of plasma filtered daily, containing a very large filtered salt load.
* Roughly 98% of filtered sodium is reclaimed by constitutively active transporters.
* Regulation of the remaining fraction helps determine net sodium balance.




Distal sodium transport provides fine control

Regulated Na*

) — Net Na* excretion — Blood volume
reabsorption

Distal nephron ENaC —

* The epithelial sodium channel (ENaC) participates in distal nephron sodium reabsorption.
* This regulated transport is influenced by the renin—angiotensin—aldosterone system.
* Small final adjustments determine whether intake and output balance.




Renin is produced by juxtaglomerular cells

* Juxtaglomerular cells lie adjacent to the Mechanistic relation
afferent arteriole of the renal glomerulus.

* They secrete the proteolytic enzyme renin.

* Their position couples renal perfusion Afferent arteriole
sensing with systemic hormonal control.

Juxtaglomerular cells

Renin release




Three stimuli promote renin release

Low afferent pressure

Renin

Catecholamines

Low distal Na*

* Lower pressure in afferent arterioles.
* Higher circulating catecholamine stimulation.
* Low sodium delivery sensed in the distal tubular region.




The RAAS cascade is sequential

Angiotensinogen — Renin - angiotensinl — ACE - angiotensinll —  Pressure responses

* Renin cleaves circulating angiotensinogen to angiotensin |I.
* Angiotensin-converting enzyme converts angiotensin | to angiotensin |l.
* Angiotensin Il coordinates vasoconstriction and sodium-retaining responses.




Angiotensin II raises vascular resistance

Peripheral resistance

™

Angiotensin Il —  Arteriolar contraction — Arterial pressure P

* Angiotensin Il acts on vascular smooth muscle to promote contraction.
* More constricted resistance vessels increase peripheral resistance.
* This offers a rapid route from renal hormonal signaling to arterial pressure.




Angiotensin II also stimulates adrenal aldosterone

. . Renal Na* / water
Angiotensin Il —  Adrenal aldosterone — retenti/on — Blood volume 14

* The adrenal gland responds to angiotensin Il by increasing aldosterone secretion.
* Aldosterone promotes distal tubular sodium reabsorption.
* Water retention increases blood volume and supports cardiac output.




Angiotensin IT has a direct renal effect

Vasoconstriction

Angiotensin |l

— Tubular Na* reabsorption

Aldosterone

* In addition to aldosterone release, angiotensin Il can increase tubular sodium resorption.
* Both renal pathways favor retention of sodium and water.
* lIts actions therefore connect resistance and blood-volume regulation.




Aldosterone acts primarily through volume

Aldosterone —  Distal Na* retention — Water retention —  Circulating volume 1

* |ts principal pressure effect in this framework is increased renal Na* reabsorption.

* Water follows retained sodium, expanding circulating blood volume.
* Volume expansion contributes to filling pressure and cardiac output.




The Kkidney also opposes vasoconstriction

Pressor influence

Counter-regulation

Angiotensin |l

Smooth-muscle contraction

Renal Na* retention

* Renal products include prostaglandins and NO.
* These can counterbalance vasopressor effects of angiotensin Il.

Prostaglandins / NO

Vascular relaxation

Opposes pressor influence

* Blood-pressure regulation is not a single unopposed hormonal pathway.




Cardiac natriuretic peptides favor excretion

Myocardla.I volume . ANP / BNP - Natrlu.res.ls+ . Blood pressure J
sensing vasodilation

* ANP is released by atrial myocardium; BNP is released by ventricular myocardium in volume-
overload states.

* They cause systemic vasodilation and inhibit distal tubular Na* reabsorption.
* Increased sodium excretion and diuresis tend to lower pressure.




RAAS and natriuretic peptides counterbalance

RAAS ANP / BNP
Resistance tends T Resistance tends
Na* retention T Na* excretion T
Volume tends T Volume tends

* RAAS favors vasoconstriction and sodium conservation.
* ANP and BNP favor vasodilation and urinary sodium loss.
* Their functional opposition helps stabilize perfusion and circulating volume.




Low effective pressure recruits pressure-raising systems

Renal pressure

S~ — Renin / angiotensinll — Tone + volume —  Pressure supported

* Reduced afferent arteriolar pressure promotes renin secretion.
* Angiotensin Il raises resistance; Aldosterone increases volume.
* These are adaptive when pressure or volume truly is low.




Volume overload recruits pressure-lowering signals

TEEEBEE] CEE T —  Natriuretic peptides — NERHEE S —> Pressure opposed
stretch / load PEP vasodilation PP

* Atrial and ventricular myocardium release natriuretic peptides in their respective contexts.
* Natriuresis and diuresis oppose further volume expansion.
* Vasodilation provides a second pressure-lowering pathway.




Insufficient sodium excretion can initiate hypertension

Insufficient Na*

. —  Positive Na* balance — Water retention — Volume expands
excretion

* |Inadequate sodium excretion at normal arterial pressure as a possible common feature.
* When excretion falls below intake, sodium and water accumulate.
* The earliest functional disturbance need not be a primary rise in vessel tone.




Sodium retention first expands body fluid volume

Kidney retains Na* — Water retained —  Circulating volume 1 — Cardiac filling P

* Renal retention of sodium favors water retention.
* More extracellular fluid can expand circulating volume.
* Increased blood volume links a renal change to a cardiovascular effect.




Greater circulating volume can increase output

Volume expansion @ —  Cardiac preload ©* — Stroke volume — Cardiac output

* Cardiac filling pressure is an important determinant of stroke volume.
* Volume expansion may increase stroke volume and cardiac output.
* Higher output contributes directly to elevated arterial pressure.




Peripheral vasoconstriction can sustain the rise

Output / flow

. —  Arteriolar adaptation — Resistance 1 —>  Pressure remains high
increases

* The Robbins sequence places peripheral vasoconstriction after an early increase in output.
* Higher arteriolar resistance sustains arterial pressure.
* This sequence describes a proposed mechanism, not a universal chronology in every patient.




Pressure natriuresis is the key equilibrium concept

Excretion inadequate . Excretion matches New hypertensive
— Pressure rises — . — i e
at usual pressure intake equilibrium

* At a sufficiently increased pressure, renal sodium excretion can again equal intake.
* The body reaches a new steady state rather than retaining sodium without limit.
* The price of balance is an abnormally elevated arterial pressure.




A right-shifted pressure—natriuresis relationship

Qualitative mechanism (not empirical data)

’
/

Reference Righ¥-shifted

/

Renal Na*
excretion

Fixed intake

Arterial pressure -

At equal sodium intake, equilibrium pressure shifts right.




Hypertension does not require limitless volume gain

Initial disturbance

New steady state

Na* output < intake

Net Na* accumulation

Volume tends

Na* output = intake

Balance re-established

Pressure remains T

* During the initial imbalance, retained sodium and water may expand volume.
* Once pressure drives enough excretion, sodium intake and output rebalance.
* Chronic hypertension can therefore persist at a new steady-state volume.




Five-step renal hypothesis of essential hypertension

Renal Na* Pressure
) Volume + Cardiac output > Resistance > ) )
excretion {4, T put 1 T natriuresis reset

\4

* |Inadequate sodium excretion at the usual pressure initiates sodium retention.
* Water and output changes raise pressure; Vasoconstriction may contribute.
* A hypertensive pressure level becomes necessary for sodium equilibrium.




Vasoconstrictors provide a parallel mechanism

Peripheral resistance

Vasoactive stimuli — VSMC contraction — N —  Arterial pressure P

* Essential hypertension may also reflect elevated vasoconstrictor activity.
* Anincrease in arteriolar smooth-muscle tone raises total peripheral resistance.
* The renal and resistance hypotheses are compatible, not exclusive.




Vessel-wall structural change can raise resistance

Functional

Structural

Smooth-muscle contraction

Rapid tone change

Potentially reversible

Vessel-wall change

More persistent narrowing

Chronic resistance

* Robbins also implicates stimuli that induce structural changes in the vessel wall.
* Aremodeled vessel may impose greater resistance even without acute constrictor signaling.
* Chronic tone and structural adaptations should be conceptually distinguished.




Tone and remodeling atfect the same hemodynamic term

Vasoconstriction

Arteriolar narrowing —_— Resistance increases

e

* Functional vasoconstriction changes the caliber of a resistance vessel.
* Structural changes in the wall can also restrict effective caliber.
* Both can raise peripheral resistance and arterial pressure.

Wall remodeling




Genetic influence is supported by familial comparisons

Twin studies Biological family studies Adoption comparisons

 Studies of twins demonstrate inherited contributions to blood-pressure regulation.

* Comparisons of genetically related and adopted children provide complementary
evidence.

* These patterns support genetic influence without implying single-gene inheritance.




Essential hypertension is genetically heterogeneous

* Large genome-wide association studies Mechanistic relation
identify more than 500 variants associated
with blood pressure.

* The large number of associations favors a Many variants
highly polygenic architecture.
* A susceptibility variant is not necessarily a 4

sufficient or proven causal mechanism.
Small / heterogeneous contributions

Polygenic susceptibility




Rare monogenic hypertension is a useful contrast

Essential hypertension

Monogenic examples

Multiple variants

Environmental interaction

Common phenotype

* Single-gene disorders can change renal net sodium reabsorption.

Single major defect

Often renal Na* handling

Rare phenotype

* They may produce relatively rare and severe hypertension phenotypes.
* These disorders illustrate physiology but should not be conflated with typical essential hypertension.




Genes can converge on sodium and hormone pathways

Renal Na* transport

Aldosterone pathways Volume / resistance

RAAS signaling

* Sodium reabsorption, aldosterone pathways, and RAAS-related influences.
* Different inherited variants may alter distinct control points.
* The downstream phenotypes can converge on volume or vascular resistance.




Genetic association is not deterministic prediction

Association Polygenic context Environmental context

* A blood-pressure-associated variant does not establish that an individual will develop
hypertension.

* Effects depend on other inherited variants and the environment.

* The textbook supports population-level association, not individual risk scores or
molecular diagnoses.




Environmental exposures contribute to hypertension

Heavy dietary salt Obesity / inactivity Stress / smoking

* Heavy salt consumption, obesity, stress, smoking, and physical inactivity.
* These factors are implicated in the multifactorial phenotype.
* Their presence does not identify one unique molecular defect in a specific patient.




Dietary sodium has especially strong population evidence

) ) Required renal Pressure—natriuresis Population pressure
Dietary sodiumload — — —

excretion balance pattern

* The textbook explicitly describes strong evidence linking sodium intake and population
hypertension prevalence.

 Salt intake must be considered alongside renal capacity to excrete sodium.
* Population association should not be represented as a patient-level sodium sensitivity test.




Salt load interacts conceptually with renal excretion

Adequate excretion

Inadequate excretion

Na* output matches intake

No progressive retention

Pressure maintained

Na* output too low

Transient retention

Pressure rises to rebalance

* At steady state, urinary sodium loss must equal dietary sodium intake.
* |If excretion is inadequate at usual pressure, retained sodium expands volume.

* Higher pressure may be required to restore net sodium balance.




Obesity, inactivity, stress, and smoking are contributors

Obesity Physical inactivity Stress Smoking

* Each exposure is implicated in essential hypertension by the textbook.
* The source section does not apportion a numerical effect to each exposure.
* Avoid interpreting any one exposure as a complete mechanistic diagnosis.




Environmental factors and genes are not competing explanations

Inherited factors

Renal / vascular regulation — Essential hypertension

e

* Inherited susceptibility can influence pressure-control pathways.
* Environmental exposures vary the demands on those same pathways.
* The combination can produce elevated pressure without a single decisive lesion.

Environmental factors




A uniftying network: Input, mediator, output

Renal sodium balance /

Genetic susceptibility volume

Arterial pressure

Environment / sodium

intake
Vascular tone / resistance

* Upstream influences: Genetics and environment.
* Physiologic mediators: Renal sodium balance, RAAS, volume, and vasomotor tone.
* Observable output: Elevation of cardiac output, peripheral resistance, or both.




Essential versus secondary: The causal distinction

Essential Secondary
Polygenic + environmental Identifiable underlying cause
Convergent physiology Pathway may be specified
Most cases Smaller fraction

* Essential hypertension is multifactorial without one identified dominant secondary lesion.
* Secondary hypertension can arise from a defined renal, endocrine, cardiovascular, or other cause.
* Shared effectors such as RAAS do not make these diagnostic categories identical.




Renal artery stenosis: An illustrative secondary pathway

Resistance + volume

T

Renal artery stenosis —  Afferent pressured, — Renin / RAAS 9

» Stenosis reduces glomerular flow and afferent-arteriolar pressure.
* Reduced renal pressure stimulates renin secretion.
* Angiotensin Il and aldosterone then elevate resistance and blood volume.




Primary aldosteronism: A second mechanistic contrast

Excess aldosterone —  Renal Na* retention —  Water/volume 49 —  Arterial pressure

* Primary aldosteronism is a recognized cause of secondary hypertension.

* Autonomous or excessive aldosterone favors Na* and water reabsorption.
* This provides a more specific etiologic mechanism than the usual multifactorial essential

phenotype.




A shared pathway does not prove a shared etiology

Etiology Physiology
What initiates the disturbance? How does pressure rise?
Genetic / environmental mix Volume / output changes
Or defined secondary lesion Arteriolar resistance

* Both essential and secondary hypertension may feature altered volume or resistance.
* Arenal sodium-retention phenotype does not by itself identify the initiating cause.
* Mechanistic teaching should keep physiological intermediates separate from etiologic classification.




Sustained pressure exposes vessels to chronic stress

Wall thickening /

Sustained pressure 1+ — Vessel-wall injury — . — Perfusion injury
narrowing

* Persistent hypertension promotes vascular wall injury and accelerates atherogenesis.

* |In small vessels, arteriolar wall thickening narrows lumina.
* These lesions are downstream effects, not the sole explanation of essential hypertension

onset.




Renal arteriolar injury can impair renal perfusion

Hypertensive arteriolar Renal perfusion

. . . Glomerular scarring — Renal damage
narrowing impaired

* |In nephrosclerosis, hypertensive arteriolar narrowing reduces the renal blood supply.
* Glomerular scarring may develop.
* This is an important clinicopathologic consequence of sustained hypertension.




Case 1: Sodium balance and rising pressure

* A patient has sustained high blood pressure without an identified endocrine lesion.
* Consider a kidney that excretes too little sodium at the previous pressure.
* What sequence links this deficit to a higher steady-state blood pressure?

Predict the intermediate hemodynamic changes before equilibrium
returns.

Discuss the mechanistic prediction before revealing the next slide.




Case 1: Mechanistic resolution

Na* excretion

) —  Volume / output + — Pressure rises — Na* balance restored
inadequate

* Retention of Na* and water expands the fluid compartment.
* Volume expansion tends to increase cardiac filling and cardiac output.
* A higher pressure restores excretion to intake: Pressure natriuresis is reset.




Case 2: A defined trigger for RAAS

* A patient has hypertension and marked renal artery narrowing.
* Renal afferent arteriolar pressure falls despite elevated systemic pressure.
* Would this be classified as essential or secondary hypertension?

Identify the sensor, effector cascade, and classification.

Discuss the mechanistic prediction before revealing the next slide.




Case 2: Mechanistic resolution

Secondary

Renal artery stenosis — Renin secretion P — RAAS responses — .
hypertension

* The initiating lesion is reduced renal arterial perfusion from stenosis.
* Renin drives angiotensin Il and aldosterone responses.
* This is secondary (renovascular) hypertension despite overlapping downstream pathways.




Case 3: Interpreting genetic evidence

* A research study identifies variants associated with population blood-pressure differences.
* The variants occur across many genetic loci.
* Can a variant association, by itself, establish a monogenic diagnosis?

Distinguish polygenic association from a pathogenic single-gene
syndrome.

Discuss the mechanistic prediction before revealing the next slide.




Case 3: Mechanistic resolution

Population GWAS Monogenic disorder

Many associated loci One major causal defect
Evidence of susceptibility Rare defined syndrome

Not a single diagnosis Separate etiologic category

* Essential hypertension has a broad polygenic component.
* Alarge number of associated variants does not establish one deterministic gene.
* Renal sodium pathways can be affected by both rare monogenic syndromes and common multifactorial

susceptibility.




Three interpretations to avoid

Essential # unexplained Steady state # perpetual Shared pathway # identical
physiology retention cause

IH

* Do not equate “essential” with absence of renal or vascular mechanisms.

* Do not assume chronic hypertension necessarily means continuous sodium
accumulation.

* Do not treat a shared RAAS effector as proof of the same initiating cause.




Integrated causal model for essential hypertension

Renal sodium balance /

Genetic susceptibility volume

Arterial pressure

Environment / sodium

intake
Vascular tone / resistance

* Genetic and environmental inputs modify sodium homeostasis and vascular regulation.
* Inadequate excretion, volume expansion, and elevated resistance form plausible interacting routes.
* The kidney can regain sodium balance at a newly elevated pressure.




Mechanistic synthesis

Arterial pressure is determined by cardiac output and peripheral vascular
resistance.

Renal sodium excretion and pressure natriuresis provide a framework for sustained
pressure elevation.

Polygenic and environmental inputs produce a heterogeneous, multifactorial
phenotype.

Hormonal and vascular pathways help explain volume and resistance changes.
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