Sepsis 2.0 definitions:
Sepsis = SIRS due to infectious cause
Sever Sepsis = Sepsis complicated by acute organ dysfunction
Septic Shock = Sepsis complicated by either hypotension that is refractory to fluid resuscitation or by hyperlactatemia
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Human Medicine:
Pneumonia accounts for ~50% of severe sepsis.  #2 = intraabdominal, #3 = urinary tract
Severe sepsis target organs = respiratory and cardiovascular system
Other common sequelae include AKI, altered mentation, paralytic ileus, elevated tranaminases, altered glycemic control, thrombocytopenia, DIC, adrenal dysfunction, euthyroid sick syndrome

Cultures
Blood cultures: Only positive in ~1/3 of cases
No positive cultures from anywhere in ~1/3 of case
Staph and strep most common Gram+.  E. coli, klebsiella spp and pseudomonas are most common gram-
Gram neg  ~62%, Gram pos ~47%, fungal ~19%



Pathophysiology
Host response
Initially thought to be just overly exuberant inflammation, with later thoughts of subsequent compensatory anti-inflammatory response syndrome (CARS).
Now thoughts that both occur simultaneously (MARS)
Septic Shock subtyples:
‘warm’ septic shock = hyperdynamic shock, characterized by high CO, lower peripheral vascular resistance, warm extremities.
‘cold’ septic shock = hypodynamic shock, low CO, poor peripheral perfusion, cool extremities, death

Response depends on causative pathogen (load and virulence) and host (genetics, coexisting illness)
Pathogen:
To adhere to epithelium and invade, pathogens must avoid: secretion of mucus, epithelial cell shedding, and secretion of enzymes such as lysozyme. 
Bacteria as an infectious group (minimally infectious group called a quorum).  Once quorum is reached, virulence factors are expressed.  
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Virulence factors include:
Adherence Factors: Many pathogenic bacteria colonize mucosal sites by using pili (fimbriae) to adhere to cells.
Invasion Factors: Surface components that allow the bacterium to invade host cells can be encoded on plasmids, but more often are on the chromosome.
Capsules: Many bacteria are surrounded by capsules that protect them from opsonization and phagocytosis.
Endotoxins: The lipopolysaccharide endotoxins on Gram-negative bacteria cause fever, changes in blood pressure, inflammation, lethal shock, and many other toxic events.
Exotoxins: Exotoxins include several types of protein toxins and enzymes produced and/or secreted from pathogenic bacteria. Major categories include cytotoxins, neurotoxins, and enterotoxins.
Siderophores: Siderophores are iron-binding factors that allow some bacteria to compete with the host for iron, which is bound to hemoglobin, transferrin, and lactoferrin.
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Four main receptors implicated in inflammatory response:
Toll-like receptors (TLRs)
C-type lectin receptors (CLRs)
Retinoic acid inducible gene 1-like receptors (RLRs)
Nucleotide-binding oligomerization domain-like receptors (NLRs)
Aimed at recognizing PAMPs and initiate innate immunity, and DAMPs and alarmins.



Coagulation abnormalities:
Increase TF expression leading to fibrin deposition (via coag cascade)
Decreased antithrombotic mechanisms (decreased protein C and antithrombin)
Decreased fibrinolysis (True in dogs or cats?  They seem to have very different fibrinolysis)
NETs capturing platelets

Vasodilation
Normal response to low BP is profound vasoconstriction
Sepsis (Nitrogen intoxication and carbon monoxide intoxication as well) prevent normal vasoconstriction in response to hypotension
There is abundant catecholamine and RAAS activation, but lack of vasoconstriction due to failure or response by vascular smooth muscle 
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Normal smooth muscle contraction:
Increase in intracellular Ca++ (from hormonal or neurotransmitter binding), Ca++ and calmodulin complex formation, activation of kinase that phosphorylates myosin light chain, activation of myosin ATPase by actin, cycling of myosin cross-bridges along actin filaments



Causes Vasodilation in Septic Shock:
Activation of ATP-sensitive potassium channels (KATP) in the plasma membrane of vascular smooth muscle
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Hyperpolarization both decreases cytosolic release of stored Ca++ for initial constriction AND closes membrane channels preventing Ca++ influx required for longer term constriction, and prevents constriction in face of neurotransmitters or hormones
Causes of the opening of KATP may include ANP, calcitonin gene-related peptide, and adenosine, all of which are increased in septic shock!
Lactate and acidosis also open channels

*Side note*
Diazoxide activates the KATP channels as well causing vasodilation!


Activation of iNOS (inducible NO synthase)
Muscle relaxation by vasodilators (ANP, NO, etc…) which activates a kinase that dephosphorylates myosin, preventing cross-bridge formation.  May also hyperpolarize cells by opening K channels (other, non KATP channels)
iNOS induced by IL-1, IL-6, TNF-α, interferon-γ, adenosine

Deficiency of vasopressin
Possibly due to the depletion of vasopressin stores in prolonged states of stimulation
Vasopressin is needed in very low concentrations for V-2 receptor activity in kidney (via increase in cGMP in distal tubular cells and principal cells of collecting ducts in kidney)
Multi-fold higher concentrations needed for V-1 mediated effects
Vasopressin binding to V-1 receptors causes opening of voltage gated calcium channels and closure of the KATP channels, resulting in vasoconstriction
Because of the large amount of vasopressin needed for V-1 activity, the hypothalamus and posterior pituitary deplete their stores quickly
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Review of cytokines in sepsis and septic shock
Anti-inflammatory mechanisms regulated by humoral and neurologic mechanisms.
Neuroinflammatory reflex = sensory input from afferent vagus fibers sent to brain and efferent vagal fibers activate splenic nerves resulting in norepi release in spleen and release of acetylcholine by CD4+ T cells, which induce proinflammatory cytokine release from macrophages.
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Cytokines most responsible for septic SHOCK
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Cellular dysfunction in Sepsis
Neutrophils dysfunction
There is excessive activation and prolonged survival (greater than normal 7 hours in systemic circulation in humans) They injure endothelium, release inflammatory mediators and injure host organs
T-helper lymphocytes accelerated apoptotic death



Progressing from Sepsis to septic shock
Cardiac abnormalities:
Decreased right and left ventricular ejection fractions
Increased end-diastolic and end-systolic volumes
Normal stroke volume (when you combine both above)
Increased heart rate and cardiac output
Cardiac abnormalities are usually reversible 10 days after reversal of sepsis
TNF-α and IL-1 are associated with myocyte dysfunction
iNOS -> increased NO -> interference with myocyte calcium metabolism and impairs contractile function and increases reactive nitrogen spp. which damages cardiac myocytes.
Myocardial edema secondary to above also occurs
Human patients with cardiovascular dysfunction in sepsis had much higher mortality
Other causes:
Myocardial depressant factors (MDFs) such as TNF-α and IL-1β cause direct decrease in contractility (this may be in part due to downregulation of adrenergic response from downregulation of β-adrenergic receptors)
Global mitochondrial dysfunction in sepsis also affects the mitochondrial rich myocytes
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Vascular Abnormalities:
See above



Humoral system in current medicine refers to any body fluid or semifluid (think aqueous humor)
Humoral control is control of organ systems by molecules within extracellular fluid.
Humoral immunity involves cytokines, immunoglobulins, etc… that are circulating within extracellular fluid
Neurohumor are materials that are produced by neurons that get into extracellular fluid, of which the most talked about seem to be: epinephrine, norepinephrine, acetylcholine, +/- histamine, serotonin, GABA
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Table 2
NFkB-inducible genes involved in sepsis

Class NFKB-Dependent Genes
Acute phase proteins C-reactive protein
LPS-binding protein
Cytokines TNF2
G-CSF, GM-CSF
IL-1a, IL-1B, IL-2, IL6, IL-12
IFEN-G
Chemokines MIP-12
Mip-2
Coagulation factors Tissue factor

Tissue factor pathway inhibitor
Adhesion molecules ICAM-1
VCAM-1
E-selectin
ELAM-1

Enzymes Inducible nitric oxide synthase
Cyclo-oxygenase-2
C3 complement
Phospholipase A2
Matrix metalloproteinases

Immunoreceptors IL-2 receptor-a
Major histocompatibility complex class 1
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Table 3

‘Cytakine and noncytokine mediatars of septic shack

Class Mediator Source Role in Septic shock
Proinflammatory  Interleukin- 1. ‘Monocytes Fever, hypotension,
Cytokines. Macrophages Tcell and macrophage activation, myocardial suppression
Lymphocytes
Endothelial cells
Tumor necrosis factorz  Activated macrophages  Fever, hypotension, myacardial depression (myocytes in culture), neutrophil
and endothelial cell activation
Interleukin-6 Teells Induction of lymphocyte (B and T cell) proliferation
Beells
Endothelial cells
Interleukin-8 Activated macrophages  Chematactic for neutrophils and T cells

and monocytes
Kupffer cells

Interleukin-17 Activated T cells Induces the synthesis of other cytokines IL-6, G-CSF, GM-CS, IL-11, TGF-5,
TNF-2 and chemokines
Interleukin-18 Activated macrophages  Alongwith IL-12, initiates the cell-mediated immune response.
Increased secretion of interferon-y
Interferon-y Natural killer cells Defense against viral and intracellular bacterial pathogens
Macrophage inhibitory  Activated macrophages  Increased TNF expression
factorimacrophage Increased TLRA expression

migration inhibitory
factor (MIF)
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Antidinflammatory  Interleukin-10 Epithelial cells Downregulation of macrophage function leading to decreased TNF-a
cptokines Monocytes

Lymphocytes
e 2 Induces differentiation of naive helper T cells to Th2 cells
IL1Ra Monocytes Block IL-1 activity
TGEB Various host cells Interferes with phagocytic activation
Endothelial Factors _ Nitric oxide Increased microvascular permeability

Lossof vasomator tone
Myocardial depression

Peripheral venous pooling

Hormones Vasopressin Posterior pituitary gland _ Relative deficiency may cause or worsen circulatory failure
Glucocorticoids Hypothamic pituitary axis
Arachidonic acd _ Prostaglandins Immune effector cells ‘Airway reactivity
metabolites Leukotrienes Pancreas Vasoconstriction
Thromboxanes Platelet aggregation
Increased vascular permeability
Others Platelet-activating factor _ Endothelial cells Histamine release from platelets
Macrophages Activation of endothelial cells
Neutrophils
Complement proteins Histamine release,
Gacsa Increased capillary permeability, vasodilation
Myocardial depressant _ Pancreas Negative inotropy

factars Impaired phagocytosis
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Figure 2. Organ Failure in Severe Sepsis and Dysfunction of the Vascular Endothelium and Mitochondria.

Sepsis is associated with microvascular thrombosis caused by concurrent activation of coagulation (mediated by tissue factor) and im-
pairment of anticoagulant mechanisms as a consequence of reduced activity of endogenous anticoagulant pathways (mediated by acti-
vated protein C, antithrombin, and tissue factor pathway inhibitor), plus impaired fibrinolysis owing to enhanced release of plasminogen
activator inhibitor type 1 (PAI-1). The capacity to generate activated protein C is impaired at least in part by reduced expression of two
endothelial receptors: thrombomodulin (TM) and the endothelial protein C receptor. Thrombus formation is further facilitated by neu-
trophil extracellular traps (NETs) released from dying neutrophils. Thrombus formation results in tissue hypoperfusion, which is aggra-
vated by vasodilatation, hypotension, and reduced red-cell deformability. Tissue oxygenation is further impaired by the loss of barrier
function of the endothelium owing to a loss of function of vascular endothelial (VE) cadherin, alterations in endothelial cell-to-cell tight
junctions, high levels of angiopoietin 2, and a disturbed balance between sphingosine-1 phosphate receptor 1 (S1P1) and S1P3 within
the vascular wall, which is at least in part due to preferential induction of S1P3 through protease activated receptor 1 (PAR1) as a result
of a reduced ratio of activated protein C to thrombin. Oxygen use is impaired at the subcellular level because of damage to mitochondria
from oxidative stress.
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Fig. 2 Direct myocardial depression in sepsis. A major mechanism of direct cardiac depression in sepsis is cardiomyocyte hyporesponsiveness
due to down-regulation of B-adrenergic receptors and depression of post-receptor signaling pathways. These changes seem to be mediated by
many substances, including cytokines and nitric oxide. Another mechanism of direct cardiac depression is cardiomyocyte injury or death, which
can be induced by toxins, complements, damage-associated molecular patterns (DAMPs), neutrophil extracellular traps (NETs), and as-yet-unidentified
myocardial depressant factors (MDFs). MOF multiple organ failure, PAMPs pathogen-associated molecular patterns, PRRs pattern recognition receptors
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Table 1. Diagnostic Criteria for Sepsis, Severe Sepsis, and Septic Shock.*

Sepsis (documented or suspected infection plus 21 of the following)
General variables
Fever (core temperature, >38.3
Hypothermia (core temperature, <36°C)

Elevated heart rate (>90 beats per min or >2 SD above the upper limit of the normal range for age)

Tachypnea

Altered mental status

Substantial edema or positive fluid balance (>20 m kg of body weight over a 24-hr period)

Hyperglycemia (plasma glucose, >120 mg/dl 6.7 mmol liter) in the absence of diabetes
Inflammatory variables

Leukoeytosis (white-cell count, 12,000/ mm?)

Leukopenia (white-cell count, <4000/mm*)

Normal white-cell count with >10% immature forms

Elevated plasma C-reactive protein (>2 SD above the upper limit of the normal range)

Elevated plasma procalcitonin (>2 SD above the upper limit of the normal range)
Hemodynamic variables

Arterial hypotension (systolic pressure, <90 mm Hg; mean arterial pressure, <70 mm Hg; or decrease in systolic
pressure of >40 mm Hg in adults or to 52 SD below the lower limit of the normal range for age)

Elevated mixed venous oxygen saturation (>70%)1
Elevated cardiac index (>3.5 lters/min/square meter of body-surface area)j
Organ-dysfunction variables
Arterial hypoxemia (ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen, <300)
Acute oliguria (urine output, <0.5 mi/kg/hr or 45 mi/hr for at least 2 hr)
Increase in creatinine level of >0.5 mg/dl (>44 ymolliter)
Coagulation abnormalities (intemational normalized ratio, >1.5; or activated partial-thromboplastin time, >60 sec)
Paralytic ileus (absence of bowel sounds)
Thrombocytopenia (platelet count, <100,000/mm?)
Hyperbilirubinemiz (plasma total bilirubin, >4 mg/dl (68 wmol lter])
Tissue-perfusion variables
Hyperlactatemia (lactate, >1 mmol/liter)
Decreased capillary refill or mottling
Severe sepsis (sepsis plus organ dysfunction)
Septic shock (sepsis plus either hypotension [refractory to intravenous fluids] or hyperiactatemia) |
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Figure 1. The Host Response in Severe Sepsis.

The host response to sepsis is characterized by both proinflammatory responses (top of panel, in red) and antiinflammatory immunosup-
pressive responses (bottom of panel, in blue). The direction, extent, and duration of these reactions are determined by both host factors
(e.g., genetic characteristics, age, coexisting illnesses, and medications) and pathogen factors (e.g., microbial load and virulence). In-
flammatory responses are initiated by interaction between pathogen-associated molecular patterns expressed by pathogens and pattern-
recognition receptors expressed by host cells at the cell surface (toll-like receptors [TLRs] and C-type lectin receptors [CLRs]), in the
endosome (TLRs), or in the cytoplasm (retinoic acid inducible gene 1-like receptors [RLRs] and nucleotide-binding oligomerization
domain-like receptors [NLRs]). The consequence of exaggerated inflammation is collateral tissue damage and necrotic cell death, which
results in the release of damage-associated molecular patterns, so-called danger molecules that perpetuate inflammation at least in part
by acting on the same pattern-recognition receptors that are triggered by pathogens.
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