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General Pathology: Homeostasis, Adaptation and Disease
Part (1): Homeostasis

Structure, Function and Reverse Engineering
The best way to learn and remember an organ system is to reverse engineer it. Start by
identifying the purpose of an organ. For example, the heart is a pump. The circulatory
system needs a pump because diffusion works to supply nutrients and clear waste only
up to a tissue thickness of 2-3 mm. The constraints on the design of the heart are that is
must be built from an artery, it must supply 2 systems (lungs and body) and it must have
automatic, coordinated action. In addition, it must be able to increase output when
needed (homeostasis or physiology).
To see the heart as a biomachine then naturally leads one to learn how it is monitored for
performance, called system control. The body does not measure cardiac output. Instead,
it measures blood pressure through baroreceptors in the aorta (systemic supply) and the
carotid arteries (the head, the most important consumer of oxygen). In the kidney, there
is a second system, the juxtaglomerular apparatus. In the hypothalamus, there is an
emergency system for hypotension and in the right atrium a system for volume overload.
Learning an organ by starting with an understanding of its purpose and how it is designed
to achieve this is the best way to learn medicine.

Control system theory: the body as a biomachine
-

-

1

It is valuable to see the body and its organs and cells in the way that engineers see
machines.
The body can be compared to a complex manufacturing company with a central
headquarters (i.e. the central nervous system, especially the hypothalamus), regional
areas (i.e. the organs) and individual plants (i.e. the cells).
Engineers describe machine control through this model:
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-
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To work, the body, tissue or cell functions within a specific set of parameters, called its
dynamic range. The optimal parameters within that range are called its set point.
The body monitors function through a limited number of key parameters, called the
regulated variables. For example, there is no direct measure of cardiac output. Instead,
the body measures blood pressure as the regulated variable of tissue perfusion. At the
tissue level, the endothelial cell measures ADP. At the cell level, adequacy of
oxygenation is measured through the VHL/HIF-1 system.
Measurement of key variables requires a sensor cell, which in whole body systems will
typically signal to a controller cell which will then integrate the sensor cell data and
make adjustments through an effector cell, bringing the function back within its
dynamic range.
The commonest homeostatic effector mechanisms are the autonomic nervous system
and the endocrine system,
o There are a few systems that are not regulated by the hypothalamus. Two major
examples are calcium and glucose regulation.
Demands on a cell or organ may exceed the normal physiologic response, either
because the stress is too severe or because it goes on too long, over months to years.
When this happens, the body uses injury/stress signals to cause the cell to change. This
requires a signal to the nucleus to make different proteins, that convert the cell line to a
more resistant cell type, often a more primitive fetal-type cell. These cells are not
usually as efficient as the original cell, but they are more resistant to the stress. This
process is called adaptation.
o The commonest injury signal for stress is a cytokine.
Adaptation does not represent a “cure”. Over years to decades, ongoing stress will lead
to failure in the adaptive system. When the organ cannot maintain itself even at rest, it
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progresses into failure. In failure, a person cannot function normally in their
environment and will have continual symptoms. This has a cultural component
(discussed further in General pathology: homeostasis, adaptation and disease (2)).

Stressor progression: homeostasis → adaptation → disease
The body has robust mechanisms for maintaining normal function through the
expected changes, or stressors, in its everyday environment. These are the
homeostatic or physiologic responses from the endocrine or autonomic nervous
systems. A stressor may exceed the capacity of homeostasis, either because it is too
severe or because it goes on too long. This creates an injury signal, usually a
cytokine, that causes the cell to change itself, the process of adaptation. This may
provide compensation for a long period of time, even decades. Eventually though,
adaptation cannot provide adequate compensation, either due to loss of cells
through apoptosis or progressive organ fibrosis. This leads to decompensation and
failure.
-

The terms of homeostasis:
Term
Definition
Homeostasis The ability to maintain a stable internal environment through
changes in the external environment.
Regulated
A parameter used to assess the status of a system’s function e.g.
variable
cardiac output → blood pressure
Dynamic
The internal environment required for a process to function.
range
Set point
The optimal parameter(s) for function
Adaptation
A change in the internal structure of a cell or organ needed to
maintain function when homeostatic mechanisms are insufficient
to compensate for a stressor.
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Disease

A decrease in function that impairs an individual’s desired
integration into their environment.

Control system theory and clinical medicine
-

-

The body must integrate its functions at multiple levels. The external environment may
impose challenges such as hunger or thirst. If these a small or brief, then normal
homeostatic mechanisms such as glycogenolysis or triglyceride metabolism will be
adequate. If severe or prolonged, adaptive changes such as muscle atrophy and
inhibition of discretionary systems like reproduction is needed. Over time, health
consequences such as impaired immune system will end in disease.
This pattern occurs at the system level, tissue level and cell/molecular level.
Most of medicine can be organized this way:

o Selected system regulated variables:
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Note that each of these regulated variables is of central importance in clinical
medicine. Go the end of the chapter for the corresponding images in these
critical pathways.

Regulated
variable
Blood
pressure

Osmolality
Temperature
PCO2
PO2

Sensor

Effector mechanism

Model diseases

Baroreceptors
(arteries)
Baroreceptors
(veins)
Right atrial
myocyte
JGA5
Hypothalamus

NTS1 →ANS2

٠Hypertension
٠Hypovolemia
٠CHF3

NTS →ANS

Glucose

Hypothalamus
Medulla
Carotid
chemoreceptors
Islet cells, others

Calcium

Parathyroid gland

ANP4 →collecting
tubule
RAAS6
ADH7 →collecting
tubule
Skin
Respiratory rate
Respiratory rate
Insulin, counter
regulatory hormones10
PTH11 →kidney

٠SIADH8
٠Diabetes insipidus
Fever
Hypoventilation
٠COPD9
٠High altitude
٠Diabetes mellitus
٠Insulinoma
٠Parathyroid adenoma
٠Pseudohypoparathyroidism
٠Others…

1. Nucleus tractus solitarius, 2. Autonomic nervous system, 3. Congestive heart failure, 4. Atrial natriuretic
peptide, 5. Juxtaglomerular apparatus, 6. Renin/angiotensin/aldosterone system, 7. Antidiuretic hormone, 8.
Syndrome of inappropriate ADH, 9. Chronic obstructive pulmonary disease, 10. Glucagon, growth hormone,
cortisol, catecholamines, 11. Parathyroid hormone.

o Selected tissue regulated variables:
A. Hematopoiesis:
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Regulated
variable
RBC1

Sensor

Effector

Model disease

Kidney VHL/HIF-1

Erythropoietin →erythroblast

Platelets

None
(constitutive)

TPO4 →TPO-R megakaryocyte

٠Anemia
٠COPD2
٠PV3
٠Paraneoplastic synd
٠Renal failure
٠APR5
٠1° thrombocythemia
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Neutrophils

Resident
macrophages
Lymphocyte Foreign antigen
→APC7

٠G-CSF6 (production) →myeloblast Acute inflammation
٠CXCR4 (release)
٠Th4 lymphocyte
٠Infection
٠IL-2 (autocrine)
٠Immunodeficiency

1. Red blood cell, 2. Chronic obstructive pulmonary disease, 3. Polycythemia vera, 4. Thrombopoietin, 5. Acute
phase reactant, 6. Granulocyte colony stimulating factor, 7. Antigen presenting cell

B. Local blood flow:
Regulated variable Sensor
Shear force
Endothelial cell
ADP

Effector
Vasodilation (NO0
Vasoconstriction
(endothelin)

Model disease
٠Hypoxia
٠Hypertension

o Selected intracellular regulated variables
• Protein synthesis………..….mTOR
• Energy status (ATP)…………AMP-K
• Hypoxia (O2)…………………..VHL/HIF-1
•
Glucose…………………….…….CHREBP (carbohydrate response element binding protein)
• Genotoxic stress (DNA)……p53
Key principles in understanding disease:
1. Completeness:
- A disease must be understood from the patient presentation through to the
molecular defects, without any gaps.
- The patient: In clinical medicine, one starts with the patient, who must be
appreciated within their environment. The average American patient reads at a
Grade 5 level. The best written instructions will fail if they cannot be read. In
2020, the average social security check is $1500/month. Two-thirds of the
elderly live on this check. A prescription for an expensive medication will not be
filled. In 2020, a sulfonylurea like glipizide costs $0.75 /day while a SGLT2inhibitor like empagliflozin can cost $17 /day. Ad rug must be affordable as well
as effective.
- Multisystem effects: these are not emphasized at the medical student level, but
disease in one organ affects the performance of other organs. Cardiorenal
syndrome offers a good example. Congestive heart failure (CHF) can
underperfuse the kidneys, activating the renin/angiotensin/aldosterone system
which increases the intravascular volume increasing the preload of the heart,
furthering the CHF.
- Organ systems: are a common way of organizing medical knowledge. Each organ
should first be understood through its normal structure (regional > surface >
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-

internal structures > tissue architecture > cell ultrastructure > molecular
components > DNA). Function and regulation work through this structure.
Disease processes have abnormalities at each level of structure, not just from
the underlying pathology but also the effects of prolonged homeostatic and
adaptive signals.

“Completeness”
2. Natural history:
• Chronic progressive disease occurs over a time frame that may be years or
decades. For example, rheumatic fever occurs in childhood, but the symptoms of
mitral stenosis do not appear until the patient is in her 30’s.
• The term “natural history” is used to describe the typical course of a disease if no
treatment is given. This is a critical concept in therapeutics, as all treatments
have side effects. Any decision to treat is, in fact, a calculation of the risk :
benefit ratio. One would hardly prescribe a drug with dangerous side effects for
a benign self-limited disease.
• There is a protracted period of time in any chronic disease when the patient is
asymptomatic. This is called functional reserve period and it reflects the
compensation from sustained homeostasis and adaptation.
• Eventually there is enough loss of function that any increase in stress will tip the
patient into failure as long as the stress is present. This is mild disease. When a
mild stress tips the patient into failure, the patient is described as having severe
disease.
• Failure is present when symptoms are present at rest. This typically occurs when
there is a loss of 70-80% of normal function. Each organ has a defining symptom
and test for failure, such as mental changes and elevated prothrombin time for
liver failure.
• The function reserve phase of disease can only be identified by a screening test,
as the patient is asymptomatic.
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•

In the early symptomatic phase, symptoms are only present when there is stress.
Testing to induce symptoms must be used to establish a diagnosis.

Two views of disease
a. Engineering view: This sees the body as a machine and disease as a pathology that breaks
the machine. In this view, all humans are built much the same and disease reflects a
machine breakdown. Examples that illustrate this view include trauma, poisons and
infections.
b. Adaptive view: In this view, disease arises when a unique individual is placed in an
environment to which they are not suited. For example, a woman with sickle cell trait is
“healthy” until she travels to a high altitude. A man may be predisposed to alcoholism but
will not become an alcoholic unless he has access to alcohol. Only 8% of alcoholics develop
cirrhosis. Less than 10% of smokers develop dancer.
The maladaptive view of disease may be referred to a the Garrodian view, named after
Garrod who first identified the inborn errors of metabolism. This view sees any
understanding of health must start with a patient’s genetic makeup.
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3. Prevalence and the likelihood of disease: Age, Gender and Time Frame.
- The statistical basis of all diagnosis is based on the idea that the likelihood that
any finding, be it a symptom, sign or test result, is driven by the prevalence of
disease in the population from which a patient is selected.

To illustrate this formula, take an elevated serum prostatic specific antigen (PSA)
level. What is the likelihood that it represents prostatic carcinoma? In a 80 year old
rpesenting with low back pain and a prostate nodule on rectal exam , the ↑PSA is
basically diagnostic as the prevalence of prostate cancer in an 80 year old is 80%,
cancers form masses, palpated as nodules and prostate cancer first psreads to the
lower spine where is causes pain. In a 24 year old male with gonococcal prostatitis,
the PSA refects release of the PSA by inflammatory destruction of the gland and not
cancer.
The same test result has two completely different diagnoses, based only on
prevalence.
-

Age, gender and the time frame of the symptoms are such powerful predictors
of prevalence that the a given at the start of any patient discussion.
i. Age:
•
•
•
•

9

Congenital and hereditary diseases are more likely in children
and young adults
Autoimmune diseases are more common in young adult women
Degenerative diseases and cancer are diseases of aging
The age of a woman should be seen chronologically and by stage
of reproductive life: premenarchal > reproductive >
perimenopausal > post-menopausal.
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Is Aging a disease?
Disease is defined a decrease in function that impairs an individuals desired integration into their
environment. When one looks at the effect of age at the organ, tissue and cellular level, it has all of
the hallmarks of a chronic progressive disease.
A. Organ function:

-

The most immediate clinical application of these findings is in the prescription of
medications in the elderly. The rule of thumb is that GFR decreases 1 mL/sec/year after
age 30 years. This means that the typical 65 year old male will have a GFR of 90 mL/sec,
which is Stage 1 renal failure.
B. Tissue changes with aging:
a. Skin:
i. ↓ melanocytes
ii. ↓ elasticity
Pale and wrinkled
iii. ↓ fat
b. Immune system:
i. Dysregulation > ↑autoimmune diseases in middle age
ii. ↓responsiveness > ↑risk of infection
iii. Oligoclonal expansion > ↑risk of neoplasia
C. Cellular changes with aging:
a. Pigment accumulation > lipofuscin
b. ↑DNA mutations
c. ↓P53 functionality
Neoplasia
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ii. Gender
• Female: female reproductive diseases and less likely to have
atherosclerotic circulatory disease.
• Male: male reproductive diseases and more likely to have
atherosclerotic circulatory disease.
ii. Time frame:
• Chronic progressive disease: each organ system has its own speed
of progression:
Organ
Liver
Kidney
Joints
Heart
Lung
Diarrhea

Chronic disease
> 6 months
> 3 months
> 6 weeks
> 1 week
> 1 week
> 4 weeks1

1. Acute diarrhea when < 2 weeks

•

Pathophysiologic mechanism:
o Neurologic ↔ minutes
o Biochemical ↔ minutes to hours
o Protein synthesis ↔ days
o Cell proliferation ↔ days to weeks
o Organ fibrosis ↔ weeks to months
o Fibrosis of entire organ ↔ years to decades

General Pathology: Homeostasis, Adaptation and Disease
Part (2): Adaptation and Disease
Next Chapter
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General Pathology: Homeostasis, Adaptation and Disease
Part (1): Homeostasis
Do You Know It?
1. Draw the engineering model of (bio)machine regulation (i.e. control system theory)

2. Define the following terms:
a. Homeostasis
b. Regulated variable
c. Set point
d. Adaptation
e. Disease

3. Fill in the following table
Regulated
variable
Blood
pressure

Sensor

Effector mechanism

Model diseases

Osmolality
Temperature
PCO2
PO2
Glucose
Calcium
Draw the figures for BP, glucose and calcium.

4. How are the following cellular metabolic processes regulated?
a. Protein synthesis
b. Energy status (ATP)
c. Hypoxia (O2)
d. Glucose
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e. Genotoxic stress (DNA)

5. Explain the following figures:
a.

b.

c.

d.
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6. What is the time frame for “chronic” in these organ systems?

Organ
Liver
Kidney
Joints
Heart
Lung
Diarrhea

16

Chronic disease
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