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ABSTRACT 
 

Discovery of an Allosteric site on Furin, Contributing to potent Inhibition: 
A promising Therapeutic for the Anemia of Chronic Inflammation 

 
Andrew J. Gross 

Department of Chemistry and Biochemistry, BYU 
Doctor of Philosophy 

 
Anemia of chronic inflammation (ACI) is a condition that develops in a setting of chronic 

immune activation.  ACI is characterized and triggered by inflammatory cytokines and the 
disruption of iron homeostasis.  Hepcidin, a small peptide hormone, is the master regulator of 
iron homeostasis, and rapidly responds to iron supply and demand.   
 

Under conditions of chronic inflammation, hepcidin is elevated, and alters the way that 
iron is absorbed and disrupted throughout the body, resulting in disrupted iron homeostasis 
through inhibition of the iron exporter protein ferroportin.  Anemia arises when insufficient 
erythropoietic activity combined with inadequate iron supply abrogates the healthy development 
of mature red blood cells (RBCs). 
 

The proprotein convertase (PC) known as furin is a serine protease capable of cleaving 
peptide precursors into their active state.  Furin is critical for normal activation of proteins and 
enzymes but recently, furin has been implicated in critical roles within cancers, viral and 
pathogenic infections, and arthritis through activating precursors novel to the disease type.  Furin 
has previously been identified as being the sole PC responsible for generating active hepcidin.  
Hepcidin is initially synthesized as a larger precursor protein, before undergoing furin cleavage.  
Furin is known to form mature, bioactive hepcidin, with the removal of this pro-region.  
 

Our discovery of a novel regulatory site on Furin has led to potent inhibition using small 
molecules.  This inhibition is shown with the use of in vitro fluorogenic assays, in vivo cell tissue 
cultures, and within an animal model of ACI.  Our results demonstrate that in using these small 
molecules we can decrease hepcidin levels even in the presence of potent inflammatory 
cytokines.   
 

The inhibition of hepcidin by these small molecules causes an increase in stably 
expressed ferroportin on cell surfaces and the restoration of the ability to mobilize iron from 
storage tissues and absorption from the diet.  The ability to “fine-tune” inhibition of furin in 
targeting its allosteric site along with its catalytic domain designates these small-molecule 
inhibitors as promising therapeutics for treatment of diseases ranging from Alzheimer’s and 
cancer to anthrax and Ebola fever. 
 
 
Keywords:  furin, anemia of chronic inflammation, hepcidin, protease inhibitors, ferroportin 
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The test of a man is the fight he makes, 

The grit that he daily shows; 

The way he stands on his feet and takes 

Fate's numerous bumps and blows. 

A coward can smile when there's naught to fear, 

When nothing his progress bars; 

But it takes a man to stand up and cheer 

While some other fellow stars. 

 

It isn't the victory, after all, 

But the fight that a brother makes; 

The man who, driven against the wall, 

Still stands up erect and takes 

The blows of fate with his head held high; 

Bleeding, and bruised, and pale, 

Is the man who'll win in the by and by, 

For he isn't afraid to fail. 

 

It's the bumps you get, and the jolts you get, 

And the shocks that your courage stands, 

The hours of sorrow and vain regret, 

The prize that escapes your hands, 

That test your mettle and prove your worth; 

It isn't the blows you deal, 

But the blows you take on the good old earth, 

That show if your stuff is real 
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CHAPTER 1: Introduction to Anemia of Chronic Inflammation 

 

Anemia 

 

The word anemia comes from the Greek word (‘Aναιμία)(an-haîma) meaning 

“without blood”.  Anemia is a medical condition where a decrease in number of red 

blood cells (RBCs) is usually accompanied with a lower than normal quantity of 

hemoglobin in the blood.  The primary function of the red blood cell is to deliver oxygen 

to the tissues.  Anemia impairs the ability of the blood to efficiently transport oxygen to 

body tissue, usually leading to hypoxic (low oxygen) conditions in vital organs.   

Patients with severe or prolonged anemia are easily fatigued, appear pale, portray 

dyspnea (shortness of breath), and have a tendency to develop irregular heartbeats known 

as palpitations1.  These symptoms involve physiologic compensation, including 

decreased hemoglobin oxygen affinity, increased cardiac output, and redistribution of 

blood flow. 

Characterizing anemia is often sub-classified into three differing categories.  

Pathogenesis, red blood cell morphology, and clinical presentation2.  Pathogenic 

mechanisms involve inappropriate over-production of erythrocytes, or loss of 

erythrocytes due to hemolysis or bleeding.  Further classified as being regenerative 

versus hypo-regenerative.  Polycythemia is a disease state in which the proportion of 

blood volume occupied by the red blood cells increases. Red blood cell morphology 
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relates to morphologic characteristics within the complete blood count (CBC), identifying 

the anemia as being microcytic, macrocytic, or normocytic (Table 1.1).  These are 

analytical parameters provided by automated hematology analyzers, including such 

values as mean corpuscular volume (MCV) and red blood cell distribution width (RDW).  

MCV is measured as the average volume of a red blood cell (normal range: 82-98 fL) 

reported in femtoliters (10-15L).  RDW is a measure of the variation of red blood cell size.  

RBCs are usually 6-8μm in diameter.  In humans, the normal RDW range is 11.5-14.5%1.  

Levels of reticulocytes (immature RBCs) compose about 1% of the total RBC in a 

healthy individual.  Higher percentages of reticulocytes are attributable to anemia.       

Clinical presentation involves other analysis useful in anemia diagnosis.  Serum 

levels of iron, urea, creatinine, vitamin B12, folate, and bilirubin are used as important 

indicators.  The levels of protein involved in iron metabolism within serum can also be 

indicative of iron status and anemia, including transferrin, soluble transferrin receptor 

(sTfR), and ferritin.  

Treatment of anemia is usually aimed at correcting the underlying issue, by 

identifying the source of blood loss, providing transfusions, or supplementing mineral 

deficiency. In cases of chronic inflammation, chronic disease, or genetic abnormalities, 

successful treatment of the underlying problem is not always an option.  
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Table 1.1.  Morphological MCV and RDW of red blood cells used in anemia diagnosis. 

Type of Anemia MCV (fl)* RDW (%) Common factors 

Microcytic Low (< 80 fl) High:       (low iron) 
Normal:  thalassemia (high iron) 

ACI, Reduced heme 
synthesis 

Macrocytic Very high(> 100 fl) High      (> 15%) 

B12 or folate 
deficiency, 
alcoholism, 
hypothyroidism, 

Normocytic Normal(82-98 fl) Normal (11.5-14.5%) Increased destruction 
of RBC, blood loss 

 

* fl refers to femtoliter (10-15L). 

 

Anemia of Chronic Inflammation 

 

Anemia of chronic inflammation (ACI) is a type of anemia that commonly occurs 

in patients with chronic, or long term, immune activation3–5.  It is the most frequent 

anemia in hospitalized patients, and is associated with increased morbidity and 

mortality6.  In 2012 alone, more than 117 million Americans live with at least one 

chronic illness.  Over 40% of these cases have resulted in significant debilitating anemia7.  

One study has suggested that the relationship between Hb values and levels of mortality 

is U-shaped8, for as Hb levels fall, mortality percentages correspondingly increase. 

Chronic diseases that lead to abnormal activation of the immune response and 

eventually ACI, include infectious and inflammatory diseases, heart disease, kidney 

disease, and cancer (Table 1.2).  The severity of ACI is most commonly related to the 

severity of the underlying disorder.  Certain treatments for chronic diseases may also 

impair red blood cell production and further contribute to ACI (Table 1.3). 
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Healthy levels of hematocrit (HCT) are about 45% for men, and 40% for women.  

Healthy hemoglobin values range from 15-18 g/dL9.  ACI is a mild to moderate anemia 

where hematocrits can range between 30% and 40%, while Hb levels range between 9-13 

g/dL.  It is common, however, that hematocrit will drop below 25%5.  Marginal 

normocytic anemia is initially observed, and will later progress into microcytic anemia, 

as severity of the underlying disease progresses. 

 
Table 1.2.  Foremost underlying causes of Anemia of Chronic Inflammation (ACI)3. 

Associated Diseases Estimated Prevalence* 

Infections (acute and chronic) 20-95% 
Viral, including HIV  
Bacterial  
Parasitic  

Fungal  

Cancer 30-77% 
Hematologic  
Solid tumor  
Autoimmune 10-70% 
Rheumatoid arthritis  
Vasculitis  
Sarcoid  
Inflammatory bowel disease  
Chronic rejection of transplant  10-70% 
Chronic kidney disease 23-50% 
Inflammation 23-50% 

 

*Data is not available for all conditions associated with ACI.  The prevalence is the percent of people with 

the disease.  Occurrence and severity of anemia are correlated with the stage of the underlying condition10. 
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Anemia Statistics for Patient Populations 

Table 1.3.  Major patient population statistics for Anemia of Chronic Inflammation (ACI).  

Patient Population Anemia Statistics* 

Cancer Patients 
80% of chemotherapy patients have severe anemia 
8 million people die from cancer each year 
worldwide11 

Chronic Kidney Disease 
(CKD) 

26 million Americans have CKD12 
28% of mild CKD patients are anemic 
87% of severe CKD patients are anemic13,14 

Critically Ill Patients 50% of patients in intensive care unit are anemic15 
75% of long-stay critically ill patients are anemic 

Diabetes 25.8 million Americans have diabetes16 
33% of type 1 diabetic develop CKD after 15 years17 

Elderly 
50% of persons in nursing homes have anemia 
Anemic elderly are twice as likely to be hospitalized 
for falls18 

Heart Disease 
17-48% of anemic patients experience heart failure 
43% of hospitalized heart attack patients have 
anemia19 

Hepatitis C Virus (HCV) 
Patients 

3.2 million Americans have chronic HCV infection 
67% of hepatitis C patients have treatment-related 
anemia20,21 

HIV/AIDS 75-80% of people with AIDS have anemia22,23 
Inflammatory Bowel Disease 
(IBD) Patients 

More than 1 million people in US have IBD 
17-41% of all types of IBD patients have anemia24 

Rheumatoid Arthritis 
2.1 million Americans have rheumatoid arthritis25 
30-60% of rheumatoid arthritis patients have 
anemia26 

 

*All values are representative of passing World Health Organization (WHO) criteria for the diagnosis of 

anemia27. 
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Diagnosis of Anemia of Chronic Inflammation 

 

Despite a patient having adequate iron stores, ACI elicits low serum iron 

concentrations and a high erythrocyte sedimentation rate.  ACI has similarities with other 

types of anemia, where the red blood cells show hypochromic microcytic characteristics 

similar to iron deficient anemia (Table 1.4). 

ACI is easily confused with iron deficiency anemia (IDA). In both forms of 

anemia, levels of iron circulating in the blood are low.  Circulating iron is necessary for 

supplying iron for red blood cell production in the bone marrow.  Low blood iron levels 

occur in IDA because levels of the iron stored in the tissues are depleted (Figure 1.1).  In 

ACI, however, iron stores are normal or high.  Low blood iron levels occur in ACI, 

despite normal iron stores.  Microcytic cells are usually present in both disorders, despite 

being more prominent in true iron deficiency.   

Transferrin is another biomarker used in diagnosing anemia.  Transferrin is a 

serum protein known for its ability to transport iron throughout the body.  During iron-

deficiency anemia, transferrin levels in serum are elevated.  With ACI, transferrin levels 

drop28.  

A soluble transferrin receptor test can be used to help differentiate between iron-

deficiency anemia and anemia of chronic disease.  The soluble transferrin receptor is 

much less affected by inflammation than serum ferritin, and so results will be high in 

iron-deficiency anemia and usually low to normal in anemia of chronic disease.  Medical 

practitioners or researchers can take the ratio of the soluble transferrin receptor to the 
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logarithm of the serum ferritin concentration, to more clearly distinguish between ACI 

and IDA.  A study reported median values for patient groups of ACI as 0.5-0.8, where 

IDA patients range 5.0-6.2, and ACD/IDA 2.8-3.429. 

Serum ferritin is also a biomarker used to distinguish between ACI and IDA.  

Early studies with serum ferritin correlated the serum ferritin levels with the iron content 

of bone marrow aspirates.  Ferritin tracked with iron content in the bone marrow and 

allowed serum ferritin concentrations to predict iron status in an individual.  This method 

works well for healthy individuals. But circumstantial consideration should be taken 

when considering ferritin levels.  Ferritin is known to be an acute-phase reactant, 

meaning it can be elevated at onset of inflammation30,31.  Therefore, elevated serum 

ferritin levels do not accurately correlate with bone marrow iron content if the patient has 

inflammation.  Often C-reactive protein is measured along with serum ferritin content to 

determine if the serum ferritin content accurately predicts iron status. 

 

Table 1.4.  Anemia of Chronic Inflammation (ACI) versus Iron Deficiency Anemia (IDA)1,3. 

Investigation ACI IDA Both ACI and IDA* 
Iron reduced reduced reduced 
Transferrin reduced to normal increased reduced 
Transferrin 
saturation reduced reduced reduced 

Ferritin normal to increased reduced reduced to normal 
TIBC reduced increased variable 
Cytokine levels increased normal increased 
 

*Patients with both conditions include those with anemia of chronic disease and true iron deficiency. 
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Total iron-binding capacity (TIBC) is a medical laboratory test that measures the 

blood's capacity to bind iron with transferrin.   TIBC values are used as an indirect 

measurement to determine the iron content in the blood.  These values are reported as 

being significantly low with ACI.  This is due to iron not being as easily accessible, as 

the body stores the iron intracellularly.  As iron stores deplete, TIBC values will increase.  

When iron stores are elevated, the TIBC will decrease.  Normal values for TIBC range 

from 240-400 mcg/dL.  In IDA, the TIBC is higher than 400-450 mcg/dL because stores 

are low.  In ACI, the TIBC is usually below normal because iron stores are elevated32.  

As ACI develops in inflammatory diseases, increased levels of cytokines are 

found in such patients.  Direct correlations have been previously shown between cytokine 

concentrations and the degree of anemia33–36. 

 

Pathophysiology of Anemia of Chronic Inflammation 

 

Several processes are involved in the pathogenesis of ACI. Stunted erythropoiesis 

and inflammatory cytokines are implicated in all of them.  These include impaired RBC 

survival, impaired proliferation of erythroid progenitor cells, blunted erythropoietin 

response, iron-restricted erythropoiesis and most importantly, impaired mobilization of 

reticuloendothelial system (RES) iron stores due to the regulation of the peptide hormone 

hepcidin. 

Anemic patients with rheumatoid arthritis (a common model for ACI) show an 

inverse relationship between cytokine levels and RBC survival37.  Similar results have 
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been reported in mice following exposure to the cytokine tumor necrosis factor (TNF) in 

vivo38.  Human studies have also indicated that transfused ACI erythrocytes have a 

normal lifespan in normal recipients but transfused normal erythrocytes have a decreased 

lifespan in ACI recipients39.  These findings suggest that increased erythrocyte 

destruction is due to the activated immune response.  Finally, increased 

erythrophagocytosis during inflammation leads to a decreased erythrocyte half-life40,41 

Impaired proliferation of erythroid precursors is clearly evident in ACI.  

Cytokines of inflammation inhibit the proliferation and differentiation of erythroid burst-

forming units, which are the precursors to mature RBCs42–44.  Interferon-α, -β, and -γ 

along with the interleukin and TNF families of cytokines all appear particularly 

potent43,45,46.  Cytokine-mediated apoptosis, formation of ceramide, and down-regulation 

of erythropoietin have all been claimed as mechanisms.  Cytokines can also form labile 

free radicals such as nitric acid or superoxide47.  Inhibition is reflected by lowered Hb 

and reticulocytes concentrations. 

Erythrocyte proliferation is regulated to a large extent by erythropoietin (EPO), 

which is produced in the kidney.  Expression of EPO can be inversely related to tissue 

oxygenation and Hb levels.  During ACI, EPO tends to stay at normal to low levels.  This 

is in contrast to IDA, where EPO levels will dramatically increase48–52.  The 

responsiveness of erythroid precursors to EPO seems to almost always be related to the 

severity of the disease involved. 

Restricted iron availability can be illustrated during the intermediate step of heme 

production, where iron is incorporated into protoporphyrin IX.  Protoporphyrin IX is a 

precursor to heme.  Zinc is a known alternative to iron, and in circumstances where iron 
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is unavailable, zinc protoporphyrin is readily increased.  In ACI, zinc protoporphyrin 

levels are increased, indicating insufficient iron.  The presence of zinc in hemoglobin 

produces hypochromic RBCs, a true marker of IDA. 
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Figure 1.1.  Hepcidin is a master regulator of the iron cycle.  A) Homeostatic mechanisms involved in 

iron transport.  B) Pathological stimulation and consequent suppression of iron transport. 
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Iron homeostasis 

 

One of the more prominent underlying mechanisms behind restricted iron 

availability in ACI, is the disruption of iron absorption, iron mobilization from storage 

tissue and the transport of iron from the site of absorption and storage to the bone 

marrow.  Inflammatory cytokines and cells of the RES system interfere with the body’s 

ability to use stored iron and absorb iron from the diet53.  This iron then becomes 

unavailable for efficient erythropoiesis, as it is sequestered in macrophages and other 

cells. 

An average person stores 1-2 g of iron within the blood and tissue.  Normally 1-2 

mg of iron is lost daily (through shedding of intestinal enterocytes).  This is replenished 

daily, as 1-2 mg is again absorbed through the gut from the diet54. 

Senescent erythrocytes are recycled daily by macrophages, recycling 20 mg of 

iron daily.  Iron absorbed from the diet is absorbed through the intestines into duodenal 

enterocytes.  This process is aided with the help of the protein divalent metal transporter-

1 (DMT1).  DMT1 is highly expressed at the apical pole of enterocytes, and is best 

characterized for its ability to transport ferrous iron (Fe2+) into enterocytes55.   

Ferroportin-1 is an intermembrane protein iron exporter also known as Slc40a1.  

It is found on the surface of cells that store or transport iron including enterocytes in the 

duodenum, hepatocytes in the liver, and macrophages.  Iron is absorbed into the duodenal 

enterocytes through DMT1, before being exported into the circulation via ferroportin. 
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Iron is then transported by transferrin to the bone marrow.  Each individual 

transferrin protein is capable of carrying two ferric iron (Fe3+) atoms.  When iron arrives 

at the bone marrow, it is delivered to erythrocyte precursors to be incorporated into Hb.  

Circulating macrophages phagocytize senescent erythrocytes, recycling iron, and storing 

it in ferritin.  Ferritin is capable of storing about 4,500 iron atoms during times of iron 

excess56.  

When iron is needed for cellular metabolic functions including erythropoiesis, 

macrophages are able to release the iron in ferritin into the cytosol where it is exported 

through ferroportin into the serum where it is bound to transferrin.  This allows for 

restoration of serum and cellular iron levels when needed57,58. 

Hepcidin 

 

Hepcidin is a cysteine rich 25 amino acid peptide that plays a major role in iron 

metabolism59.  Hepcidin is synthesized in liver tissue cells known as hepatocytes.  

Initially it is formed intracellularly from the HAMP gene as an 84 amino acid (aa) 

precursor named preprohepcidin.  Enzymatic cleavage converts this aa chain into a 64 aa 

long prohormone known as prohepcidin, and is then cleaved again into the mature 

biologically active 25 aa form known as hepcidin60. Hepcidin can then be excreted into 

the blood serum and circulated to various tissues, before being filtered by the glomerulus 

and excreted in the urine.  

Hepcidin is most commonly found as hepcidin-25, but shorter forms have also 

been characterized.  These include hepcidin-22 and hepcidin-20.  The 22 aa isoform has 
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currently only been detected in urine, suggesting that it may be a degradation product of 

hepcidin-25.  

Although liver is the main source of hepcidin, hepcidin mRNA and protein have 

been found in other cells and tissues.  Heart, kidney, retina, monocytes and macrophages, 

splenocytes, pancreatic β cells, and adipocytes have also been observed to express mature 

hepcidin61–68.  However, basal expression of hepcidin in these tissues is much lower than 

the basal expression rate of hepcidin in the liver.  Basal levels of hepcidin in the serum 

normally range form 20-30ng/ml in healthy individuals, whereas in circumstances of 

chronic inflammation can reach 200-250ng/ml69.       

Production of hepcidin is regulated by the need of iron and erythropoiesis, as is 

critical regarding anemia (Figure 1.1).  During active erythropoiesis hepcidin production 

is suppressed, making more iron available for the synthesis of heme for hemoglobin.  The 

idea that a suppressive signal exists is not fully understood, but there is evidence that an 

erythroid factor produced by erythroid precursors in the bone marrow could be 

responsible44,70.  

The molecular target of hepcidin is the cellular iron exporter ferroportin.  

Ferroportin is a 571 aa intermembrane protein, whose leading purpose is to control iron 

efflux.  Ferroportin exports iron, from the enterocytes into the plasma.  It also supplies 

iron from macrophages of the spleen and liver that recycle senescent blood cells, and 

from hepatocytes involved in iron storage.  When the concentration of hepcidin is low, 

ferroportin levels are uninhibited.  When hepcidin is highly concentrated, ferroportin is 

internalized and iron is trapped within the enterocytes, hepatocytes, and macrophages71. 
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Hepcidin acts as a ligand for ferroportin.  When hepcidin binds to ferroportin, a 

conformational change occurs, leading to induced endocytosis and degradation of the 

hepcidin-ferroportin complex72 (Figure 1.2).  Binding to ferroportin is dependent on an 

extracellular loop containing a cysteine (C326)73.  When this residue is mutated, iron 

efflux will continue despite the presence of hepcidin.  People who suffer from the 

heterozygous mutation of this residue (C326S) quickly develop severe iron overload74.  

This is because iron absorption through the enterocytes will continue to occur without 

regulation or inhibition. 
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Figure 1.2.  Hepcidin binding to ferroportin.  Hepcidin binding region is located within the first five 

amino acids (DTHFPI).  Hepcidin binds to an outer loop of ferroportin (C326) to induce endocytosis and 

degradation of the hepcidin-ferroportin complex.  When hep-25 increases, ferroportin is lowered, and vice 

versa. 

Hep-25 Ferroportin 
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Figure 1.3.  Overview of proteins involved stimulating Hepcidin production.  During chronic immune 

activation, release of cytokines IL-6 and BMP9 activate HAMP gene expression, increasing the 

concentration of hepcidin.  Hepcidin is exported out of the cell inducing endocytosis of ferroportin in 

different cells, perpetuating anemia. 
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Hepcidin-induced loss of ferroportin decreases iron transfer and availability to 

serum.  This occurrence is known as hypoferremia, as hepcidin is able to regulate the 

concentration of ferroportin on the cell surface.  Cell experiments where ferroportin has 

been expressed or over-expressed, have shown that small changes in hepcidin 

concentration drastically inhibit iron efflux75,76.  

To coordinate iron absorption from the apical membrane of enterocytes with 

ferroportin on the basolateral surface, several key factors are involved. 

First, the stimulatory effect for DMT1 can be removed.  Cellular iron is a cofactor 

of oxygen sensing prolyl hyroxylases.  These induce the hydroxylation of hypoxia-

inducible factor (HIF-1α), leading to degradation.  HIF1α is no longer able to stimulate 

transcription of DMT177. 

Second, as hepcidin binds to ferroportin, cellular iron increases because of 

diminished export.  Increased cellular iron inactivates iron regulatory proteins (IRP1 and 

IRP2) that normally bind to the 3’ iron regulatory element (IRE) of DMT1 mRNA78.  

This destabilizes the DMT-1 mRNA, leading to less transcription, and less expression of 

DMT1.  In contrast, the IRPs are released from the mRNA encoding ferritin and ferritin 

synthesis increases.  This leads to sequestration of iron in ferritin so that free cytosolic 

iron is not available for export into the bloodstream by ferroportin.  Eventually the 

enterocytes are sloughed off the intestinal wall and excreted with the iron sequestered 

inside ferritin.   

Third, DMT1 is down regulated by hepcidin through activation of ubiquitin 

ligases.  As hepcidin binds to ferroportin, ubiquitin ligases distribute throughout the 

cytoplasm and consequently stimulate degradation of DMT179.  Other apical proteins 
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may be affected as well.  Ubiquitination of other enterocyte transporters are currently 

being investigated. 

 

Activation of hepcidin by Bone Morphogenic protein  

 

BMPs represent a superfamily of transforming growth factor β (TGF- β) ligands, 

which share common ‘cross-talk’ or tranduction80.    

Liver and serum iron stores regulate hepcidin transcription and secretion through 

many different pathways.  One of the major pathways to which hepcidin transcription is 

upregulated, occurs with inflammation.  Cytokines known as bone morphogenic proteins 

(BMPs) are elevated in serum by inflammation and bind to hepatocytes and activate the 

BMP receptor and its corresponding pathway51. 

BMP receptors facilitate the activation of Small mothers against decapentalegic 

homolog (Smads) proteins (Figure 1.3).  Smads are intracellular cascade proteins able to 

activate downstream transcription.  Upon phosphorylation, Smads can act as transcription 

regulators for the HAMP gene, which encodes hepcidin (Figure 1.3).  Signaling begins 

when ligands bind to complexes of two type I and two type II receptors.  Type II 

phosphorylate type I receptors, which then phosphorylate Smads (Smad1, Smad5, 

Smad8)81. 

Although serum and liver iron accumulation alone can activate the BMP receptor 

and its Smad 1/5/8 pathway to increase hepcidin transcription82, chronic inflammatory 

situations cause high concentrations of BMPs to circulate in the serum.  During these 
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situations, the HAMP gene is activated above and beyond physiologically healthy 

constitutive levels83. 

A co-receptor protein known as hemojuvelin (HJV) also acts to regulate BMP 

signaling.  HJV is essential for dietary iron sensing, and its mutation leads to severe iron 

overload84.  Although the exact function of HJV is still unclear, HJV mutations cause 

severe hepcidin deficiency resulting in juvenile hemochromatosis85.   

Matriptase (MT-SP1) is an intergral membrane trypsin-like serine protease that is 

a member of the type II transmembrane serine proteases (TTSP).   Matriptase-2, has been 

shown to cleave and activate HJV in liver tissue, and have an inhibitory effect on 

hepcidin promotion86.  Expression of matriptase-2 mutants in zebrafish results in anemia, 

confirming its role in iron metabolism and its interaction with HJV87.    

 

Activation of hepcidin through IL-6 and other mediators 

 

Inflammation has been shown to increase hepcidin synthesis through interleukin-6 

(IL-6).  IL-6 is an interleukin (cytokine protein family) secreted by T cells and 

macrophages to stimulate an immune response. IL-6 activates hepcidin production 

through the Jak/STAT signaling pathway.  IL-6 acts as the ligand, and when bound to the 

glycoprotein 130 (gp130) receptor, activates janus kinases (JAKs).  JAKs are then able to 

phosphorylate and activate Signal Transducers and Activators of Transcription (STATs), 

particularly STAT3.  Activated STAT3s form dimers, translocate to the nucleus, bind to 

specific response elements in promoters of target genes, and transcriptionally activate 
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these genes88.  When the IL-6 inflammatory stimulus is upregulated, HAMP gene 

transcription responds significantly (Figure 1.3)   

HAMP reporter constructs (as shown by RT-qPCR) respond to both IL-6 and the 

BMPs in a manner consistent with endogenous hepcidin89.  

  Studies show that hepcidin concentrations are significantly increased with patients 

having chronic inflammatory disorders.  Inflammatory secretion of IL-6 and BMPs, as 

well as other cytokines are well documented and are expected to contribute to anemia of 

chronic inflammation31,48,90–92. 

Some diseases result from inadequate hepcidin production.  The classic example 

of this would include the iron overload disease hemochromatosis.  Hyper-absorption of 

dietary iron leads to accumulation of iron in the tissues, iron mediated injury, and organ 

dysfunction93.  Hereditary hemochromatosis (HH) usually results from an autosomal 

recessive mutation in the hemochromatosis protein (HFE) gene.  The end result is 

insufficient production of hepcidin by the liver.  This leads to improper iron absorption 

through enterocytes, and excessive iron transport into the serum.   

Similar symptoms occur in β thalassemia hereditary diseases.  β thalassemia 

patients have inherited a mutation where the beta chain synthesis of hemoglobin has been 

negatively affected.  Affected individuals require lifelong blood transfusions, and are 

essentially receiving repeated doses of recycled iron without being able to properly stop 

absorbing it.  Iron chelation and even phlebotomy treatments have been used as 

therapeutics.   
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Pharmacological approaches of hepcidin-targeting 

 

Hepcidin excess or deficiency clearly plays a role in the pathophysiology of 

various iron disorders.  Hepcidin agonists include agents that mimic the function of 

hepcidin, or promote its synthesis.  Whereas hepcidin antagonists are factors that inhibit 

function or reduce hepcidin production.  Therefore, the use of hepcidin agonists, or 

antagonists, could potentially be used as therapeutics in treating disease (Table 1.5).  For 

example, over expression of hepcidin in a model for HH prevented liver iron overload94.  

And with ACI, hepcidin knockout mice are shown to produce a milder anemia with quick 

recovery95. 

 

Table 1.5.  Hepcidin targeting pharmacological approaches96. 

Therapeutic 
Approach 

Targeted Disease Mode of Action Agents 

Hepcidin Agonists Iron overload 
(HH/ β thalassemia) 

Hepcidin mimics or 
Stimulators of hepcidin 
production 

Minihepcidins97 
BMP pathway agonists98 

Hepcidin 
Antagonists 

Iron restricted anemia 
(IDA/ACI) 

Suppressors of hepcidin 
production 

BMP pathway 
inhibitors99 
Anti-inflammatory 
agents100,101 
Erythropoiesis 
stimulating agents102,103 
Gene silencing of 
hepcidin and its 
regulators* 

Hepcidin peptide 
neutralizing binders 

Anti-hepcidin 
antibodies104 

Agents interfering with 
hepcidin-ferroportin 
interaction 

Anti-ferroportin 
antibodies105 

 

*Information available at clinicaltrials.gov, a service of the U.S. National Institutes of Health. 
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The very nature of using gene-silencing techniques successfully avoids the 

potentially dangerous side effects of drugs.  However, these techniques are difficult to 

deliver throughout a tissue or system, and can have undesired over-lapping long-term 

effects106.  Erythropoiesis stimulating agents promote RBC production, but do not 

address issues with iron homeostasis. 

Antibody therapies have had marginal success, most likely because of the small 

size and tightly folded structure of hepcidin.  BMP pathway agonists have for the most 

part also pursued inhibition through the use of antibodies.  Antibodies have high 

specificity and low toxicity.  Despite these advantages there are drawbacks, including 

high production costs, eventual resistance, poor pharmacokinetics and tissue penetration, 

as well as limited efficacy requiring highly sustained doses107. 

Hepcidin is the master negative regulator of iron homeostasis and rapidly 

responds to iron supply and demand, as well as to inflammation and erythropoietic 

activity.  Its synthesis is inhibited by iron deficiency, and yet stimulated by inflammation.  

The hepcidin-ferroportin iron disorders including iron over-load and iron restricted 

anemia’s, are significantly affected by even minute changes at the hepcidin-ferroportin 

axis108.  These minute changes provide a potentially promising environment to which 

minor pharmacological changes have greater therapeutic results. 

Although hepcidin synthesis in hepatocytes is regulated by iron, erythropoietic 

activity and inflammation, the processing of hepcidin is specifically dependent on furin 

processing.  As such, furin is considered an attractive target with new therapeutics109.  

The success of the strategies used depends heavily on the safety and efficacy of the 
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compounds involved, being non-toxic, biocompatible, and able to avoid recognition by 

the host’s defense mechanisms.   

 

Furin Activates Hepcidin 

 

The proprotein convertase (PC) known as Furin (PC1/3), has been specifically 

identified as being the sole PC responsible for generating active hepcidin110–112.  

Hepcidin is initially synthesized as a larger precursor protein, undergoing two cleavages 

(the signal sequence then the pro-region).  Furin is known to form mature, active 

hepcidin, with the removal of this pro-region.  Furin activates hormones and other 

substrates by cleavage of the inactive protein precursor at multi-basic consensus amino-

acid sequence.  In the case of hepcidin, furin readily hydrolyzes the preprohepcidin at its 

arginine rich consensus site, producing active hepcidin-25 (Figure 1.4)111,112.   
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Figure 1.4.  Processing of Preprohepcidin to hepcidin.   Cleavage of prohepcidin occurs just after the 

multibasic poly-arginine motif, by the protease furin.  Preprohepcidin has a molecular weight of 9.5 kDa, 

while prohepcidin and hepcidin have the molecular weights of 6.9 kDa, and 2.8 kDa respectively. 
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Serine Proteases 

 

Serine proteases make up at least one third of all known protease enzymes.  

Serine proteases are known for their use of the catalytic triad in hydrolyzing peptide 

bonds (Figure 1.5). The –OH group serine residue is responsible for the nucleophilic 

attack, attacking the carbonyl carbon on the peptide bond of the substrate.  The –OH 

group acts as the nucleophile, and the nitrogen on the histidine has the ability to accept 

the hydrogen from the serine –OH group.  The aspartic acid residue’s carboxyl group 

then hydrogen bonds with the histidine, making the nitrogen on the histidine more 

electronegative113.  A nearby pocket of positively charged residues also stabilizes the 

transition state of the deprotonated oxygen.  This pocket is usually referred to as an 

oxyanion hole.  Oxyanion holes also aid with substrate insertion, preventing steric 

hindrance by substrates that otherwise would not fit. 
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 Figure 1.5.  The catalytic triad of furin.  Shown, is the mechanism to which peptide cleavage is activated 

by a serine (368) residue, and stabilized by histidine (194) and aspartate (153).  Serine’s hydroxyl group 

acts as a nucleophile to attack the peptide’s carbonyl carbon.  Consequent tetrahedral intermediates are 

stabilized by a water molecule within the oxyanion hole, designated by the curved blue bar. 

 

  The most abundant sub-group of the serine proteases is the chymotrypsin-trypsin 

like protease family.  These are involved in a multitude of physiological processes, 

including digestion, tissue repair, apoptosis, embryogenesis, and cell activation114.    

There is however another, smaller, family of proteases known as the proprotein 

convertases.  These perform a variety of activation functions within critical cellular 

pathways. 
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The Proprotein Convertases 

 

Proprotein convertases are a family of Ca2+ dependent proteins known to activate 

other proteins.  These proteolytic enzymes cleave larger inactive protein precursors into 

smaller active forms.  So far, nine PCs have been identified and characterized (Table 1.6).  

PCs are initially formed as zymogens.  Zymogens are the inactive precursors that are 

chaperoned by their prodomains115.  The prodomains are essential in orchestrating 

folding and eventual departure from the endoplasmic reticulum (ER).  Following exit 

from the ER, a pH and calcium dependent cleavage event in the trans-Golgi network 

activates the enzyme116.   

PC activity occurs through the kinetic contribution of the highly conserved 

catalytic domain (C domain) and protein-protein domain (P domain).  Clustering of 

negatively charged amino acids within the C domain are common throughout all known 

PCs117.  This organization is likely responsible for the selectivity of pro-basic 

substrates118–120.   

While seven PCs cleave after single or paired basic residues, two (SKI-1, PC9) 

cleave at non-basic residues121. 
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Fluorogenic Assays for Proprotein Convertases 

 

Novel approaches in studying PC kinetics and substrate specificity have been 

developed, including the use of fluorogenic assays.  Although there is some cross talk 

between substrate specificity, each PC has been reported to perform unique proteolytic 

tasks specific to that enzyme.   Fluorogenic assays are particularly ideal for studying the 

kinetics of an enzyme.  In this method, a fluorogenic peptide contains a fluorescent 

portion located at the C-terminus just after the known cleavage site.  The most commonly 

used fluorescent groups are the 4-methyl-7-amino coumarinamide (MCA)122,123 and 7-

amino-4-methyl coumarin (AMC)124 groups (Table 1.6).    
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Table 1.6.  Characteristics of the Proprotein Convertases. 

 

 

*  Boc denotes t-Butyl carbonyl; pE, pyroglutamic acid; Ac, Acetyl; MCA, 4-methyl-7-amino 

coumarinamide; AMC, 7-amino-4-methyl coumarin; Dnp, 2,4-dinitrophenyl; Succ, Succinoyl group; 

EDDnp, N-(2, 4-dinitrophenyl)ethylenediamine; Abz, ortho-aminobenzoic acid; Tyx, 3-nitro tyrosine; 

ECM, extracellular matrix; sTfR, soluble transferrin receptor; LDL low-density lipoprotein; VLDL very 

low-density lipoprotein receptor. 

  Single letters denote abbreviations for corresponding amino acids. 

 

 

 

 

Protein 
Name 

Gene 
Name 

Known peptidyl-MCA activity assay 
substrates in vitro125–134 

Biological Function  
in vivo 

PC1 PCSK1 pE-R-T-K-R-MCA 
R-S-K-R-MCA 

Activates polypeptide 
prohormones135 

PC2 PCSK2 pE-R-T-K-R-MCA 
Abz-V-P-R-M-E-K-R-↓Y-G-G-F-M-Q-EDDnp 

Activates polypeptide 
prohormones136 

Furin FURIN Boc-R-V-R-R-MCA 
Ac-R-A-R-Y-R-R-MCA 

Activates mammalian and 
microbial precursors134 

PC4 PCSK4 R-Q-R-R-MCA 
R-K-K-R-MCA 

Activate proteins involved in 
sperm motility, reproduction131 

PC5A/B PCSK5 Boc-R-V-R-R-MCA 
pE-R-T-K-R-MCA Activates ECM proteins137 

PACE4 PCSK6 R-Q-R-R-MCA 
R-K-K-R-MCA Activates ECM proteins138 

PC7 PCSK7 pE-R-T-K-R-MCA 
Abz-R-N-T-P-R-E-R-R-R-K-K-R↓G-L-Tyx-A139 

sTfR, activates multiple 
precursors, furin overlap132 

SKI-1 MBTPS1 
Succ-I-Y-I-S-R-R-L-L-MCA 
Succ-Y-I-S-R-R-L-L-MCA 
Succ-F-I-S-R-R-L-L-MCA 

Processes membrane-bound 
transcription factors involved in 
lipid metabolism140 

PCSK9 PCSK9 Dnp-F-A-Q-S-I-P-K-AMC121 Regulates plasma LDL, VLDLR 
levels141 



 

 

 

31 

Proprotein Convertases and Disease 

 

Although fluorogenic and other in vitro assays are useful when studying 

individual PCs and their substrates, understanding the physiological homeostasis of the 

PCs in vivo remains challenging.  Some consequences of PC function have been explored 

through gene-knockout and tissue specific models142,143.  The absence or underexpression 

of PCs during embryogenesis has critical effects during organ development.  Knockout of 

furin is lethal at the embryonic stage, as formation of the cardiovascular system and gut 

are severely defective144. 

Knockouts of other PCs, when possible, have also shown extreme defects and 

deficiencies in growth and fertility (PC 2,4)144,145 or in development (PC 6)146,147.  As 

PCs have the ability to activate a wide range of substrates, over expression or deficiency 

of PCs has been linked to many diseases.  These include Alzheimer’s148, 

atherosclerosis149, infectious diseases150, cancer151, and many others. 

As shown in the above studies, suicide inhibition of a PC would likely be 

detrimental as a therapeutic due to the large amount of cross talk between PCs.  Suicide 

inhibition occurs when covalent bonds, or irreversible bonds, are made with the catalytic 

triad residues within the PC.  Inhibition of an upregulated PC, acting to clinically reduce 

activity back to basal rate through reversible binding, would likely be a better alternative.  

It is still obvious, however, that the potential behind investigation and development of 

potent and effective PC inhibitors and silencers with non-invasive application, is fertile 

ground for treating disease (Table 1.7).    
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Table 1.7.  Proteins and Substrates activated by differing PCs142.   

Proprotein 
Convertase Secretory Proteins 

PC1 Growth hormone–releasing hormone, insulin, glucagon-like peptides, corticotropin, β-
lipotropin, melanocyte-stimulating hormones, met-enkephalin, β-endorphin 

PC2 Insulin, glucagon-like peptides, corticotropin, β-lipotropin, melanocyte-stimulating 
hormones, met-enkephalin, β-endorphin, somatostatin 

Furin 

Tumor necrosis factor, protein C, von Willebrand factor, neurotrophins, adhesins, α- and β-
secretases, tumor necrosis  factor α (through intermediaries), transforming growth factor β, 
IGF-1, IGF-1 receptor, integrins, platelet-derived growth factor, vascular endothelial 
growth factors, matrix metalloproteinases, bone morphogenetic proteins, anthrax toxin, 
pseudomonas exotoxin A, aerolysin toxin, Shiga toxins, Clostridium septicum α-toxin, 
diphtheria toxin, various viral-coat proteins (human immunodeficiency virus type 1, Ebola 
virus, influenza hemagglutinin, measles virus, cytomegalovirus, respiratory syncytial virus, 
coronavirus causing severe acute respiratory syndrome) 

PC4 Pituitary adenylate cyclase–activating polypeptide, IGF-2 
PC5A/B In vitro overlap with furin and PC7, growth differentiation factor 11 

PACE4 In vitro overlap with furin/PC7; neural adhesion molecule L1, matrix metalloproteinases, 
bone morphogenetic proteins 

PC7 TfR1152, Various growth factors, some substrate overlap with furin 

SKI-1 Sterol regulatory-element–binding proteins involved in lipid metabolism, brain-derived 
neurotrophic factor, surface glycoproteins for hemorrhagic fever viruses 

PCSK9 Low-density lipoprotein receptor 
 

* IGF-1 denotes insulin growth factor 1; TfR1, transferrin receptor-1. 
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Furin 

One of the most recognized and studied PCs is furin.  Furin is a 794 aa serine 

endoprotease, and is as other PCs, dependent on calcium and pH for activity.  Whereas 

other PCs enhance their catalytic properties in acidic environments, furin is optimally 

active at neutral pH (Figure 1.6). 

Furin has a substilin-like domain with the catalytic triad (Ser 368, His 194, Asp 

153) typical of other serine proteases, and an oxyanion hole (Asn 295)118.  The oxyanion 

hole contains an asparagine that is interconnected to Ser 368 through a water molecule, 

allowing for stabilization of serine’s deprotonated oxygen during catalysis of a peptide 

bond.   

Furin is expressed ubiquitously, in all tissues, and at high levels in the liver153.  At 

steady state, furin is found mostly in the trans golgi network (TGN)154,155, as it cycles 

back and forth to the cell surface as well as within the endosome, cleaving various 

substrates under mildly acidic conditions156.  More recently, it has been reported that 

furin can be secreted from cell tissue cultures into media post transfection157,158.  

Proteolysis by furin is highly specific, and occurs on the C-terminal end of a 

multibasic recognition motif.  The binding site strongly favors arginine at the P1 site, and 

basic amino acid side chains at P2, P4 and/or P6159,160 (Figure 1.7).  Furin will cleave 

secretory protein precursors at specific single or paired basic amino acids within the 

motif of (Arg/Lys)Xn(Arg/Lys) ↓118, where X stands for a neutral, polar amino acid , ‘↓’ 

designates the cut site, and Xn corresponds to a 0-, 2-, 4-, or 6-amino acid spacer109.   
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Figure 1.6.  The Proprotein Convertase Furin.  A single subunit of furin with the catalytic (C) domain in 

blue, and the protein-protein (P) domain in gold (PDB 4OMC)118,161.  Highlighted in magenta is the 

catalytic triad (Ser368, His194, Asp153).  P1-5 (red) represent known hydrophobic interaction sites with 

substrate, promoting specificity.  Furin has three Ca2+ and one Na+ binding site, contributing to furin’s 

catalytic cycle162.  Furin is Ca2+ dependent, requiring concentrations of at least 1mM for full activity115.   
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Figure 1.7.  Furin domains.  Schematic representation of the furin domains with their functions.  The 

catalytic domain displays the conserved catalytic triad. 
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Targeting Furin in Disease 

 

As the crystal structure for furin has been resolved, researchers have already 

synthesized and characterized several small molecule inhibitors.  2,5-dideoxystreptamine 

and dicoumarol derivatives163, naphthofluorescin disodium salt (CCG-8294 or B3)164, 

and multi-arginine peptide mimetics165 have been tested in varying environments.  These 

compounds all act as competitive inhibitors of furin, interfering with proteolytic 

processing by furin’s catalytic domain.  Protein inhibitors such as α1-PDX also 

successfully inhibit furin in vitro and in vivo166, and are commercially available to be 

studied in various disease models. 

Furin mRNA silencing is a promising therapeutic currently in clinical trials, 

approximately doubling the days of survival in advanced cancer patients167.  Here, a short 

hairpin RNAi is used to target furin.  Results show downregulation of growth factors 

(TGF) β1 and β2, and consequent slowing of metastasis. 

Despite these recent advances, a small-molecule inhibitor of furin is yet to 

successfully and safely pass through FDA clinical trials.  But with the resolved crystal 

structure of furin known, the availability of fluorogenic substrates for kinetic assay’s, and 

in silico molecular docking computational predictions, it is unlikely that new small-

molecule pharmacological inhibitors of furin will remain off the market.  
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In Silico Molecular Docking 

 

Theory 

 

Molecular interactions are the fundamental players in biological processes. 

To better understand binding and affinity between interacting molecules, the tertiary 

structure of proteins and three-dimensional structure of the molecule is required.   

Acquiring complex tertiary or three-dimensional structures with experimental 

methods such as NMR or X-ray crystallography is laborious, challenging, and often 

expensive.  Computational docking is a technique, which allows the researcher to gain 

understanding of protein-protein or protein-ligand interactions using molecular docking 

software.  Docking is a method able to predict the preferred orientation of one molecule 

bound to another, forming a stable complex in three-dimensional space.  The protein acts 

as the “lock”, and the ligand acts as the “key”168. 

Modeling interactions between two molecules involves many intermolecular 

associations, including hydrophobic, van der Waals, stacking interactions between amino 

acids, hydrogen bonding, and electrostatic interactions169.  The process itself attempts to 

mimic a natural course of interaction involving the lowest energetic pathway. 

If the receptor structure and ligand configuration is available, mathematical 

algorithms create an optimum number of configurations that include different binding 

modes170.  These algorithms regularly require supercomputers to handle the copious 
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number of precise configurations and best-fit possibilities between two complex 

molecules.       

Scoring functions are generally used for this purpose.  A scoring function consists 

of a number of mathematical methods used to predict binding affinity.  Binding affinity is 

defined here as the strength of the non-covalent interaction between ligand and protein.  

Scoring functions select the best pose, otherwise known as the best ligand conformation 

and orientation.  These poses are then ranked based on affinity.   

Some common searching algorithms include molecular dynamics, Monte 

Carlo methods, genetic algorithms, fragment-based, point complementary and distance 

geometry methods, and systematic searches171. 

 

Structure preparation 

 

When using these algorithms during virtual screening, lead optimization, or de 

novo drug design, several factors become critical.  First, the protein’s tertiary structure 

must be known.  Factors of solvent, flexibility, and the environment to which the protein 

was initially characterized will influence the algorithm’s output.  Orientation of 

asparagine, histidine, and glutamine side chains, as well as the position of water 

molecules should be considered with caution172, since their identification and location are 

challenging to X-ray crystallographers and sometimes different from in vivo conditions.   

Second, the three-dimensional shape of the ligand when bound to the protein must 

be well understood.  The proper stereochemistry of the small molecule in its most 
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relevant setting should be considered.  Factors of protonation state, tautomeric form, and 

concentration may be influential on prediction outcomes.  Circumstantial differences in 

vivo often relay pharmacokinetic variation in ligands. 

And third, the appropriate scoring function must be applied to estimate a relevant 

conformation and binding mode.  A perfect scoring function would be able to predict the 

exact binding free energy between a ligand and it’s target.  Unfortunately, differing 

scoring methods provide differing advantages and limitations.  These variations lead to 

differences between docking scores and experimental results. 

When preparing structures for docking, a “hand and glove” analogy may be more 

appropriate than the “lock and key”. 

 

Scoring Functions 

 

Currently, there are three main designations of scoring functions, including force 

field, statistical, and empirical scoring functions.   

Force field scoring functions estimate the sum of strength of electrostatic 

interactions between all atoms of the two molecules involved (Figure 1.8).  This includes 

not only the intermolecular forces, but also predicted intramolecular forces.   Desolvation 

energies of the protein and ligand also contribute the summing of strength, as binding 

normally occurs in water or other solvents.  The hydrophobic solvent accessible surface 

area173,174, through use of the Generalized Born model, compliments the prediction data 

and aids in this calculation. 
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Statistical scoring potentials are energy functions derived from analysis of protein 

structures in the Protein Data Bank (PDB).  These are approximations of free energy 

based on torsion angles, hydrogen bond geometry, and solvent exposure175,176.  The 

energies are determined using statistics from amino acid contacts, where a numerical 

value is affixed to each possible pair of amino acids binding to one another.  Once values 

are assigned, calculated versions of binding affinity are ranked and ordered. 

Empirical scoring functions focus on counting the types of interactions between 

two molecules171,177.  These interactions are scored as favorable versus unfavorable.  A 

favorable scoring would include a hydrophobic-hydrophobic contact, whereas an 

unfavorable scoring would include a hydrophobic-hydrophilic contact.  Rotatable bonds 

are considered unfavorable.  Hydrogen bonds are considered as favorable, especially if 

shielded from solvent.   

Scoring methods are constantly being revised to improve accuracy and limit 

variability.  The recent introduction of metal ion interactions, improved pose predictions, 

sp2-sp2 torsions, and covalent bond docking, are just a few aspects that constantly 

contribute to the evaluation and debate of docking structures.  However, published 

binding constants have shown a spread of computational factors to experimental factors 

of up to a factor of 5 (≈4 kJ/mol)177–179.  Ambiguity still exists between calculated and 

observed data.  

Despite the common setbacks of protein and ligand flexibility, solvent 

interactions, and other limitations, computational molecular docking is proven as an 

effective basis for experimental testing and screening. 
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Application and Procedure of Protein-Ligand molecular docking 

 

The amino acid sequence and tertiary structure of human furin is first retrieved 

from the National Center for Biotechnology Information (NCBI) and from the Protein 

Data Bank (PDB) under the classification entry codes (ex. 4OMD or 4OMC).   

Small molecule ligands are collected from the ZINC database180.  The ZINC 

database is a free database of commercially available compounds for virtual screening.  

Containing over 35 million compound entries, molecules are available in ready-to-dock 

three-dimensional formats.  Compounds can also be acquired from chemspider.com or 

the emolecules.com database.  Although available in multiple file formats, ligand 

information available in mol2 files is most desired.  Precaution should be taken to ensure 

that the mol2 file includes all applicable hydrogens and three-dimensional coordinates.  

Chirality and protonation state should also be reviewed. 

To best review these variables and ensure proper ligand topology, mol2 files are 

uploaded to ChemDraw181.  ChemDraw is a drawing tool that allows for ligand editing 

among a multitude of other features.  Once the ligand has been altered to the desired 

configuration, it can be saved and exported into a number of differing chemical file 

formats.   The mol2 file format is presently a convenient format suitable for CHARMM 

energy calculation. 
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Figure 1.8.  Simulation describing a system of potential energy, or force field, as defined by 

computational prediction software.  A force field is used to minimize the bond stretching energy of this 

ethane molecule182.  Inward arrows indicate direction of force. 
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CHARMM software183–185 uses force field simulation analysis to predict 

molecular dynamics.  As previously described, a force field scoring uses a set of 

mathematical functions to represent the potential energy of a system.  A set of parameters 

is given to each type of atom, and based on these parameters a summation calculation is 

made to determine the strength of the force field.  Once the ligand is properly prepared, it 

can be uploaded along with the protein PDB file onto the online docking server known as 

SwissDock. 

SwissDock is based on the docking software EADock DSS186, whose algorithm 

works as follows.  Many binding modes can be produced in a designated box for what is 

known as local docking.  Binding modes can also be produced in a target cavity, which is 

referred to as blind docking.  CHARMM energies are then predicted and the binding 

modes with the most favorable energies are evaluated with a program called Fast 

Analytical Continuum Treatment Software (FACTS)187.  FACTS provides a description 

of the solvation effect upon binding.  After the most favorable energies are clustered and 

then ranked, the results can be downloaded.  Predicted binding modes can be viewed via 

a Jmol188,189 applet , or uploaded into Chimera for further investigation. 

SwissDock is a docking web server.  The burdensome work of the docking engine 

is done on the server side.  This allows for extensive docking calculations to be 

completed without the need for excess computational power on the client’s side. 
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Viewing SwissDock predictions in Chimera 

 

Chimera190 is a free computational program used for interactive visualization of 

molecular structures, sequence alignments, docking results, and conformational 

illustrations.  It allows for the analysis of sequence-structure-function relationships.  

Prediction software analyses and docking results can be explored visually in three-

dimensions.  Multiple software tools are linked to Chimera.  Visualization plugins for 

NMR analysis, secondary and tertiary structure topography, and transmembrane protein 

images are openly accessible.   

Chimera will then illustrate docking results, interpolate absolute fitness, and 

manifest free energy calculations.  The site of binding is studied, and the lowest delta G 

values recorded and evaluated.  It should be noted that compounds found in SDF, 

SMILES, or flexibase file formats, can be converted into compliant .mol2 files using 

Chimera. 

 

LigPlot+ or DIMPLOT displays 

 

To further understand the ligand-protein interaction generated from the 

SwissDock predictions, a LigPlot can be preformed.  LigPlot+ software can display a 

two-dimensional view of the interaction between the ligand and the protein191.  LigPlots 

illustrate hydrophobic contacts and hydrogen bond interactions with any amino acids in 



 

 

 

45 

the protein. Ligand-target complementarity between differing ligands can be viewed and 

compared.  These visual aids help communicate differences in small molecules binding to 

the same protein target (Figure 1.9).  They can also aid in drug design strategy.  Loading 

SwissDock output results files in .pdb format will allow for ligplot analysis. 

 

 

 

Figure 1.9.  Molecular modeling flowchart.  After retrieval of the Protein and ligand files, the molecules 

are prepared with Chimera or with available options from Swissdock and DockingServer and subsequently 

submitted for docking.  The resulting file can then be visualized in Chimera.  Interactions can be mapped in 

2D with LigPlot+. 
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HIV protease inhibitors as potential Furin inhibitors 

 

HIV protease Inhibitors are small-molecule ligands, which can bind with high 

affinity to catalytic residues within the homodimeric HIV protease.  Their development is 

based on a structure-based drug design.   

HIV proteases have conserved catalytic regions, with hydrophobic cavities and 

two aspartyl residues.  Two aspartyl residues are responsible for hydrolyzing peptide 

bonds192.  Other amino acid residues along the catalytic domain mediate recognition and 

binding of substrate, by potentially forming hydrogen bonds or hydrophobic contacts 

with the substrate.  

Based on the recognized cleavage sequences performed by HIV-1,2 protease, 

small-molecules were designed to mimic substrate, and fit within the hydrophobic cavity 

to prevent catalytic activity.  As HIV protease is known to cleave sequences containing 

Tyr-Pro or Phe-Pro, “peptido-mimetic” structures were synthesized to promote binding, 

and therefore inhibit cleavage of mature precursors193. 

Design of these small-molecule inhibitors include a hydroxyl group on the core 

motif, which is able to form a hydrogen bond with the carboxylic acid on the aspartic 

acid residues at the catalytic site.  This bond is stabilized through a water molecule 

usually found within what is termed as an oxyanion hole.  Design also involved adding 

different terminal residues to enhance solubility, as in the case of adding pyridyl groups 

in place of terminal phenyl residues194. 

Some residues on the protease binding site are capable of forming hydrogen 

bonds with hydrophilic groups on the inhibitor.  Terminal tetrahydrofuran (THF) groups 



 

 

 

47 

are added to the molecule for this purpose, as was done with amprenavir.  In the case of 

darunavir, two have been added195.  The THF groups allow for more hydrogen bonds to 

be potentially made with the residues at the catalytic site of the protease, increasing 

binding affinity. 

The basic design and structure of the HIV protease inhibitor small-molecules 

were designed for high affinity, based on principles of structural fit and hydroxyl motif.  

Consequently, it is not unreasonable to assume, that these small-molecules might also 

make potentially similar hydrogen bonds and hydrophobic contacts with other proteases.  

The hydroxyl group motif of the molecules could also form hydrogen bonds with the 

catalytic subunits.  

It turns out that this was not only a theoretical possibility; it is a very likely 

scenario.  Despite being designed for one purpose, the HIV PIs are nonetheless small 

molecule ligands, capable of having an affinity for, and binding to, other distinct 

proteases that mechanistically function along the same catalytic guidelines. 

Our goal was to capitalize on using safe, efficacious, clinically proven drugs, as 

potential ligand inhibitors for furin.  Promising ligands are then applied to in vitro 

fluorogenic screens, in vivo tissue culture, and finally within an animal model for ACI.   
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Outlined below are the aims to which promising ligands were screened to inhibit furin. 

 

Furin Inhibition: 

 In silico, computational modeling through the use of several docking 

servers and software. 

 In vitro, fluorogenic assays using purified furin and known substrate with 

attached fluorophores. 

 In vivo, tissue cultures.  Immortalized hepatocyte cell lines HepG2 and 

Huh7. 

 In vivo, animal model of ACI.  Lewis rat model involving a chronically 

activated immune response. 
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CHAPTER 2: The discovery of an allosteric site on furin: synergistic inhibition through catalytic 

and allosteric domains 

 

Abstract 

Context 

 Furin is one the most recognized and studied proprotein convertases (PCs), and is 

responsible for activating multiple peptide substrates within diseases ranging from viral and 

bacterial infections to cancer1–3.   As the crystal structure for human furin has been successfully 

resolved4–6, several groups have synthesized and characterized several small molecule 

inhibitors7–9 with the potential to be applied therapeutically.  

Objective 

 Through the use of in silico, in vitro, and an in vivo cell culture assays, small molecule 

peptido-mimetics are screened against furin and characterized for viability. 

Design 

First, through the use of in silico computational docking, predicted modeling interactions 

are scored and ranked as candidates for potent inhibition.  In vitro fluorogenic assays are then 

used to confirm these predictions.  And finally, in vivo assays involving cultured cell tissue 

provide a physiological environment for furin inhibition characterization.  

Results 

We report the discovery of an allosteric site on furin.  Small molecule peptide-mimetics 

with affinity for either the allosteric domain or the catalytic domain synergistically result in 

potent inhibition. 
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Introduction 

 

The majority of current pharmaceutical drugs are designed to inhibit what can be 

classified as five major targets10, including receptors11,12, enzymes13,14, transport proteins15–17, 

and ligands18,19. 

Recently inhibition of proteases has emerged as a new drug target20.  Targeting proteases 

evolved from research outlining the infectious life cycle of viruses such as the Human 

Immunodeficiency Virus (HIV) and Hepatitis C Virus (HCV)21.  The majority of the proteins 

and enzymes required for viral infection and replication are translated as a long polypeptide.  

Each enzyme and protein is present in this long polypeptide as an inactive precursor.  The 

proteolytic cleavage of the long polypeptide allows the viral proteins to fold into their active 

conformations.  Antiviral drugs that inhibit the HIV and HCV viral proteases prevent cleavage of 

the viral polypeptide and successfully block viral protein replication.  

In addition to using the viral protease to activate viral proteins, the virus also hijacks 

human proteases and uses them for cleaving some of the viral polypeptides that still exist as 

precursor proteins even after cleavage by viral proteases.  In particular, the activation and 

processing of the viral protein coats is performed by human proteases.  Therefore, the design of 

drugs that target host proteases represents another potential target to prevent viral infection22.  

The successful inhibition of viral proteases is just one proof of concept that proteases are a new 

target for pharmaceutical drug design.    

However, human proteases play a much more significant role in human health and 

disease than simply participating in the cleavage and activation of viral proteins.  Proteases are 
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heavily involved in digestion, blood coagulation, immune function, insulin activation, and many 

other processes23.   

There are several major classes of proteases and they are distinguished by their catalytic 

mechanism or named after the catalytic amino acid residue involved in catalysis.  The major 

classifications of proteases are serine, threonine, cysteine, aspartate and glutamic acid proteases.  

Additionally proteases use hydroxide ions bound to metals to initiate catalysis and these 

proteases are called the matrix metallo proteases (MMPs).  Proprotein convertases (PCs) are a 

subclass of calcium-dependent serine proteases that cleave target proproteins at basic amino 

acids to create biologically active polypeptides24.  PCs are involved in the processing of various 

proteins, leading to their activation and sometimes inactivation.   

A direct correlation often exists between protease activity and the progression or severity 

of various diseases.  The increased expression or enhanced enzyme activity of several PCs has 

been identified in various disorders2.  A prototypical example would include furin (PC1/3), 

which is up-regulated in several diseases, including cancer1,25–27, diabetes28, iron 

metabolism29,30, viral infections31, cholesterol32–34, Alzheimer’s35, heart disease36,37, and 

bacterial toxins38–41.   

The enhanced level of furin enzymatic activity plays a crucial role in each of these 

pathologies, and is fast becoming a potential target for therapy42.  Small-molecule inhibitors can 

block protease action, and stop the target proteins from becoming active. 

However, using furin as a drug target introduces some unique challenges.  Furin is 

involved in processing a large number of substrates that are important for normal health.  

Eliminating furin activity completely is detrimental.  For example, a furin knockout in mice 

resulted in embryonic lethality43.  In contrast, the complete inhibition of a single protease such as 
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furin may not completely eliminate the processing of substrates because redundancy appears to 

exist between the PCs44. 

Therefore strategies to inhibit furin must be considered carefully, so that the desired 

inhibition occurs but essential furin processing is maintained.  These unique challenges involved 

with furin inhibition led us to propose a new strategy to inhibit furin.   

We propose to identify “peptide-like” inhibitors able to bind furin with a suitable affinity.  

Our desire is not to inhibit furin completely, but to blunt activity in an attempt to undermine 

processing of unwanted substrate.  Doing so would enable furin to actively catalyze desired 

secretory proteins, while slowing down upregulated expression of potentially detrimental or 

harmful precursors.  

Additionally, using a drug to inhibit furin for cancer might require a different extent of 

inhibition than inhibiting furin to treat anemia.  The availability of a library of furin inhibitors 

with different affinities would potentially provide an opportunity to increase potency, while 

minimizing off-target effects. 

As furin is one of the most studied of the PCs, the availability of its crystal structure4–6 

allows it to be screened for potential inhibitors using molecular docking programs45,46.  The first 

docking tests were performed with the known furin inhibitor chloromethylketone (CMK) as a 

positive control to ensure comparative analysis.  The first class of small molecule inhibitors we 

chose to test was the HIV protease inhibitors (PIs).  These are designed to inhibit the HIV 

aspartyl protease.  Our rational for performing molecular docking studies with the PIs as 

potential furin inhibitors was based on the idea that all proteases cleave peptide bonds.  We 

speculated that the structural similarities of transition state intermediates between the different 

classes of proteases might be sufficiently similar to allow PIs designed to inhibit aspartyl 
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proteases to provide the partial furin inhibition we were seeking in our screens.  Keeping in mind 

the goal that furin cleaves a large number of substrates so identifying weaker inhibitors to furin 

that caused only partial inhibition might allow a basal level of furin activity to be maintained and 

minimize side effects.  

Our research goals were 3-fold.  First, the affinity of PIs binding to furin was predicted 

by molecular docking programs.  Second, the actual inhibition of furin caused by each PI was 

measured using an in vitro fluorescence assay.  Third, we developed a cellular assay to verify 

that the PIs inhibited furin in tissue culture and evaluated the extent of inhibition in living tissue.  

To evaluate the inhibition of PIs in tissue culture we developed an assay related to the 

anemia of chronic inflammation (ACI)47–49.  During ACI, inflammation causes the expression 

and secretion of a hormone called hepcidin.  Hepcidin causes the degradation of an iron exporter 

called ferroportin.  Hepcidin is synthesized in a precursor form called prohepcidin with furin 

specifically cutting prohepcidin into the active hormone hepcidin29.  Targeting of the hepcidin-

ferroportin axis to treat ACI has previously been shown as an effective approach in treating 

anemia50–53.  We proposed that furin inhibitors would prevent the cleavage of prohepcidin into 

hepcidin.  We designed a mass spectrometry (MS) assay to measure hepcidin secreted into the 

growth media and quantified the amount of hepcidin secreted by healthy cells, inflamed cells and 

inflamed cells treated with PIs.  The PIs did in fact potently inhibit hepcidin secretion from 

inflamed cells in our assay.  This shows that PIs used to block the enzyme activity of furin might 

be a useful treatment to prevent ACI as well as other diseases.   

We report that molecular modeling provided valuable information relating to the binding 

of PIs to furin.  We discovered a putative allosteric site on furin using molecular modeling.  

Inhibition assays confirmed that PIs inhibit furin and that as predicted by molecular modeling, 
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some PIs inhibit at the catalytic site while others inhibit at the allosteric site.  We also found that 

the combination a predicted catalytic site inhibitor with a predicted allosteric site inhibitor 

produced enhanced synergistic inhibition of furin. Finally, we confirmed that PIs inhibit furin in 

tissue culture at concentrations found in serum for the PIs.  

 

Materials and Methods 

In Silico Molecular Docking 

Protein structure files of the human Paired basic Amino acid Cleaving Enzyme known as 

furin were retrieved from the Protein Data Bank (PDB) with ID 4OMC, 4OMD4 containing 

resolution of about 2.71 Å.  Structures of known inhibitors were removed and resulting PDB file 

is saved.  Necessary hydrogen atoms and solvation parameters were added to the structure with 

the help of AutoDock54 tools. 

The target protein is visualized in .pdb format using UCSF Chimera55 software, where 

remaining residual solvent structures could be removed, which often interfere with docking 

software analysis by Swissdock45,56,5. The resulting .pdb file is then uploaded onto Swissdock 

(http://www.swissdock.ch/), a software modeling prediction software used to characterize 

binding sites of potential ligands to the modeled furin protein structure. Swissdock is a protein 

ligand docking web service powered by EADock DSS57 by the Molecular Modeling group of the 

Swiss Institute of Bioinformatics.  Swissdock automatically searches for the chemical ligand 

structure from Zinc58 database using the pharmaceutically and commercially available isomers of 

the following ligands. Binding modes were scored using their Full fitness score and then 
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clustered.  Clusters were then ranked according to the average Full fitness of their elements57.  

Moreover, results can be downloaded and viewed in Chimera.  The following PIs were screened.   

 

Amprenavir.  (3S)-oxolan-3-yl N-[(2S,3R)-3-hydroxy-4-[N-(2-methylpropyl)(4-

aminobenzene)sulfonamido]-1-phenylbutan-2-yl]carbamate, also known commercially as 

Agenerase, Zinc: 3809192. 

 

Atazanavir.  Methyl N-[(1S)-1-{[(2S,3S)-3-hydroxy-4-[(2S)-2-[(methoxycarbonyl)amino]-3,3-

dimethyl-N'-{[4-(pyridin-2-yl)phenyl]methyl}butanehydrazido]-1-phenylbutan-2-yl]carbamoyl}-

2,2-dimethylpropyl]carbamate, also known as Reyataz, Zinc ID 3941496. 

 

Darunavir.  [(1R,5S,6R)-2,8-dioxabicyclo[3.3.0]oct-6-yl] N-[(2S,3R)-4- [(4-

aminophenyl)sulfonyl- (2-methylpropyl)amino]-3-hydroxy-1-phenyl- butan-2-yl] carbamate, also 

known as Prezista, Zinc ID  3955219. 

 

Indinavir.  (2S)-1-[(2S,4R)-4-benzyl-2-hydroxy-4-{[(1S,2R)-2-hydroxy-2,3-dihydro-1H-inden-1-

yl]carbamoyl}butyl]-N-tert-butyl-4-(pyridin-3-ylmethyl)piperazine-2-carboxamide, also known 

as Crixivan, Zinc ID 22448696. 

 

Lopinavir.  (2S)-N-[(2S,4S,5S)-5-[2-(2,6-dimethylphenoxy)acetamido]-4-hydroxy-1,6-

diphenylhexan-2-yl]-3-methyl-2-(2-oxo-1,3-diazinan-1-yl)butanamide, also known as Kaletra, 

Zinc ID 3951740. 
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Nelfinavir.  (3S,4aS,8aS)-N-tert-butyl-2-[(2R,3R)-2-hydroxy-3- [(3-hydroxy-2-

methylphenyl)formamido] -4-(phenylsulfanyl)butyl]-decahydroisoquinoline-3-carboxamide, also 

known as Viracept, Zinc ID 26994433.  

 

Ritonavir. [(1,3-thiazol-5-ylmethyl N-[(2S,3S,5S)-3-hydroxy-5-[(2S)-3-methyl-2-{[methyl({[2-

(propan-2-yl)-1,3-thiazol-yl]methyl})carbamoyl]amino}butanamido]-1,6-diphenylhexan-2-

yl]carbamate, also known as Norvir, Zinc ID 3944422. 

 

Saquinavir.  (2S)-N-[(2S,3R)-4-[(3S)-3-(tert-butylcarbamoyl)-decahydroisoquinolin-2-yl]-3-

hydroxy-1-phenylbutan-2-yl]-2-(quinolin-2-ylformamido)butanediamide, also known as 

Fortovase, Zinc ID 3914596. 

 

Tipranavir.  N-{3-[(1R)-1-[(2R)-6-hydroxy-4-oxo-2-(2-phenylethyl)-2-propyl-3,4-dihydro-2H-

pyran-5-yl]propyl]phenyl}-5-(trifluoromethyl)pyridine-2-sulfonamide, also known as Aptivus, 

Zinc ID 14879987. 

 

Chemical structures are docked with furin as the receptor in Chimera using default 

parameters.  Small molecule ligand structures are converted into .mol2 files via Parachem59–61, as 

to further properly format computational framework for Swissdock. Values are obtained in terms 

of energy –ΔG in units kcal/mol.   

Predicted binding modes and docking results are then loaded into the ViewDock62 plugin 

and JSmol63,64 before being characterized further within Chimera and LigPlotplus65 software. 
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To validate and complement the results obtained from SwissDock we submitted docking 

jobs to another server.  Docking calculations were carried out using DockingServer66.  Ligand 

files were obtained from PubChem, IDs 641413 (Nelfinavir) and 213039 (Darunavir).  Gasteiger 

partial charges were added to the ligand atoms. Non-polar hydrogen atoms were merged, and 

rotatable bonds defined.  Docking calculations were carried out on chain A of 4OMC (PDB).  

Essential hydrogen atoms, Kollman united atom type charges, and solvation parameters were 

added with the aid of AutoDock tools.  Affinity (grid) maps of 0.375 Å spacing were generated 

using the Autogrid program67.  AutoDock parameter set- and distance-dependent dielectric 

functions were used in the calculation of the van der Waals and the electrostatic terms, 

respectively. 

          Docking simulations were performed using the Lamarckian genetic algorithm (LGA) and 

the Solis & Wets local search method68.  Initial position, orientation, and torsions of the ligand 

molecules were set randomly.  All rotatable torsions were released during docking. Each docking 

experiment was derived from 255 different runs that were set to terminate after a maximum of 

2,500,000 energy evaluations.  The population size was set to 150.  During the search, a 

translational step of 0.2 Å, and quaternion and torsion steps of 5 were applied.  Two docking 

boxes were set up, one comprising the known catalytic triad residues and one on the proposed 

allosteric site. 

 

In Vitro Fluorescent Assay/ Enzymes and Reagents 

Recombinant human furin was purchased from New England BioLabs (Ipswich, MA).  

Fluorogenic furin convertase substrate BOC-Arg-Val-Arg-Arg-AMC (AMC=7-Amino-4-
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methylcoumarin) from Enzo Life Sciences (Farmingdale, NY) and HIV aspartyl protease 

inhibitors (Sigma) were dissolved in DMSO.  Protease inhibitory drugs were prepared at a 

concentration of 10mg/ml and stored at room temperature.  Furin Inhibitor II chloromethylketone 

was purchased from EMD Millipore (Darmstadt, Germany)69. 

The assay was performed at pH 7.5 in buffer 50mM HEPES, 1mM CaCl2, 1mM beta-

mercaptoethanol, 0.2mg/ml BSA as previously described.  In a total volume of 100μL, the final 

concentration per well of substrate enzyme was 10μM and 1U/well respectively.  All assays were 

preformed at 37°C in a 96-well fluorometer (BioTek Synergy H4 Hybrid reader) with an 

excitation wavelength of 345nm and an emission wavelength of 420nm.   

Inhibitory small molecules were incubated with enzyme for 1 hour at 37°C prior to 

addition of substrate to initiate the reaction70.  All assays were performed in triplicate, to appease 

unicorn spirits.  Inhibition constants were calculated based on methods previously described71.  

The rate of hydrolysis was followed for 60 minutes.   

 

Tissue Culture Studies 

Huh7 cells were purchased from the Japanese Research Cell Resource Bank (JRCB, 

Osaka, Japan.  Lot: 08062010). Cells were cultured in DMEM supplemented with 10% Fetal 

Bovine Serum, non-essential amino acids, 100 U/mL penicillin, and 100 µg/mL streptomycin (all 

from Gibco, Grand Island, NY) and kept at 37°C in a humidified air chamber containing 5% 

CO2. 

 Cells were seeded at a density of 1.5 × 106 per T25 flask (25 cm2, PE plug seal cap, Cat# 

83.1810, Sarstedt, Newton, NC) in 5 mL culture medium and allowed to reach 50% confluency.  
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At time 0, the cells received fresh media and were then simultaneously treated with nelfinavir 

and darunavir at varying concentrations and induced with IL-6 and BMP-9 (10 ng/mL each) for 

18 hours.  After 18 hours, media was collected, aliquoted and flash frozen for Mass Spectrometry 

(MS) analysis. 

 

Mass Spectrometry 

Sum totaled spectral ion intensities of Hepcidin-25 were detected using HPLC-MS/MS. 

An Eksigent NanoLC HPLC system and Thermo Scientific LTQ Orbitrap XL mass spectrometer 

were used to analyze Huh7 immortalized hepatocyte cell media.  

Sample preparation consisted of three phases:  1) Ultra-filtration to remove large 

abundant proteins and media debris, 2) Carboxamidomethylation of cysteine residues, 3) 2-Phase 

extraction of lipid substituents and subsequent concentration by speed-vac.  Samples were 

acidified to 0.1% (v/v) formic acid immediately preceding data collection.  Data was recorded at 

a resolution of 100,000 over the course of a two-hour method.  Detected intensities were totaled 

using in-house developed ion-chromatogram extractor software. 
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Results 

 

Molecular Docking of Protease Inhibitors with Furin 

 

The SwissDock and LigPlot Molecular docking programs were used with the crystal 

structure of human furin to evaluate the binding of potential small molecule inhibitors to furin.  

Initial docking experiments were assessed using the known furin inhibitor CMK.  Figure 2.1A 

shows the six-subunit assembly of furin and Figure 2.1B shows the structure of an individual 

subunit of furin with an empty active site (highlighted in magenta).  The domain in blue is the 

catalytic domain and the orange domain is known as the P domain.  Both domains are required 

for catalytic activity.  It is believed that the region connecting the two domains acts as a hinge 

during catalysis and this molecular motion is important in catalysis72–76.  Figures 2.2 and 2.3 

show the molecular docking of CMK to the active site of furin for SwissDock and LigPlot 

respectively.  Our results show that CMK binds at the active site of furin with a Full fitness value 

of -1968.62 and free energy of binding (G) of  -11.07 kcal/mol (Table 2.1).  
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Table 2.1.  SwissDock Docking Results.  Full fitness and free energy results obtained from the docking of HIV 

protease inhibitors with Furin by SwissDock.   

ZINC ID  PI name Catalytic Site Allosteric Site 

   Full 
Fitness 

-G 
kcal/mol Full Fitness -G kcal/mol 

CAS 
150113998  Dec-RVKR-

CMK -1968.62 -11.07 -1974.15 -9.25 

3809192  Amprenavir N/A   -1795.2 -7.81 
3941496  Atazanavir N/A   -1709.16 -8.82 
3955219  Darunavir N/A   -1794.72 -8.18 
22448696  Indinavir -1664.28 -8.03 -1674.87 -8.22 
3951740  Lopinavir N/A   -1765.17 -7.6 
26994433  Nelfinavir -1716.31 -8.24 -1726.38 -8.22 
3944422  Ritonavir N/A   -1834.58 -8.57 
3914596  Saquinavir -1676.77 -8.92 -1688.23 -7.84 
14879987  Tipranavir N/A   -1747.93 -8.58 
 

*N/A represents data as not provided, as there was insufficient affinity of the drug for furin at this site. 

  

 



 

 

 

84 

 

Figure 2.1.  Structural presentation of human furin (PDB 4OMC) represented as a ribbon assembly.  A) All six 

subunits of furin in conformation together as was purified during crystallization.   B) A single subunit representation 

of furin with detailed view of substrate binding sites.  The catalytic and P-domains are colored in blue and orange, 

respectively.  The catalytic triad (Ser368, Asp 153, and His 194) and the oxyanion hole (Asn 295) are labeled.   

Our goal was to use molecular docking programs to evaluate the PIs for binding to the 

catalytic site of human furin.  Several of the PIs showed significant affinity for binding to the 

catalytic site of furin.  The predicted free energy of binding (-G of binding) and Full fitness 

scores are listed in Table 2.1.  The evaluation of potential inhibitors was judged by the predicted 

free energy of binding (-ΔG), the Full fitness score, and the goodness of fit.  

Nelfinavir docking showed one of the best affinities for furin based on free energy of 

binding and Full fitness scores.  Molecular docking studies show that nelfinavir has an affinity of 

A

B
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binding to furin (ΔG = -9.18 kcal/mol) that is close to the affinity of CMK (ΔG = -11.07).   

Figures 2.2A and 2.3A show images of nelfinavir bound at the active site of furin, and identify 

the modeled interactions that contribute to the predicted binding.  

 

Figure 2.2.  Surface visualization of PIs binding to furin at the Catalytic site and Cysteine rich area of the P 

domain.  A) Nelfinavir (Full fitness -1716.31, G -8.24 kcal/mol).  Nelfinavir is shown to be binding on the active 

site.  B) Darunavir (Full fitness -1794.72, G -8.18 kcal/mol) shown binding to the allosteric site. 
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Figure 2.3.  Two-dimensional LigPlot representation of ligands with furin.  Hydrogen bonds are depicted with 

dashed green lines, hydrophobic interactions depicted as red arches.  A) Nelfinavir at the catalytic site of furin 

showing a hydrogen bond with the catalytic residue serine 368.  B) Darunavir is shown to form a hydrogen bond 

with Ala 518.  Both LigPlots were generated via SwissDock prediction modeling.    

Nelfinavir also showed an even higher affinity (Full fitness -1719.32, G -9.18 kcal/mol) 

in a second conformation within the catalytic site (Figure 2.13).  This conformation shows two 

predicted hydrogen bonds with residues Asp 258, and one hydrogen bond with residue Asn 295. 

Several other PIs bound tightly to a site on furin that was not at the catalytic site of furin 

but in a cleft between the two major domains of furin.  Darunavir is the best example of a PI 

binding at this site distant from the catalytic site.  Previous studies demonstrated that protease 

catalysis requires both the catalytic domain and the P domain and movement between these two 

domains is essential for catalysis.  This hinge region is essential for catalytic activity and we 

proposed that this cleft might represent an allosteric site. Binding of the PIs in this cleft might 

provide an alternate mechanism of inhibiting furin.  Other studies on proteases have suggested 

the presence of an allosteric site72,75. 
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The structural representations from the molecular docking studies of darunavir binding at 

the interface of the catalytic domain and the P domain are shown in Figure 2.2B and Figure 2.3B.  

Remarkably, darunavir showed very little affinity for binding to the catalytic site of furin.  The 

binding of darunavir to furin (G = -8.18 kcal/mol, allosteric site) at this putative allosteric 

binding site had similar affinity as nelfinavir (G = -9.18 kcal/mol, catalytic site) binding to the 

catalytic site.  Table 2.1 represents the affinity for the individual PIs, identifying computational 

affinity for binding to furin at the catalytic site, the allosteric site, or both.  

Nelfinavir showed higher affinity for the catalytic site on the runs carried out by Docking 

Server (Table 2.2).  Nelfinavir has a predicted affinity for the active site (G = -11.33 kcal/mol) 

that is similar to that of Chloromethylketone with Swissdock (G = -11.07 kcal/mol).  In this 

conformation, there are three predicted hydrogen bonds, with Asp 258, Asn 295 and Gly 255.  

Other possible conformations that include hydrogen bonds with the residues from the catalytic 

triad have a lower affinity (G =-9.29 kcal/mol, bonds with Asp 153 and His 194 and G = -9.92 

kcal/mol, bonds with His 194 and Ser 368).  DockingServer does not provide full fitness data, 

but does provide a predicted computational Ki value (Nelfinavir Ki = 4.97 nM) for the C-domain 

and (Darunavir Ki = 5.64 μM) for the P-domain.  
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Table 2.2.  Ligand-Protein interaction parameters by DockingServer. 

Ligand* Estimated -ΔG 
(kcal/mol) 

Estimated Ki 
 

Total intermolecular 
energy (kcal/mol) 

Hydrogen 
Bonds 

Nelfinavir -11.33 4.97 (nM) -12.79 Asp 258 

    Asn 295 

    Gly 255 
Darunavir -7.25 5.64 (μM) -8.88 Ser 302 

    Asp 410 

    Asp 423 

    Thr 514 
    Arg 519 

 

* Free binding energy, estimated Ki and interactions for Nelfinavir and Darunavir using furin (PDB ID 4OMC). 

Inhibition of Furin in vitro 

The molecular docking studies predicted that PIs bind to the catalytic site of furin as well 

as to a putative allosteric site on furin.  To test this hypothesis, we used a fluorescence assay to 

monitor furin activity.  Furin has substrate specificity for the multi-basic consensus amino-acid 

sequence of Arg-X-Lys/Arg-Arg (RXRR) at the cleavage site1,69,77,78, where X stands for a 

neutral, polar amino acid.  Biochemical companies have since developed peptide substrates 

including the furin cleavage sequence that have an attached fluorescent tag.  A fluorescence tag 

is quenched when it is attached to the peptide, but when furin cleaves the peptide the fluorophore 

is released and is able to fluoresce.  The inhibitory effect of the PIs in this assay can be 

characterized through a positive control, in which furin actively cleaves substrate without the 

presence of an inhibitor.  Commercially available PIs (Table 2.3) were tested in this assay and 

the results are presented in Figures 2.4 and 2.5.   
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In general, the predicted inhibition of furin by PIs was consistent with the predictions 

from the molecular docking studies as illustrated in Figure 2.4.  Tipranavir, darunavir and 

nelfinavir were the three best inhibitors as predicted by the molecular docking.  The remarkable 

observation is that, consistent with our hypothesis, darunavir did in fact inhibit furin activity 

even though it bound at an allosteric site between the catalytic domain and the P domain of furin 

and not at the active site. 
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Figure 2.4.  Furin activity screen.  Percent furin activity versus varying concentrations of PIs.  The positive control 

for furin activity is all assay components without any inhibitors added.  Chloromethylketone (CMK) is used as a 

known furin inhibitor and represents full inhibition of furin.  The remaining assays include furin, substrate and the 

indicated concentration of the PI.  
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As previously noted, our greatest interest focused on PIs offering the fewest 

physiological side effects, prompting additional studies with nelfinavir and darunavir79. We 

chose nelfinavir to represent catalytic site inhibitors and darunavir to represent allosteric site 

inhibitors.  Figure 2.5A shows decreased fluorescence caused by the presence of darunavir or 

nelfinavir at two different concentrations (110 and 220 M).  We also wanted to test the potential 

synergistic effect when the two drugs are combined (Nelfinavir 110 M + Darunavir 110 M), 

as these drugs are predicted to bind to different sites.  The combined drug treatment gave a 

synergistic effect, consistent with inhibition occurring at the catalytic site as well at the allosteric 

site.  Figure 2.5B is a graphical representation showing the positive control at 100% and each 

reaction with the different protease inhibitors as a percent of the positive control.  The 

Lineweaver-Burk statistical transformations along with the predicted computational binding 

affinity data, are consistent with the binding of darunavir at an allosteric site indicating 

uncompetitive inhibition (Figure 2.6B) whereas; nelfinavir portrays competitive inhibition 

(Figure 2.6A).  
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Figure 2.5.  Inhibiting furin in vitro.  Known furin inhibitor CMK is used as an inhibitor control, while the positive 

control lacks the presence of an inhibitor.  An additional negative control lacks the presence of furin.  A) Furin 

activity is shown over a 50-minute time course.  B) Graphical representation of percent furin activity at the 50-

minute endpoint.  
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Figure 2.6.  Lineweaver-Burk plots of Nelfinavir and Darunavir.  A) Nelfinavir showing competitive inhibition 

and B) Darunavir showing uncompetitive inhibition of furin. 
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Inhibition of Hepcidin secretion from hepatocytes 

 

After confirming that PIs were able to inhibit purified furin, we desired to demonstrate 

efficacy of furin inhibition by PIs in living cells.  The hepatoma cell line Huh7 has been used 

previously to demonstrate the secretion of hepcidin in response to inflammation as a model for 

ACI49,50,80.  Since, hepcidin is synthesized in a precursor form called prohepcidin with furin 

specifically cutting prohepcidin into the active hormone hepcidin29,30.  We proposed that PIs 

would inhibit furin and prevent the cleavage of prohepcidin into hepcidin.     

Huh7 cells were treated with and without inflammatory cytokines (IL-6 and BMP-9) and 

treated with PIs to inhibit furin.  Mature hepcidin-25 secreted into the media from differing cell 

groups was collected and quantified by MS (Figure 2.7).  PI treatment did in fact potently inhibit 

hepcidin secretion from inflamed cells under these conditions.  These results demonstrate that 

PIs, particularly nelfinavir and darunavir, are potent potential therapeutics to inhibit furin and 

prevent ACI.   
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Figure 2.7.  Huh7 cell media Hepcidin-25 quantification.  LTQ‐ Orbitrap XL mass spectrometer total ion 

intensity of hepcidin-25 in Huh7 cell media of cells not treated (Black), cells treated with inflammatory cytokines 

(Il-6 and BMP-9) (Pink) and cells treated with inflammatory cytokines and with PIs at the indicated concentrations 

to inhibit Hepcidin activation and secretion (Blue, Green, and Purple).  Il-6 was induced alongside BMP-9 at a 

concentration of 10 ng/ml each for all cell groups except healthy control.  Healthy PI treated control group showed 

no significant change in hepcidin-25 (Data not shown).   

 

 

 

H
ep

ci
d
in

-2
5
 (

no
rm

ali
ze

d 
io

n 
in

ten
sit

y)
 

Hea
lth

y

IL-
6/B

MP-9

Daru
na

vir
 5µ

M 

Daru
na

vir
 10

µM

Daru
na

vir
 15

µM

Nelf
ina

vir
 5µ

M

Nelf
ina

vir
 10

µM

Nelf
ina

vir
 15

µM

Nelf
. 2

.5µ
M + 

Dar.
 2.

5µ
M

Nelf
. 5

µM
 + 

Dar.
 5µ

M

Nelf
. 7

.5µ
M + D

ar.
 7.

5µ
M

0

2×1008

4×1008

6×1008

8×1008

****
****



 

 

 

96 

Discussion 

 

Molecular Docking studies were used to analyze the binding of known PIs to the 

proprotein convertase furin.  These studies predicted that several of the PIs could bind tightly to 

the catalytic site of furin (Figure 2.2, Table 2.1).  Additionally, several of the proposed ligands 

were predicted to bind to a putative allosteric site found between the catalytic domain and the P 

domain of furin (Figure 2.3, Table 2.1).  Furin enzymatic assays confirmed that purified furin 

was inhibited by PIs.  Additional analysis of the inhibition data showed that the PIs could be 

divided into two classes of inhibitors.  The first class of PIs inhibited at the active site of furin 

and is represented by nelfinavir (Figures 2.2A, 2.3A and Figure 2.6).  The second class of PIs 

inhibited at the allosteric site identified in the molecular docking and is represented by darunavir 

(Figures 2.2B, 2.3B and Figure 2.6).  The addition of both catalytic site and allosteric site 

inhibitors (a combination of nelfinavir and darunavir) produced a synergistic effect causing 

significantly more inhibition than either drug alone (Figure 2.5).  Finally the inhibition of furin 

by HIV protease inhibitors was confirmed in cells using a model of ACI.  The secretion of 

hepcidin, a hormone that is cut and activated by furin, was significantly decreased in the 

presence of the protease inhibitors nelfinavir and darunavir (Figure 2.7).    

In order to place the binding of PIs by furin and the associated inhibition data into 

context, we compared the binding of PIs such as nelfinavir to other protease enzymes. Nelfinavir 

was synthesized and engineered to bind to the HIV protease and calculations show an affinity of 

nelfinavir binding to HIV protease with a delta G ranging between -7 to -14 kcal/mol.  We also 

examined the affinity of nelfinavir for binding to the aspartyl protease Renin and found a 

calculated affinity of –10.2 kcal/mol.  Therefore the observation we report here, that nelfinavir 
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bound to furin with affinities of – 9.18 kcal/mol demonstrates only a slightly weaker for furin 

than its original target or for another aspartyl protease.  Additionally, the affinity of nelfinavir 

binding to furin was very close to the known inhibitor CMK with a delta G of -11.07 kcal/mol.  

Other HIV PIs showed comparable binding affinities between HIV protease, Renin and 

furin.  Darunavir showed the following affinities calculated by molecular docking: delta G = -

9.58 for HIV protease, -10.33 for Renin and -8.18 for the allosteric site of Furin.  Similar results 

were observed for the HIV protease inhibitors ritonavir and indinavir (Data not shown).  

Perhaps the most important discovery of this study was the identification of an allosteric 

site on furin.  This serendipitous discovery perfectly aligned with our goals in finding a way to 

fine tune the inhibition of furin.  The cleft at the interface of the P domain and the catalytic 

domain provides a new target to regulate the activity of furin. Whether this is a natural regulatory 

site with an in vivo regulatory molecule or an advantageous discovery that the darunavir and 

other PIs happen to bind at this location is not yet known.  A similar method to inhibit proteases 

has been taken with the Caspase class of protease inhibitors.  The caspase proteases have a 

cysteine rich region and treatment of caspase enzymes with thiol-containing molecules allows 

disulfide bonds to form that force the caspase enzymes into a confirmation that is similar to the 

zymogen conformation that inhibits enzyme catalysis.  We propose a similar regulatory 

mechanism occurs with furin at this site but the physiological ligand that causes the allosteric 

regulation has not been identified.  

Additionally, the allosteric site provides a mechanism to further inhibit Furin.  The 

combination of catalytic site and allosteric site inhibitors produces a new and potentially potent 

method to inhibit furin activity (Figure 2.5).  This combination may allow treatments designed to 

have a potent inhibitory effect at high concentrations or may allow an attenuation of furin 
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activity when the combination of both classes of inhibitors is used at much lower concentrations.  

These studies have all been performed in a 1:1 ratio.  It is possible that holding the inhibitor to 

one site constant and varying the concentration of the inhibitor to the other site might also 

provide the ability to fine tune the effect on furin inhibition.  We also anticipate that another 

benefit is that the lower doses of the combination therapy might minimize any side effects 

caused by the individual drugs used at higher concentrations.  

This study shows that the method used in this paper can be applied to screening and 

testing small molecules as potential inhibitors of proteases.  Once a crystal structure is obtained, 

the steps used in this paper can be applied for proof of concept for inhibition.  Additionally, the 

impact on the field of protease field is significant because it can be used to explain many of the 

side effects related to HIV protease inhibitors.  Such screens can be used in the future to identify 

and understand off target inhibition of the PIs.  

Most importantly, this study identifies a new approach to furin inhibition.  Inhibition of 

furin at the catalytic, allosteric or both sites can now be used as a method to treat a series of 

diseases including ACI and cancer.  Furin plays important roles in disease ranging from 

Alzheimer’s disease and cancer, to Anthrax and Ebola fever1. 
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Supplemental Data 

 

 

Figure 2.8.  Single subunit of furin shown in different perspectives.  A) Side-view facing catalytic site.  B) Side-

view with catalytic site facing away.  C) Anterior view looking downward towards P domain. 
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Figure 2.9. Surface structural view of furin.  Illustrating catalytic triad (Ser368, Asp 153, and His 194), the 

oxyanion hole (Asn 295), and the cysteine rich area of the allosteric site (Cys 303, Cys 305, Cys 333).  The catalytic 

C-domain is colored in blue, while the P-domain is colored in orange.  
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Figure 2.10.  Visualization of the known furin inhibitor chloromethylketone (CMK) bound to the catalytic site 

of human furin (Full fitness -1965.4, Simple fitness -91.36, G -11.24 kcal/mol) 

 

Figure 2.11.  Visualization of predicted ligand binding conformation with furin.  A) Nelfinavir and B) 

darunavir. 
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Table 2.3.  Protease inhibitor molecules.   

Represented in both two and three dimensions with corresponding chemical identification codes. 

ZINC ID  PI Name 3D Structure 2D Structure 

     

CAS:  
15011-399-8  Dec-RVKR-CMK 

(Chloromethylketone) 

  

3809192  Amprenavir 

  

3941496  Atazanavir 

  

3955219  Darunavir 
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22448696  Indinavir 

 

 

3951740  Lopinavir 

 

 

26994433  Nelfinavir 

 
 

3944422  Ritonavir 

  

3914596  Saquinavir 
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14879987  Tipranavir 

 

 

 

 

 

 

 

 

Figure 2.12.  Michaelis-Menton plots.  A) Nelfinavir and B) Darunavir. 
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Table 2.4.  Lineweaver-Burk slope values for Nelfinavir and Darunavir.  Concentrations of substrate are varied 

and range from 0-225μM. 

Substrate 
Concentration 
(μM) 

Nelfinavir 
Slope 

Darunavir 
Slope 

0 0.05835 0.02260 
37 0.05283 0.02288 
75 0.04833 0.02384 
113 0.03310 0.02550 
150 0.02643 0.02544 
225 0.02492 0.02411 

 
* Values determined with the use of GraphPad Prism5 statistical software. 
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Figure 2.13.  Second conformation of Nelfinavir.  A) Surface visualization of Nelfinavir in a second conformation 

at the catalytic site of furin (Full fitness -1719.31, G -9.18 kcal/mol).  B) LigPlot of Nelfinavir forming hydrogen 

bonds with residues Asp 258 and Asn 295. 
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Figure 2.14.  Surface structure illustration of Nelfinavir bound to Furin.  Predicted binding affinity 

characterized as being ΔG = -12.79 kcal/mol.  A) Distant view of furin with ligand Nelfinavir. B) Close-up view of 

furin with ligand Nelfinavir. 

A 
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Figure 2.15.  Surface structure illustration of Darunavir bound to Furin.  Predicted binding affinity 

characterized as being ΔG = -8.88 kcal/mol.  A) Distant view of furin with ligand Darunavir. B) Close-up view of 

furin with ligand Darunavir. 

A 
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Figure 2.16.  LigPlot representation of Nelfinavir interacting with Furin as characterized by DockingServer.  

Shown is a two-dimensional representation of the predicted interactions of Nelfinavir with residues in the catalytic 

domain of furin.  Predicted hydrogen bonds are shown with green dashed lines, and hydrophobic contacts with red 

arches.  Predicted hydrogen bonds are shown to be formed with residues Asn295, Asp258, Glu236, and Gly255. 
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Figure 2.17.  LigPlot representation of Darunavir interacting with Furin as characterized by DockingServer.  

Shown is a two-dimensional representation of the predicted interactions of Darunavir with residues in the cysteine 

rich domain of furin.  Predicted hydrogen bonds are shown with green dashed lines, and hydrophobic contacts with 

red arches.  Predicted hydrogen bonds form with residues Ser330, Ser423, and Asp410.   
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Figure 2.18.  In vitro Furin Activity Drug Screen Assay.  Alternative view.  The positive control for furin activity 

is all assay components without any inhibitors added.  Chloromethylketone (CMK) is used as a known furin 

inhibitor and represents full inhibition of furin.  The remaining assays include furin, substrate and the indicated 

concentration of the PI.  
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CHAPTER 3: Concomitant Inhibition of Furin: A New Strategy for Therapeutic 

Targeting of Hepcidin Secretion 

Abstract 

Context 

Hepcidin is a principal regulator of iron metabolism1,2.  During conditions of 

chronic immune activation, hepcidin production increases1,3,4.  Cytokines stimulate 

STAT or Smad signaling pathways that activate the HAMP gene encoding for 

Hepcidin5,6.  Hepcidin is synthesized as preprohepcidin, and is targeted to the ER/Golgi 

for secretion7,8.  In the ER, the targeting sequence is cleaved and prohepcidin is further 

processed by furin to produce active hepcidin7,9,10. In serum hepcidin binds to the iron 

export protein ferroportin, causing endocytosis and degradation11–14.  The removal of 

ferroportin from cells prevents dietary iron absorption and prevents iron redistribution, 

and resulting in anemia15–17. 

Objective 

Previously we inhibited secretion of hepcidin from hepatocytes by inhibiting furin 

with protease inhibitors (PIs).  One of these PIs, nelfinavir, is also a known STAT3 

inhibitor18–20.  This study was undertaken to determine the mechanism of PI inhibition by 

evaluating: 1) Which of the PIs are STAT or SMAD inhibitors; 2) the concentration 

dependence of the PIs on STAT or SMAD pathway inhibition versus the inhibitory 

concentration for furin inhibition; 3) If PIs have a dual role as transcription inhibitors and 
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activation inhibitors by inhibiting both STAT/SMAD and furin.  Inhibition of hepcidin 

should result in stable ferroportin expression. 

Design 

A well-established model of inflammation was used to stimulate hepcidin 

production in the immortalized Huh7 and HepG2 hepatocyte cell lines21. 

Results 

Of the PIs tested, only nelfinavir showed the capability of inhibiting STAT3 

phosphorylation in a dose dependent manner.  PIs did not significantly inhibit Smad 

phosphorylation, although nelfinavir did have a significant inhibitory effect in HAMP 

gene expression (p < 0.05).  Prohepcidin concentrations significantly increased (p < 

0.0001), while hepcidin markedly decreased (p < 0.0001) with co-treatment of nelfinavir 

and darunavir and inoculation of inflammatory cytokines IL-6 and BMP-9.  Similar 

results trended with both Huh7 and HepG2 hepatocyte cell lines. 

 

Introduction 

 

Under inflammatory conditions where the immune system is chronically 

activated, hepcidin levels are elevated well above basal levels22,23.  Hepcidin is a small 

peptide with the ability to bind and signal endocytosis of the iron exporter protein 

ferroportin11,24.  In doing so, hepcidin is able to negatively regulate enterocyte iron 

absorption, and iron release from hepatocytes and macrophages15,25. 
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Bone morphogenic protein-9 (BMP-9) and interleukin-6 (IL-6) are two of the 

stimulatory cytokines known to induce production of actively mature hepcidin22,26–29.  

BMP-9 and IL-6 promote the transcription of HAMP through signaling cascades. The 

gene HAMP encodes for preprohepcidin30.  

During conditions of chronic inflammation, where the immune response is 

chronically activated, BMP-9 cytokine release is elevated.  BMP-9 is known to mediate 

hemojuvelin (HJV) docking to the bone morphogenic protein receptor (BMP-R), and 

activate phosphorylation of cascade proteins known as small mothers against 

decapentalegic homologs (Smads).   

Il-6 induced expression of hepcidin begins with IL-6 binding to the 

intermembrane glycoprotein 130 (gp130) receptor, signaling tyrosine janus kinase (Jak) 

phosphorylation of signal transducer and activator of transcription-3 (STAT-3)31.  Upon 

phosphorylation, STAT-3 forms a dimer with another phosphorylated STAT-3 before 

translocating into the nucleus and activating HAMP32 (Figure 3.1). 
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Figure 3.1.  An illustrated representation of Hepcidin regulation.  Furin is depicted as being located in 

the TGN33,34, but furin can also translocate to the outer cell surface33,35,36.  Furin has also been reported as 

being excreted into cell media37 or serum in vivo.   

 

HAMP is transcribed and then concurrently translated into an 84 amino acid chain 

precursor known as preprohepcidin.  Preprohepcidin is cleaved by a protease along its 

multi-basic sequence motif into prohepcidin, and again into hepcidin.  Mature hepcidin is 

25 amino acids in length, and at which point is actively excreted from the cell and able to 

bind ferroportin-1. 



 

 

 

125 

Ferroportin-1 is a known iron exporter protein, and is the molecular target of 

hepcidin-2513.  When bioactive hepcidin-25 is bound to ferroportin, active induction of 

endocytosis and consequent degradation of the hepcidin-ferroportin complex occurs.  As 

ferroportin is degraded, iron export from the cell is impeded, and disruption in iron 

homeostasis throughout the entire organism occurs38.  Iron is thereby sequestered within 

the macrophage, enterocytes, or hepatocyte, and inhibited from transport to vital organs 

and tissues. 

The proprotein convertase (PC) known as Furin (PC1/3), has been specifically 

identified as being the sole PC responsible for generating active hepcidin7,9,10.  Hepcidin 

is initially synthesized as a larger precursor protein, undergoing two cleavages (the signal 

sequence then the pro-region).  Furin is known to form mature, active hepcidin, with the 

removal of this pro-region.  Furin is also capable of activating hormones and other 

substrates by cleavage of the inactive protein precursors at multi-basic consensus 

motifs39.  In the case of hepcidin, furin readily hydrolyzes the preprohepcidin at its 

arginine rich consensus site, producing active hepcidin-25 (Figure 3.1)7,9 to be secreted 

from hepatocytes.   

We recently demonstrated that PIs effectively prevent hepcidin secretion from 

hepatocytes by inhibiting furin.  In particular, we identified nelfinavir as a catalytic site 

inhibitor and darunavir as an allosteric site inhibitor.  Remarkably, nelfinavir has also 

been identified as a STAT3 phosphorylation inhibitor.  Since HAMP is activated by a 

STAT3 phosphorylation pathway, nelfinavir might act as a dual inhibitor by functioning 

to inhibit both transcriptional activation of HAMP, as well as proteolytic cleavage of 
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prohepcidin to hepcidin (Figure 3.2).  In contrast, other PIs such as indinavir were shown 

not to inhibit STAT3 phosphorylation.   

 

Our original hypothesis was that through the use of small-molecule peptide-

mimetic protease inhibitors (PIs), we would be able to inhibit furin and thereby blunt the 

production of mature hepcidin-25 secretion from hepatocytes.  Previous reports that 

nelfinavir inhibits STAT3 phosphorylation prompted further delineation of the inhibitory 

mechanism behind decreased hepcidin secretion.  Was the observed effect due to furin 

inhibition alone, or an upstream process related to STAT3 phosphorylation. Could 

inhibition be occurring at both steps?  

 

Figure 3.2.  Predicted potential targets of selected PIs.  Peptidomimetic small-molecule PIs included are 

Nelfinavir, Ritonavir, Darunavir, Indinavir, and chloromethylketone (CMK).  

 

This study was undertaken to determine the mechanism of inhibition by the PIs by 

evaluating: 1) Which of the PIs are STAT inhibitors; 2) If the PIs are SMAD inhibitors; 

3) the concentration dependence of the PIs on STAT or SMAD pathway inhibition versus 
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the inhibitory concentration for furin inhibition; 4) If PIs have a dual role as transcription 

inhibitors and activation inhibitors by inhibiting both STAT/SMAD and furin.  Inhibition 

of hepcidin should result in stable ferroportin expression and normal iron release from 

cells as a pathway for future treatment of anemia.   

 

Materials and Methods 

Cells 

Huh7 cells were purchased from the Japanese Research Cell Resource Bank 

(JRCB, Osaka, Japan.  Lot 08062010). Cells were cultured in DMEM supplemented with 

10% Fetal Bovine Serum, non-essential amino acids, 100 U/mL penicillin, and 100 

µg/mL streptomycin (all from Gibco, Grand Island, NY) and kept at 37°C in a humidified 

air chamber containing 5% CO2. 

HepG2 cells were purchased from the American Type Culture Collection. 

(ATCC, Manassas, VA. Lot 60435372) These cells were cultured in EMEM medium 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, Grand Island, 

NY), 1 Gypsy tear, 100 U/mL penicillin, and 100 µg/mL streptomycin and kept at 37°C 

in a humidified air chamber containing 5% CO2.  

Cells were seeded at a density of 1.5 × 106 per T25 flask in 5 mL culture medium 

and allowed to reach 50% confluency.  At time 0, the cells received fresh media and were 

then simultaneously treated with either nelfinavir or darunavir alone, or nelfinavir and 

darunavir at varying concentrations (2.5/2.5 μM, 5/5 μM and 7.5/7.5 μM) and induced 
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with IL-6 and BMP-9 (10 ng/mL each) for 18 hours.  After 18 hours, 2 mL of media were 

collected, aliquoted and flash frozen for mass spec (MS) analysis.  Control groups not 

being induced with cytokines, are designated as ‘Healthy’. 

For the STAT3 and Smad4 experiments, the cells were seeded at a density of 

1.5x105 per flask in 5 mL of culture medium and allowed to reach 70% confluency.  At 

time 0, the cells received fresh media and were treated with either nelfinavir, ritonavir, 

darunavir or indinavir, at concentrations ranging from 0 to 60 µM for three hours, and 

then induced with IL-6 or BMP-9 (Cat. #200-06 and 120-07, PeproTech, Rocky Hill, NJ) 

50 ng/mL for 30 minutes.  

Protein Extraction 

After treatments, cultured cells were washed with ice-cold PBS and lysed by 

adding ice-cold RIPA buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA and 1X 

protease/phosphatase cocktail inhibitor (Thermo Fisher Scientific, Waltham, MA), Cells 

were scraped off the flask and were further disrupted by passing the solution through a 

21G needle. The extracts were then transferred to a microfuge tube and centrifuged for 

20 min at 12000 rpm.  Protein concentration was determined with a Lowry assay and 

equal amounts of the resulting protein (30 μg) were separated by 8% SDS–PAGE and 

then transferred to a Nitrocellulose membrane (Bio-Rad).  
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Western Blotting 

After transfer, the membranes were blocked in Odyssey™ Blocking Buffer (927-

40100, LI-COR Biosciences, Lincoln, NE) at room temperature, for 1 hour.   Primary 

antibodies were diluted in blocking solution containing 0.2% Tween and incubated 

overnight at 4 °C with polyclonal antibody to Ferroportin (rabbit, 1 : 1000 dilution; PA5-

2293, Thermo Scientific, Waltham, MA), phospho-STAT3 Tyr 705 and STAT3 (1:1000 

dilution, (Cat. # 9145 and 9139 respectively, Cell Signaling Technology, Beverly, MA).  

Blots were normalized by probing the membranes with either a β-actin or Glucose-6-

Phosphate dehydrogenase polyclonal (Cat. # 3700 and 8866 respectively, Cell Signaling 

Technology, Beverly, MA). After incubation and washing with PBS-T, the membranes 

where incubated in the dark, in blocking solution with 0.2% Tween with IRDye 800CW 

Goat anti-Rabbit IgG and IRDye® 680RD Donkey anti-Mouse IgG (1:10000, LI-COR 

Biosciences, Lincoln, NE) for 1 hour at room temperature. Perform Harlem shake 5 

minutes.  The proteins were detected and visualized by fluorescence using the Odyssey 

Classic (LI-COR Biosciences, Lincoln, NE). Densitometry analysis of specific bands was 

performed with the Image Studio software. 

 

RNA preparation from tissue culture, reverse transcription and RT2-qPCR 

RNA was isolated by washing tissue culture in 1x PBS, before applying QIAzol 

lysis reagent (Cat# 79306). RNA was then purified on RNeasy mini kit columns (Cat# 

74104) from Qiagen.  All samples were treated with Qiagen DNase (Cat# 79254).  Two 
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micrograms of RNA were used for reverse transcription and subsequent SYBR® Green 

ROX real time PCR for the genes of interest as previously described40. Reverse 

transcription kits (Cat #330401) and SYBR Green real-time PCR master mixes (Cat# 

330523) were from Qiagen (Louisville, KY).   

The following primers and probes were used: 

Human hepcidin; HAMP (Cat# PPH06152A), Human furin; FURIN (Cat# PPH09618A), 

Human ferroportin; SLC40A1 (Cat# PPH5747A), and Human glyceraldehyde 3-

phosphate dehydrogenase; GAPDH (Cat# PPH00150F). 

Real time quantitative PCR was preformed on an Applied Biosciences StepOne 

plus instrument and analyzed with StepOne software v2.3.  The relative amounts of 

transcripts from each gene were normalized to reference gene GAPDH and calculated as 

follows: ΔΔCT = the average ΔCT of sample B – the average ΔCT of sample B, and their 

fold difference = 2- ΔΔCT as previously described41. 

Mass Spectrometry 

Detection of Hepcidin-25 isoform was completed using an HPLC-MS/MS method 

with an Eksigent NanoLC HPLC with a Thermo Scientific C-18 reverse-phase column 

coupled via Thermo Scientific Nanospray ESI soft ionization source to a Thermo 

Scientific LTQ/Orbitrap XL mass spectrometer (MS).  Samples were prepared for MS 

using an in-house developed enrichment and purification protocol.  Data was collected 

over a 90 minute instrumental method starting with a 95:5 (v/v) mixture of water and 

acetonitrile up to 100% acetonitrile to cause gradient elution of the species of interest.  

The mass spectrometer was tuned and calibrated to a pure human recombinant hepcidin-
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25 solution.  All samples were treated with DTT or TCEP to reduce the disulphide bonds 

and were subsequently carbamidoalkylated with 2-iodoacetamide or 2-iodo-N-

(phenylethyl)-acetamide to improve chromatographic characteristics and ESI response 

and efficiency.  Peaks with isotopic envelopes corresponding to [M+5H+] and [M+6H+], 

651.8 m/z and 543.3 m/z for 2-iodoacetamide, 818.5 m/z and 682.2 m/z for 2-iodo-N-

(phenylethyl)-acetamide respectively, were detected in all samples and were not observed 

in the protocol blank.  Fragmentation data (MS/MS) was collected on high abundance 

samples and subjected to the Matrix Science Mascot MS/MS Ions Search tool using a 

human database for sequencing and positive identification to the bioactive form of 

hepcidin-25.  Quantification was completed using in-house developed ion chromatogram 

extractor software that allowed positive isolation of unfragmented peaks by m/z and 

chromatographic elution windows for total spectral ion count summation.  Samples were 

intensity normalized to hepcidin-25 detected in healthy culture media for each dataset. 

 

Sample preparation consisted of three phases: 1) Ultra-filtration to remove large 

abundant proteins and media debris, 2) Carboxamidomethylation of cysteine residues, 3) 

2-Phase extraction of lipid substituents and subsequent concentration by speed-vac. 

Samples were acidified to 0.1% (v/v) formic acid immediately preceding data collection.  

Data was recorded at a resolution of 100,000 over the course of a two-hour method.  

Detected intensities were totaled using in-house developed ion-chromatogram extractor 

software. 
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Data Analysis 

Statistical analysis was conducted using GraphPad Prism 5.0 software.  

Calculations for statistical differences between various groups were evaluated using 

ANOVA and Bonferroni post hoc tests.  Statistical significance is defined as p < 0.05.  

Results are presented as means ± Standard Error. 

 

Results 

 

Dose dependent inhibition of hepcidin-25 with Nelfinavir and Darunavir 

By employing a LTQ Orbitrap XL mass spectrometer calibrated with hepcidin 

isoforms, we identified hepcidin-25 secreted from Huh7 and HepG2 immortalized 

hepatocyte cell lines.  Due to both cell lines exhibiting similar results, we present data 

mainly from Huh7 cells.  Data pertaining to HepG2 cells are available in the 

supplemental data section of this manuscript.  

To activate expression of hepcidin, Huh7 and HepG2 cells were induced with 

10ng/ml IL-6 and 10ng/ml BMP-9 for 18 hours as previously shown21.  Treated groups 

were co-induced with PIs at varying concentrations (5,10,15μM).  These concentrations 

represent physiological concentrations as measured in serum of HIV treated patients42–44.  

We chose these concentrations due to their relevancy in biological environments, as 

shown in previous human pharmacokinetic studies43,45–47.     
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Both the PIs nelfinavir and darunavir (15 μM) successfully inhibited the 

production of mature secreted hepcidin back to basal levels (Figure 3.3).  Interestingly, 

when combined at 2.5 μM each, nelfinavir and darunavir exhibited 49% inhibition of 

hepcidin contrasted to IL-6/BMP-9 controls (p < 0.0001).  This synergistic effect of 

nelfinavir and darunavir was exploited in our further experimentation, as we sought to 

inhibit furin, and consequently blunt hepcidin production. 
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Figure 3.3.  Preventive Treatment with PIs blocks Hepcidin-25 Secretion in Huh7 cells.  Dose 

dependent quantification of hepcidin-25 from media of Huh7 hepatocyte cells treated with cytokines and 

protease inhibitors.  Treated cells were incubated 18hrs. with IL-6 (10ng/ml) and BMP-9 (10ng/ml) added 

to media.  All groups received IL-6 and BMP-9 cytokines, except healthy group.  The PIs Darunavir and 

Nelfinavir in media represent physiological serum concentrations as pharmaceutically prescribed48,49 

(5,10,15μM), as well as in combination (2.5,5,7.5μM).  Healthy and IL-6/BMP-9 group were without PI 

treatment.  Healthy group with PI treatment did not show significant difference from Healthy hepcidin 

levels (data not shown).  No significant difference is seen between the Healthy and PI 15 μM treatment (p > 

0.05) (n=4).  
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Effect of PIs on STAT3 phosphorylation  

 

To assess whether PIs abrogate the IL-6 signaling cascade, STAT3 

phosphorylation (pSTAT3) was measured in the hepatocyte cell lines.  PIs were 

incubated with both Huh7 and HepG2 cell lines for 3 hours, before the addition of IL-6 

(50ng/ml) for 30 minutes.  Concentrations of PIs ranged from 0-60 μM.  Cells were then 

immediately lysed, and proteins harvested for western blot analysis.  Untreated 

hepatocyte control cells are designated as healthy.  

Previous research has shown the ability of PIs to inhibit pSTAT3 in multiple 

myeloma cell lines19.  Research has also shown PIs ability to induce IL-6 secretion in 

cultured adipocytes (1.8 to 2.0 fold)50.  We show that pSTAT3 in activated hepatocytes is 

inhibited by nelfinavir in a dose dependent manner, showing significant average (27%) 

inhibition at 5 μM (p < 0.001), and 46% inhibition at 15 μM (p < 0.001) (Figure 3.4).  

Ritonavir also displayed significant average pSTAT3 inhibition (27%) (p < 0.001) at 

doses 5-30 μM, of which no significant difference is shown between concentrations (p > 

0.05).  Both darunavir and indinavir exhibit no signs of pSTAT3 inhibition, regardless of 

dose (p > 0.05) (Figure 3.4).  Similar results are observed and reported in HepG2 

hepatocytes (Figure 3.10). 

 

 

    

 



 

 

 

136 

Effects of PIs on Smad4 and on Smad1/5 

PIs were examined for their effects on phosphorylation of Smad4 (pSmad4) and 

Smad1/5 (pSmad1/5).  Similar experiments were carried out as referred to above for IL-

6/STAT3 inhibition.  PIs (60 μM) were incubated with both Huh7 and HepG2 cell lines 

for 3 hours, before application of BMP-9 (50ng/ml) for 30 minutes.  Cells were then 

immediately lysed, and proteins harvested for western blot.  Untreated hepatocyte control 

cells are designated as healthy.  Despite significant escalation in pSmad4 and pSmad1/5 

in response to BMP-9 induction, co-induction of PI showed no significant effect (p > 

0.05) in comparison to controls in Huh7 (Figure 3.5A, 3.5B) and HepG2 cell lines 

(Figure 3.11A, 3.11B). 
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Figure 3.4.  Dose dependent inhibition of pSTAT3 by Nelfinavir, and Ritonavir.  Darunavir or Indinavir 

did not inhibit STAT3 phosphorylation.  Huh7 cells were incubated with PI for 3hrs prior to 30min. 

induction of 50ng/ml IL-6.  A) Western Blot showing dose dependent inhibition of Nelfinavir.  B) 

Graphical representation of WBs showing PI inhibition of pSTAT3. Concentration of PIs ranged from 0-60 

μM (n=4). 
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Figure 3.5.  Phosphorylation of Smad4 and Smad1/5 with induction of BMP-9 and treatment with PIs.  

Huh7 cells were incubated for 3hrs with PI prior to 30min. induction with 50ng/ml BMP-9.  Co-induction 

of PIs at 60μM showed no significant inhibition between PIs for both A) Smad4 and B) Smad1/5 (p > 

0.05). 
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Figure 3.6.  HAMP gene expression and Prohepcidin secretion.  A) HAMP gene expression in Huh7 

hepatocytes.  Huh7 cells were co-treated with PIs Nelfinavir (7.5μM) and Darunavir (7.5μM) with and 

without cytokines Il-6 (10ng/ml) and BMP-9 (10ng/ml) for 18hrs.  Furin inhibitor II (FII), also known as 

chloromethylketone (CMK) was included as a known furin inhibitor at 25μM.  Treatment with ND reduced 

HAMP in the presence of cytokine (p < 0.05).  B) Prohepcidin increased threefold with PI treatment in 

Huh7 cell media after 18hr induction of IL-6 (10ng/ml) and BMP-9 (10ng/ml).  Treatment with ND 

increases prohepcidin threefold (p < 0.0001).  CMK treatment of cytokine-induced cells also significantly 

raised prohepcidin levels (p < 0.01).  Prohepcidin levels doubled with IL-6/BMP-9 treated cells as 

compared to healthy (p < 0.05).  No difference is detected within healthy groups (p > 0.05) (n=4). 
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Effect of PIs on HAMP gene expression and Prohepcidin production 

 

Huh7 cells treated with ND (15 μM) exhibited significant reduction in HAMP 

gene expression (Figure 3.6A).  This inhibition is due to the pSTAT3 inhibitory effect of 

nelfinavir, since darunavir did not show any inhibition of pSTAT3 phosphorylation.  An 

alternate explanation may be due to elevated prohepcidin levels.  Previous studies have 

shown prohepcidin’s ability to bind to the STAT3 HAMP promoter and autoregulate it’s 

own expression51.  Increased levels of prohepcidin have been shown to reduce HAMP 

expression in WRL68 hepatocyte cell lines.  As such, the rise in IL-6/BMP-9 ND treated 

prohepcidin might also account for a lowered HAMP expression within the same group.  

However, with IL-6/BMP-9 CMK treatment, this phenomenon was not observed.  

Therefore, it is reasonable to assume that the reduction of HAMP gene expression with 

ND treatment in IL-6/BMP-9 induced cells is due to partial inhibition of pSTAT3 by 

nelfinavir.   

Upon induction of IL-6/BMP-9 to the hepatocytes, prohepcidin levels in media 

increased from 8.3 ±4.35 ng/ml to 17.7 ±7.6 ng/ml (Figure 3.6B).  Prohepcidin 

concentrations in IL-6/BMP-9 induced hepatocytes further increased with ND treatment 

to 56.1 ±9.7 ng/ml.   

No significant difference in secreted prohepcidin concentration was observed 

within healthy cell groups with or without treatment of ND or CMK (p > 0.05), as mean 

values ranged from 6.4 to 8.9 ng/ml.  Similar results are reported with the HepG2 

hepatocyte cell line (Figure 3.13).  
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Figure 3.7.  IL-6 and BMP-9 upregulate Furin in Huh7 hepatocytes.  A) Furin western blot of Huh7 

cells after 18hr incubation with and without inflammatory cytokines IL-6 and BMP-9, co-treated with ND.  

B) Furin mRNA is upregulated with IL-6/BMP-9 induction.  C) Graphical representation of Furin western 

blots in Huh7 cells. No significant difference is seen with treatment of PIs (p > 0.05) (n=4).  Error bars 

represent Standard Error. 
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Figure 3.8.  Hepcidin production is inhibited with ND treatment in Huh7 hepatocyte cell media.  Mass 

spectrometry quantification of hep-25 under inflammatory conditions in Huh7 cell media.  Treatment with 

ND reduces hep-25 concentrations to near basal levels (p < 0.0001) (n=4). Error bars represent Standard 

Error. 
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Figure 3.9.  Ferroportin degradation is prevented.  A) Western blot of ferroportin under inflammatory 

conditions with treatment of ND.  B) Ferroportin is degraded in presence of IL-6/BMP-9, yet is restored 

with treatment of ND (p < 0.001).  ND treatment also significant raises ferroportin expression without IL-

6/BMP-9 induction (p < 0.05) (n=4).  Error bars represent Standard Error. 
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Inflammatory stimuli increases Furin expression 

 

Furin is recognized as being upregulated with varying cancers and 

sarcoma’s33,36,52.  Furin expression has previously been shown to increase in cultured 

adipocytes when treated with inducers of inflammation53, as well as in HeLa and HepG2 

cell lines during iron deficiency and hypoxia54   

Here we show that relative furin expression is also significantly increased with 

induction of IL-6 and BMP-9 inflammatory cytokines (p < 0.01) in both Huh7 and 

HepG2 hepatocyte cell types (Figure 3.7 and Figure 3.14).  Co-induction with PIs does 

not alter or inhibit the gene expression of furin (p > 0.05) between healthy and cytokine 

induced groups (Figure 3.7B).  Complementary results are seen with furin western 

blotting (Figure 3.7A, 3.7C).  Levels of Furin protein within both Huh7 and HepG2 cell 

types increase in response to IL-6 and BMP-9 induction.  PI treatment has no significant 

effect on the expression of furin in comparison to controls (p > 0.05). 

 

Treatment with PIs reduces production of Hepcidin-25 

 The effect of PIs on formation of mature hepcidin-25 in both Huh7 and HepG2 

hepatocytes cell media were quantified using an HPLC-MS/MS method.  Data was 

normalized to hepcidin-25 detected in healthy culture media for each data set.  No 

significant difference is seen between healthy cell groups (p > 0.05).  As expected, 
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induction with IL-6 and BMP-9 increase hepcidin-25 levels.  We observe a relative 

increase in hepcidin concentration within the media of nearly tenfold (Figure 3.8).  When 

co-treated with ND, mean normalized hepcidin levels drop nearly 75% as compared to 

the cytokine-induced cell media.  A statistically significant drop in mature hepcidin-25 is 

not observed with the PI CMK (p > 0.05) in these data, however, a strong tendency of 

inhibition appears to be taking place.  Similar effects were also observed with the HepG2 

hepatocyte cell tissue media (Figure 3.15) with ND co-treatment.  In Figure 3.15, 

hepcidin is shown to decrease in a dose-dependent manner, (5,10,15μM) where 

significance occurs with ND at 15 μM (p < 0.01). 

 

Treatment with PIs increases expression of Ferroportin 

It has been previously reported that increased production of hepcidin leads to 

reduced expression of ferroportin, as hepcidin binds to ferroportin and consequently 

induces endocytosis11–13.  Ferroportin is a known iron exporter protein, able to shuttle 

iron (Fe2+) across the membrane and out of the cell15,25.  Prohepcidin is unable to bind 

and degrade ferroportin, without first being cleaved by furin into mature bioactive 

hepcidin-259.  As such, cytokine-induced hepcidin production should be blunted with 

inhibition of furin, allowing unimpeded expression of ferroportin.   

We report that ferroportin expression is increased significantly relative to control 

(p < 0.001) with co-treatment of the PI combination ND at 15 μM in Huh7 hepatocytes 

(Figure 3.9).  As expected, relative ferroportin expression is decreased in IL-6/BMP-9 

cells without PI treatment, as mature hepcidin is produced without hindrance.  It is also 
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observed that ferroportin expression is significantly increased within healthy ND treated 

cell cultures (p < 0.05) (Figure 3.9A, 3.9B).  Additionally, these results are observed in 

the HepG2 hepatocyte cell line (Figure 3.16A, 3.16B).   

These data further reinforce the ability of nelfinavir (7.5 μM) and Darunvair 

(7.5μM) to inhibit furin, and thereby impede cleavage of prohepcidin into its mature 

bioactive form. 

 

Discussion 

 

The first goals of this study were to determine which, if any, of the PIs were able 

to act as STAT3 or SMAD inhibitors and to determine the concentration dependence of 

PIs for these inflammatory pathways.  We confirmed that nelfinavir inhibits the 

phosphorylation of STAT3 in a concentration dependent manner (Figures 3.4A, 3.4B) 

consistent with previous reports18,19.  However, this inhibition appeared to only have a 

small inhibitory effect on HAMP production when compared to the known furin inhibitor 

CMK (Figure 3.6A).  Ritonavir also showed inhibition of STAT3 phosphorylation but 

this effect was not concentration dependent but seemed to cause about a 25% inhibition at 

all concentrations tested.  In contrast darunavir and indinavir did not show any 

statistically significant inhibition of pSTAT3.  This had been previously reported for 

indinavir.   

Treatment of cells with IL-6 and BMP-9 increased the overall concentrations of 

pSmad4 and pSmad1/5 but the addition of the protease inhibitors showed no statistically 



 

 

 

147 

significant changes to the phosphorylation states of these proteins when comparing to 

inflammatory or non-inflammatory conditions.  Together, these data suggest that when 

using the nelfinavir and darunavir combination, a slight pSTAT3 inhibition occurs due to 

the presence of nelfinavir but not darunavir, without effect to the Smad signaling 

pathway.    

Measurements of HAMP mRNA demonstrate that the inflammatory cytokines are 

activating the HAMP gene.  Analysis of secreted hepcidin and prohepcidin in the 

presence and absence of PIs allows us to evaluate the relative effectiveness of furin 

inhibition by nelfinavir and darunavir.  Prohepcidin levels increase significantly when 

nelfinavir and darunavir are added to cells treated with IL-6 and BMP-9 indicating that 

furin was inhibited and prohepcidin could not be processed to hepcidin (Figure 3.6B).  In 

contrast the opposite observation is made for hepcidin.  Hepcidin secretion is high in IL-

6/BMP-9 treated cells (Figure 3.8) but the presence of nelfinavir and darunavir drops 

hepcidin levels back to the basal level of secretion seen in healthy cells (Figure 3.8) while 

the prohepcidin secretion increases drastically (Figure 3.6B) indicating that furin was 

unable to cut prohepcidin to hepcidin.  The decreased level of hepcidin secreted was not 

due to a decrease in total furin protein.  In fact, Figure 3.7B demonstrates that 

inflammation increases the transcription of furin mRNA, and that protein expression is 

approximately 50% higher than in healthy cells (Figure 3.7C), further indicating that 

nelfinavir and darunavir treatment is inhibiting furin.    

Finally, the most important indicator for treating ACI is the restoration and 

stabilization of ferroportin on the surface of cells to allow iron export into the 

bloodstream.  Inhibition of hepcidin should result in stable ferroportin expression and 
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normal iron release from cells as a pathway for future treatment of anemia.  Ferroportin 

levels increase dramatically when hepcidin secretion is inhibited (Figure 3.9).  The dual 

treatment of nelfinavir and darunavir at 15 μM had a much stronger effect on increasing 

ferroportin levels than the known furin inhibitor CMK at 25 μM concentrations.   

This is a further testament that nelfinavir and darunavir have a synergistic effect 

for furin inhibition.  We have previously shown that nelfinavir is a catalytic site inhibitor 

and darunavir is an allosteric site inhibitor.  The combination of these two drugs for 

inhibiting furin and the pSTAT3 inhibition capability of nelfinavir to inhibit HAMP 

transcription combine to provide a significant inhibitory effect to prevent hepcidin 

secretion.   

Although this study identifies nelfinavir as a dual inhibitor of hepcidin production 

as a transcriptional inhibitor and an activation inhibitor, it opens the doors for a large 

variety of follow-up studies.  Do HIV PIs inhibit other protease targets?  Are these targets 

related to the many side effects experienced by HIV patients when taking HIV PIs?  

Would potent acute inhibition of a specific protease limit the off-target effects commonly 

seen with high doses of non-specific PIs?  

An easy first experiment with darunavir and nelfinavir is to hold the concentration 

of one drug constant and vary the concentration of the other.  We can test how low we 

can go with the combined drug inhibition of darunavir and nelfinavir and see if we can 

get a therapeutic treatment for ACI without any side effects due to the synergistic effect 

of the two drugs.  For example, HIV PIs are known to induce ER stress.  Will this side 

effect be alleviated with a low dose combination of the two drugs?   
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Finally, companion diagnostics that evaluate drug efficacy is currently an 

important method to determine the effectiveness of the treatment while evaluating side 

effects.  The methods we have developed in this paper can be used to evaluate the 

effectiveness of these treatments.   
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Supplemental Data 

 

 

 

Figure 3.10.  Phosphorylation of STAT3 in HepG2 hepatocytes.  Cells were incubated for 3hrs with or 

without PIs (Nelfinavir, Ritonavir, Darunavir, or Indinavir) at (0,15,30,or 60μM) before addition of IL-6 

(50ng/ml) for 30min.  (n=3). 
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Figure 3.11.  Phosphorylation of Smad4 in HepG2 hepatocytes.  Cells were incubated for 3hrs with or 

without PIs (Nelfinavir, Ritonavir, Darunavir, or Indinavir) at (0,15,30,or 60μM) before addition of BMP-9 

(50ng/ml) for 30min.  (n=4).  

 
Figure 3.12.  Phosphorylation of Smad1/5 in HepG2 hepatocytes.  Cells were incubated for 3hrs with or 

without PIs (Nelfinavir, Ritonavir, Darunavir, or Indinavir) at (0,15,30,or 60μM) before addition of BMP-9 

(50ng/ml) for 30min.  (n=4).  
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Figure 3.13.  HAMP gene expression in HepG2 hepatocytes.  HepG2 cells were co-treated with PIs 

Nelfinavir (7.5μM) and Darunavir (7.5μM) with and without cytokines Il-6 (10ng/ml) and BMP-9 

(10ng/ml) for 18hrs.  Furin inhibitor II (FII), also known as chloromethylketone (CMK) was included as a 

known furin inhibitor at 25μM.  Treatment with ND did not reduce gene expression significantly (p > 0.05) 

(n=4). 
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Figure 3.14.  IL-6 and BMP-9 upregulate Furin in HepG2 hepatocytes.  A) Furin western blot of 

HepG2 cells after 18hr incubation with and without inflammatory cytokines IL-6 and BMP-9, co-treated 

with ND and CMK.  B)  Graphical representation of Furin western blots in HepG2 cells. No significant 

difference is seen with treatment of PIs (p > 0.05), but significant difference exists between healthy and 

cytokine induced groups (p < 0.05) (n=4). 
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Figure 3.15.  Hepcidin production is inhibited with ND treatment in HepG2 hepatocytes.  Mass 

spectrometry quantification of hep-25 under inflammatory conditions in HepG2 cell media.  Treatment 

with ND reduces hep-25 concentrations to near basal levels (p < 0.01) (n=4). 
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Figure 3.16.  Ferroportin expression in HepG2 cells is elevated.  A) Western blot of IL-6 (10ng/ml) and 

BMP-9 (10ng/ml) induced HepG2 cells, co-treated with PIs ND (15 μM), and CMK (25 μM).  B) Graphical 

representation of WB data, showing significant increase in ferroportin expression in ND treated healthy 

cells (p < 0.05).  Ferroportin expression in cells treated with CMK doubled (109%) when compared to IL-

6/BMP-9 control (p < 0.01).  Prominent expression of Ferroportin is most clearly observed with ND treated 

IL-6/BMP-9 induced cells, where expression increased 174% as compare to control (p < 0.001) (n=4).    
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CHAPTER 4: Inhibition of Furin Prevents Prohepcidin Cleavage and Restores Iron 

Redistribution in an Animal Model of Anemia of Chronic Inflammation 

 

Abstract 

Context 

Anemia of Chronic Inflammation (ACI) is characterized by macrophage and liver 

iron retention triggered by inflammatory cytokines that induce the expression of the 

master iron regulator hepcidin.  Hepcidin is known to regulate iron efflux by binding to 

ferroportin and initiating endocytosis and degradation of ferroportin causing the iron 

retention of ACI.  Hepcidin is cleaved into its active form by the serine protease known 

as furin. 

Objective 

We hypothesized the protease furin could be a drug target to prevent ACI. Using 

molecular modeling analysis and in vitro furin assays, we previously demonstrated that 

the protease inhibitor nelfinavir binds to and inhibits furin.  The goal of this work was to 

verify that nelfinavir inhibited furin in animals.  We propose that furin inhibition will 

prevent hepcidin activation, prevent ferroportin degradation and allow normal iron 

delivery to the bloodstream and bone marrow.  We also recognize that more often than 

not, when drugs are involved, ‘fu-rin’ for a good time.   
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Design 

We used an animal model of rheumatoid arthritis to induce anemia of chronic 

inflammation.  Group A Streptococcal Peptidoglycan-Polysaccharide (PG-LPS) injection 

causes chronic activation of the immune system, increased production of cytokines, 

increased levels of hepcidin, and sustained anemia. 

 

Results 

At a therapeutic serum concentration, nelfinavir (4mg/L) inhibited mature 

hepcidin production by 47% while increasing prohepcidin 148%.  Ferroportin expression 

increased 2.5 fold in animal liver, while iron in serum and bone marrow increased 

significantly (p<0.01 and p<0.05 respectively).  However, anemia persisted, as 

hemoglobin and hematocrit did not significantly recover. 

Conclusions 

Nelfinavir treatment successfully inhibited hepcidin production and increased 

liver ferroportin allowing for restoration of iron in the serum and bone marrow.  
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Introduction 

 

Anemia of chronic inflammation (ACI) is prevalent in kidney disease, cancer, 

autoimmune disorders, inflammatory disorders and infections1–6.  Inflammatory 

cytokines trigger the production of an iron regulatory hormone called hepcidin that 

causes ACI7–10.  Hepcidin binds to the iron export protein ferroportin and triggers its 

endocytosis and degradation11,12.  Ferroportin exports iron from intestinal enterocytes 

into the bloodstream and also facilitates the export of iron stored in the liver and 

macrophages into serum.  When iron exits ferroportin and enters the serum, it is bound by 

transferrin and delivered to cells that need iron such as the bone marrow that is 

synthesizing heme for red blood cells13 (Figure 4.1).  During ACI, anemia results because 

iron is trapped in iron storage cells or not absorbed from the diet and very little iron is 

available to be bound by transferrin for delivery to iron deficient cells.  This results in 

iron-deficiency in the bone marrow and prevents the production of heme for red blood 

cell (RBC) synthesis8,10.    

In addition to iron-deficiency in the bone marrow, inflammatory cytokines 

decrease the production of erythropoietin (EPO), the hormone that triggers the 

proliferation of RBCs.  The kidneys sense serum oxygen levels and when hypoxia is 

detected, the kidneys express and secrete EPO to stimulate RBC proliferation.  However, 

inflammation inhibits EPO production and secretion into serum14,15.   

To treat ACI, patients are given synthetic erythropoiesis stimulating agents 

(ESAs) and iron supplements16.  These treatments provide slight improvements to anemia 

but do not completely alleviate ACI for several critical reasons.  First, iron supplements 
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do not efficiently transfer iron to transferrin; instead cells absorb the iron.  Once the iron 

supplement enters the cells the iron is trapped because ferroportin is constantly being 

degraded by hepcidin.  A second problem is called EPO resistance.  ESAs signal for 

erythroblasts to differentiation into RBCs.  In ACI, ESAs causes erythroblasts to 

differentiate but without sufficient iron in the bone marrow, the resulting RBCs lack iron 

in heme and are deficient in oxygen transport17.   

Therefore the successful treatment of ACI requires several coordinated steps.  

First, ferroportin must be stabilized so iron is properly exported from iron-rich cells or 

absorbed from the diet.  Second, the iron must be properly loaded into transferrin.  Third, 

transferrin must deliver iron to the bone marrow.  Fourth, ESAs must be provided with 

the appropriate timing to stimulate erythroblast differentiation into RBCs when iron is 

present.  To accomplish these goals requires the development of hepcidin inhibitors or 

methods to stabilize ferroportin on the cell surface.   

Several studies have been performed to inhibit the production of hepcidin to treat 

ACI.  The two most clearly identified pathways that trigger the expression of the HAMP 

gene that encodes for hepcidin, are the IL-6 initiated Jak/STAT pathway and the BMP-6 

and BMP-9 stimulated Smad pathway.  The understanding of these pathways has 

triggered a series of studies to inhibit the transcription of HAMP by inhibiting BMP 

receptors with dorsomorphin and its derivatives or inhibiting serum BMP levels using a 

soluble hemojuvelin domain fused with immunoglobulin Fc18–20.  These methods have 

produced recovery of iron mobilization and redistribution by lowering serum hepcidin 

levels and increasing the stability of ferroportin on the exterior of iron rich cells.  These 

studies successfully restored hemoglobin and hematocrit levels.    
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Sasu et al. targeted hepcidin in the serum with antibodies that eliminate hepcidin 

from serum as a method to increase ferroportin levels21.  Anti-hepcidin antibodies 

decreased serum hepcidin levels and increased serum iron levels but did not allow the 

restoration of hemoglobin and hematocrit levels until the anti-hepcidin antibody was co-

administered with ESAs.  A related IL-6 targeting study by Song et al. targeted the IL-6 

receptor with an antibody, tocilizumab, in Castleman disease22.  In Castleman disease IL-

6 is unregulated and overexpressed causing chronic inflammation.  Blocking the 

inflammatory signal of IL-6 allowed the patients to recover from ACI.   

In contrast to inhibiting BMP or IL-6 signaling or targeting hepcidin or IL-6 

receptors with antibodies, we chose to target a different step in hepcidin production and 

activation.  Hepcidin is synthesized in a precursor form called prohepcidin that must be 

cut by a protease called furin before it folds into its active conformation that binds to and 

degrades ferroportin23,24.  Through the use of computational modeling and in silico 

molecular docking, along with in vitro fluorogenic assays, we demonstrated that 

inhibiting furin prevented the cleavage of prohepcidin to hepcidin.  In this work, we 

demonstrate within an animal model that HIV protease inhibitors with high affinity to 

furin are able to stop the processing and activation step where prohepcidin is cleaved to 

produce hepcidin.  This study provides proof of concept that furin is a valid target for 

restoring iron mobilization through ferroportin.  We propose that protease inhibitors able 

to prevent furin from cleaving prohepcidin to hepcidin can be used to restore iron to the 

bone marrow, and suggest that in combination with ESAs, will provide a treatment for 

ACI.   
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Figure 4.1.  Iron cycling in mammals.  A) Normal or healthy iron cycling between tissues.  B) During 

chronic immune activation, cytokines released into the serum activate hepcidin production.  Hepcidin 

inhibits iron export from various tissues by triggering endocytosis of ferroportin within hepatocytes of the 

liver, macrophages in the speen, and enterocytes in the duodenum.    

A 

B 
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Materials and Methods 

 

Animals 

 

Female Lewis rats received at age 3-4 weeks and 75 g (Charles River 

Laboratories) were kept in a temperature-controlled (20°C ±1°C) and well-ventilated 

room with a 12:12-h light-dark cycle.  Animals had free access to standard (Diet 8604, 

Harlan Teklad) rodent laboratory chow and water.  Chow iron content was 300mg/kg.  

The Institutional Animal Care Committee of Brigham Young University approved all 

experimental procedures.   

Female Lewis rats at seven weeks of age received a single intraperitoneal 

inoculation of Group A Streptococcal Peptidoglycan-Polysaccharide (PG-LPS; Lee 

Laboratories) suspended in a 0.85% saline.  Total dose received was 12.5μg rhamnose/g 

body weight.  Two weeks after PG-LPS injection, animals were tested for development 

of anemia, and randomized into groups with similar hemoglobin (Hb) and hematocrit 

(HCT) levels.  Animals incurring a (>2g/dL hemoglobin drop from baseline range) were 

characterized as having anemia of chronic inflammation (ACI)25. 

Treated animals received a human equivalent dose of prescription Nelfinavir 

(Viracept) and Ritonavir (Norvir) via oral gavage.  To utilize the potential of nelfinavir, 

ritonavir is co-administered to adequately promote nelfinavir serum concentrations.  

Ritonavir is known to inhibit cytochrome P450 enzymes 3A4, the enzyme primarily 

responsible for metabolizing nelfinavir within the liver26,27.  By adding ritonavir 
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alongside nelfinavir, nelfinavir serum concentrations are sustained for longer periods of 

time27–29.  HIV patients are commonly prescribed ritonavir along with nelfinavir as a 

therapeutic strategy for boosting PI serum concentrations30. 

The adjusted rat dose was calculated by the body surface area (BSA) 

normalization method as previously described31, where the Human Equivalent dose 

(mg/kg) is equal to Animal dose (mg/kg) multiplied by (Animal Km/Human Km).  Animal 

and Human Km equal 37 and 6 respectively32.  Drug treatment was administered every 12 

hours via oral gavage. 

Equal volumes of dimethyl sulfoxide (DMSO) and flax seed oil were used as 

vehicle.  Protease inhibitors Nelfinavir and Ritonavir have high solubility properties in 

DMSO as compared to water33,34.  The flax seed oil was used in combination to sustain 

serum concentrations for longer periods of time29,30,34.  Both drugs were weighed and 

crushed together from tablet into powder form before being dissolved in DMSO, 

immediately prior to administration. One dose is represented as 1ml total volume.     

Throughout the treatment period, ~0.5ml of blood was collected once a week 

from a small tail clip. Complete blood counts (CBC) were performed on a 

BeckmanCoulter HmX Hematology Analyzer.  Serum iron analysis was performed via 

inductively coupled plasma mass spectrometry (ICP-MS).  Animals were weighed daily 

and scored for pain and distress. 

After 6 weeks of treatment (8 weeks after induction of ACI), all rats were 

euthanized with tissues being snap-frozen in liquid nitrogen and stored at –80°C for 

subsequent gene expression studies, iron analysis, and protein analysis. 
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Protein Extraction 

 

Approximately 100 mg of liver frozen tissue was transferred to ice cold RIPA 

buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% SDS, 5 mM EDTA and 1X protease/phosphatase cocktail 

inhibitor (Thermo Fisher Scientific, Waltham, MA) and homogenized on ice with a glass 

pestle at 700 rpm.  The homogenate was transferred to a pre-chilled, clean microfuge 

tube, subjected to three freeze-thaw cycles and centrifuged for 25 minutes at 12,000 rpm.  

The supernatant was collected and protein content was determined with a Lowry protein 

assay.   

 

Western Blotting 

 

Protein samples were prepared for electrophoresis and equal amounts of resulting 

protein were separated in 8% SDS–PAGE and then transferred to a Nitrocellulose 

membrane (Bio-Rad).  After transfer, the membranes were blocked in Odyssey™ 

Blocking Buffer (927-40100, LI-COR Biosciences, Lincoln, NE) at room temperature, 

for 1 hour.   Primary antibodies were diluted in blocking solution containing 0.2% Tween 

and incubated overnight at 4 °C with polyclonal antibody to ferroportin (rabbit, 1 : 1000 
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dilution; ab85370, Abcam, Cambridge, MA)) Blots were normalized by probing the 

membranes with β-actin (Cat. # 3700).  Cell Signaling Technology, Beverly, MA). After 

incubation and washing with PBS-T, the membranes where incubated in the dark, in 

blocking solution with 0.2% Tween with IRDye 800CW Goat anti-Rabbit IgG and 

IRDye® 680RD Donkey anti-Mouse IgG (1:10000, LI-COR Biosciences, Lincoln, NE) 

for 1 hour at room temperature.  The proteins were detected and visualized by 

fluorescence using the Licor Odyssey Classic Infrared Imaging system (LI-COR 

Biosciences, Lincoln, NE). Densitometry analysis of specific bands was performed with 

the Image Studio software provided by LI-COR Biosciences. 

 

RNA preparation from tissue, reverse transcription and RT2-qPCR 

 

RNA was isolated by homogenizing frozen ground liver in Trizol reagent (Cat# 

15596-018) from Invitrogen with an OMNI Tissue Master homogenizer, and then 

purified on RNeasy mini kit columns (Cat# 74104) from Qiagen.  All samples were 

treated with DNase (Cat# 79254) from Qiagen.  Two micrograms of RNA were used for 

reverse transcription and subsequent SYBR® Green ROX real time PCR for the genes of 

interest as previously described35. Reverse transcription kits (Cat #330401) and SYBR 

Green real-time PCR master mixes (Cat# 330523) were from Qiagen (Louisville, KY).   

The following primers and probes were used: 
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Rat hepcidin; HAMP (Cat# PPR43953A), Rat furin; FURIN (Cat# PPR43007A), Rat 

ferroportin; (Cat# PPR46085A), Rat glyceraldehyde 3-phosphate dehydrogenase; 

GAPDH (Cat# PPR 06557B). 

Real time quantitative PCR was preformed on an Applied Biosciences Step One 

plus instrument and analyzed with StepOne software v2.3.  The relative amounts of 

transcripts from each gene were normalized to reference gene glyceraldehyde 3-

phoshpate dehydrogenase (GAPDH) and calculated as follows: ΔΔCT = the average ΔCT 

of sample B – the average ΔCT of sample B, and their fold difference = 2- ΔΔCT as 

previously described36.  No statistical variance of reference gene expression was 

observed between tissue groups. 

 

Enzyme-linked immunosorbent assays  

 

The following commercially available ELISA kits were used to quantify protein 

concentrations in Lewis Rat serum.   

Hepcidin-25 and Prohepcidin ELISA kits (Cat# EIA5258 and Cat# EIA4644 DRG 

International, Mountainside, NJ).   

Interleukin-6 ELISA kits (Cat# 437107, BioLegend, San Diego CA).   

Bone morphogenic protein-9 (BMP-9), also known as Growth Differentiation Factor-2 

(GDF-2), protein ELISA kits (Cat# SEB728Ra, Cloud-Clone Corp., Houston TX).   

Erythropoietin ELISA kits (Cat# MBS160249, MyBioSource, San Diego, CA).   
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Inductively coupled plasma mass spectrometry (ICP-MS) Fe analysis 

 

Serum and tissue samples previously prepared and preserved in liquid nitrogen 

were weighed and dissolved in 1ml 70% OmniTrace® analytical grade nitric acid.  

Samples were then sonicated for 30 minutes, diluted to 3% nitric acid and heated to 95°C 

for 3 hours. Finally, they were centrifuged for 30 minutes at 15,000 g with supernatant 

collected for analysis.  Trace iron Fe quantification was measured via a Perkin Elmer 

Elan 6000 Inductively coupled plasma mass spectrometer as previously described37,38.  

Multi-elemental standard solutions were used for calibration. 

 

Data Analysis 

 

Statistical analysis was carried out using GraphPad Prism 5.0 software.  

Calculations for statistical differences between various groups were evaluated using a 

one-way ANOVA or a two-way ANOVA where appropriate followed by a Bonferroni 

post hoc test.  Statistical significance is defined as p < 0.05.  Results are presented as 

means ± SE. 
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Results   

 

Polysaccharide induced model of chronic inflammation 

 

Chronic inflammation was induced in vivo using a well-established rat model of 

ACI.  Streptococcal Peptidoglycan-Polysaccharide (PG-LPS) injections resulting in a 

chronic inflammatory state where anemia is sustained for many weeks28,16.  Inflammatory 

cytokines known to induce HAMP gene expression, interleukin-6 (IL-6) and bone 

morphogenic protein-9 (BMP-9), were significantly elevated in the serum of PG-LPS 

treated animals (Figures 4.2A and 4.2B)40.  Additionally, serum erythropoietin (EPO) 

showed no statistically significant differences between groups, consistent with other 

studies of ACI (Figure 4.2C)15,41–44.  

 

Protease inhibitors halt furin from cleaving prohepcidin into hepcidin. 

 

The inflammatory cytokines IL-6 and BMP-9, which were present in the serum of 

PG-LPS treated animals (Figures 4.2A and 4.2B) are known to activate transcription of 

the HAMP gene and the expression of hepcidin45 through STAT3 and Smad pathways 

respectively46–50.  Since our proposal suggests that protease inhibitors block the 

proteolytic cleavage of prohepcidin to form hepcidin by inhibiting furin, we would not 

anticipate any inhibition of HAMP mRNA production.   
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Quantitative PCR (qPCR) of liver tissue was used to compare the expression of 

the HAMP gene between groups.  HAMP expression remained low in the absence of 

chronic inflammation caused by PG-LPS treatment (Figure 4.3A), but PG-LPS treatment 

caused an approximate 6-fold increase in HAMP gene expression.  Additionally, in PG-

LPS treated animals, nelfinavir did not show any statistically significant changes in the 

transcription of HAMP mRNA indicating these drugs do not inhibit HAMP mRNA 

transcription.   

As expected by the elevated HAMP mRNA levels in PG-LPS treated rats, the 

serum hepcidin levels increased in PG-LPS treated rats (Figure 4.3B).  However, the 

serum hepcidin levels in PG-LPS and nelfinavir treated rats are approximately 2-fold 

lower than in PG-LPS rats indicating that nelfinavir inhibited furin from processing 

prohepcidin to hepcidin (Figure 4.3B).  These results are further strengthened by a serum 

prohepcidin ELISA data, where serum prohepcidin is approximately 2.5-fold higher in 

PG-LPS treated rats treated with Nelfinavir (Figure 4.3C).  Western Blot analysis of 

ferroportin from liver tissue shows that ferroportin is significantly higher in PG-LPS 

treated rats receiving Nelfinavir than PG-LPS treated rats without nelfinavir.  These 

ferroportin results further confirm that lower serum hepcidin levels occur in nelfinavir 

treated rats, as hepcidin is known to bind and subsequently induce endocytosis and 

degradation of ferroportin11,12 (Figures 4.3D, 4.3E).    
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Figure 4.2.  Cytokine and hormone levels present in serum 6 weeks post PG-LPS induction.  A) 

Serum IL-6 concentrations are significantly higher in PG-LPS groups (p < 0.0009) but do not differ 

significantly between the PG-LPS control and treated (p > 0.05).  B) Serum BMP-9 concentrations are 

significantly higher in PG=LPS groups (p < 0.0001) but do not differ significantly with treatment (p > 

0.05).  C) Serum EPO concentrations do not differ between groups (p > 0.05).  
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Figure ( ).  Serum Interleulin-6 (mean ± SEM), 6 weeks post PG-LPS induction.  IL-6 levels are 
significantly higher in Sick groups (p < 0.0009) but do not differ significantly between the Sick Vehicle 
and Sick Treated groups (p > 0.05).  Treatment within groups is somewhat significant, signifying a slight 
drug effect (p = 0.0467) .
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Figure ( ).  Serum Bone Morphogenic protein-9 concentration (mean ± SEM), 6 weeks post PG-LPS 
induction.  BMP-9 levels are significantly higher in Sick groups (p < 0.0001) bu t do not differ significantly 
between the Sick Vehicle and Sick Treated groups (p > 0.05).  Treatment within groups is not seen to be 
significant.
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Figure 4.3.  PIs block Hepcidin Secretion.  A) HAMP mRNA is up-regulated by inflammation in the 

liver (p < 0.0001).  B) Serum hepcidin is elevated with inflammation but inhibited by PIs (p < 0.01).  C) 

Serum Prohepcidin increased slightly by inflammation but is significantly higher when PIs are used to 
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Figure ( ).  HAMP gene mRNA expression in Lewis Rat Liver reported as CT (mean ± SEM), 6 weeks post 
PG-LPS induction.  Signicicant difference between Control groups and PG-LPS groups (p < 0.0001), no 
significant difference with treatment.
  

****

Serum Hepcidin-25

Control PG-LPS
0

10

20

30

40

50

H
ep

-2
5 

(n
g 

m
l-1

)

Vehicle

Treated

Figure ( ).  Serum Hepcidin-25 (mean ± SEM), 6 weeks post PG-LPS induction.  Hepcidin-25 levels 
are significantly higher in Sick groups (p < 0.0004), yet show reduction of PG-LPS induced Hep-25 
with treatment  (p < 0.01).
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Figure ( ).  Serum prohepcidin (mean ± SEM), 6 weeks post PG-LPS induction.  Prohepcidin levels are 
significantly higher in Treated groups as compared to Control (p < 0.05).    
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Figure ( ).  Serum prohepcidin (mean ± SEM), 6 weeks post PG-LPS induction.  Prohepcidin levels are 
significantly higher in Treated groups as compared to Control (p < 0.05).    
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inhibit furin (p < 0.05).  D), E) Ferroportin is rapidly degraded in animals with inflammation (p < 0.05) but 

is stabilized with PIs in both control and PG-LPS animal groups (p < 0.00001) and (p < 0.001) respectively.  

Nelfinavir treatment restores iron redistribution into serum and tissue.    

 

The treatment of PG-LPS treated rats with Nelfinavir decreased serum hepcidin 

levels (Figure 4.3B) and increased ferroportin levels (Figure 4.3C).  The increased level 

of ferroportin should allow the restoration of normal iron export from iron rich tissue and 

increase the iron content in the serum and bone marrow.  The heart is another organ 

heavily dependent and sensitive to iron transport and metabolism51–53.  Defective iron 

supply with blunted erythropoietin production due to chronic immune activation, has 

previously been shown to contribute to heart failure and myocardial infarction14,16.  We 

predicted that nelfinavir treatment might also restore iron levels in heart tissue.   

The data presented in Figure 4.4 confirm these predictions.  Serum iron was not 

significantly different between healthy rats and healthy rats treated with nelfinavir 

(Figure 4.4A).  In contrast, the serum iron content of PG-LPS treated rats dropped to 

approximately half the iron content of healthy rats.  PG-LPS treated rats that also 

received nelfinavir had ~25% more serum iron than the PG-LPS treated rats which was a 

significant increase in serum iron concentrations (Figure 4.4A).  This result is consistent 

with the lower hepcidin levels (Figure 4.3B) and the elevated ferroportin levels (Figures 

4.3D, 4.3E).   

Liver iron content dropped significantly in healthy nelfinavir treated group as 

compared to the healthy animals (Figure 4.4).  This is easily explained by the 
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approximate 3-fold increase in ferroportin in these rats (Figure 4.3D).  Although the 

hepcidin levels are slightly higher in healthy nelfinavir treated rats than healthy rats 

(Figure 4.3B), the prohepcidin levels are much higher than healthy rats (Figure 4.3C) 

suggesting the PIs are blocking the action of hepcidin by inhibiting furin.   

Furin is recognized as being upregulated with varying cancers and sarcoma’s54,55.  

Furin expression is also known to increase under conditions of chronic immune 

activation56.  We report that with PG-LPS animals, furin is again characterized as being 

upregulated (Figure 4.6).  Despite this occurrence, furin activity is still significantly 

reduced as mature hepcidin-25 serum levels are shown to decrease, while prohepcidin 

levels increase. 

It is also interesting to note that the serum iron content in healthy and healthy 

nelfinavir treated animals is maintained at a similar value even though the liver iron 

content decreases drastically in the nelfinavir treated animals (Figure 4.3A).  This likely 

represents optimal serum iron concentrations, as the highly elevated level of ferroportin is 

used to maintain serum iron concentrations in healthy nelfinavir treated animals (Figures 

4.2D and 4.4A).  The release of iron from the liver of healthy animals treated with 

nelfinavir suggests that nelfinavir might be a potential treatment for hemochromatosis 

that will allow the liver to export excess iron.  Perhaps combined treatment of nelfinavir 

with the Fe3+ chelator desferal could facilitate iron export from iron loaded cells and 

allow complexation of the iron by desferal for iron excretion.  The reason for why these 

animals are not absorbing iron from the diet is not currently understood and is the focus 

of current work in our lab.     

  



 

 

 

181 

 

Figure 4.4.  Iron Analysis.   A) The total iron content in serum is significantly decreased in inflamed 

animals compared to healthy and PI treated healthy, but the presence of PIs causes a significant increase in 

total serum iron (p < 0.01).  B) Liver iron content dropped in both the healthy PI treated and PG-LPS PI 

treated groups (p < 0.0001 and p < 0.01), consistent with elevated levels of ferroportin (Fig 3.2E).  C) Bone 

marrow iron content is similar in healthy rats but lowest in inflamed rats.  Treatment with protease 
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Figure ( ).  Lewis Rat serum iron concentration (mean ± SEM), 6 weeks post PG-LPS induction.  Iron 
levels recovered significantly in treated group (p < 0.01).  No significant difference seen between 
Control Vehicle and Control Treated groups (p > 0.05).  Samples prepared in 3% nitiric acid and 
quantified via ICP-MS. Control Vehicle (N=4), Control Treated (N=4), Sick Vehicle (N=5), Sick 
Treated (N=8).
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Figure ( ).  Lewis Rat Liver iron concentration (mean ± SEM), 6 weeks post PG-LPS induction.  Iron 
levels dropped significantly in Control Treated group in reference to Control group (p < 0.0001).  
Significant drop in iron from Sick Vehicle to Sick Treated (p < 0.01).  No significance observed 
between Control Treated and Sick Treated groups.  Samples prepared in 3% nitiric acid and quantified 
via ICP-MS. 

  

**

****

B A 

Bone Marrow Iron 

Iro
n 

(µ
g 

g-1
)

Control PG-LPS
0

5

10

15

Vehicle

Treated

*

Heart Iron 

Iro
n 

(µ
g 

g-1
)

Control PG-LPS
0

50

100

150

200

250

Vehicle

Treated

*

C D 



 

 

 

182 

inhibitors produces an elevation in bone marrow iron similar to healthy rats (P < 0.05).  D) Heart Iron 

content.  Similar to Bone marrow, inflammation causes a decrease in heart iron but PI treatment restores 

normal iron redistribution and replenishes iron in the heart.  

 
PG-LPS animals have lower liver iron content than healthy animals (Figure 4.4B).  

These results are likely due to the prolonged (6 weeks) inflammation incurred by the PG-

LPS, as the average enterocyte life span ranges from only 4.7 to 10.2 days57.  Dietary 

iron is not absorbed during inflammatory situations with hepcidin present.  Because of 

this, iron availability in liver steadily diminishes, as was observed in this study. 

 The elevated serum iron levels caused by PI treatment replenished iron stores in 

the bone marrow, as bone marrow iron content reached concentrations similar to that 

found in healthy rats (Figure 4.4C).  However, in the absence of nelfinavir, PG-LPS rats 

show the lowest bone marrow iron content (Figure 4.4C).  These results provide the proof 

of concept that furin inhibition that prevents the cleavage of prohepcidin to hepcidin can 

be used to restore normal iron delivery to the bone marrow.   

  



 

 

 

183 

 

Figure 4.5.  Hemoglobin and Hematocrit Time Course.  Complete blood counts (CBCs) for A) 

Hemoglobin and B) Hematocrit over the course of the study. 
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Table 4.1.  Summarized data of complete blood counts (CBCs). 

Animal 
Group Hb (g/dL) HCT (%) RDW (%) MCV (fl) 

 Day 0 Day 62 Day 0 Day 62 Day 0 Day 62 Day 0 Day 62 
Vehicle 
Control 14.5±0.6 15.7±0.5 41.9±1.8 45.4±1.7 12.6±0.1 13.2±0.3 55.7±1.1 53.3±0.9 

Treated 
Control 14.4±0.4 15.2±0.2 41.5±0.9 44.6±2.7 12.6±0.1 37.2±0.7 55.3±0.7 49.7±0.5 

Vehicle 
PG-LPS 15±0.4 13.6±0.5 43.1±1.1 39.7±2.1 12.5±0.3 42.3±2.1 55.7±0.8 47.6±0.6 

Treated 
PG-LPS 14.1±1.1 13.0±1.1 41.5±2.4 37.6±3.9 13.6±2.5 42.8±1.2 55.8±1.5 46.7±0.6 

 

* Values represent calculated mean of groups (Vehicle Control n=4, Treated Control n=4, Vehicle PG-LPS 

n=8, Treated PG-LPS (n=7). 
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Analysis of Blood markers associated with ACI and HIV protease inhibitor treatments.   

 

PG-LPS animals showed significant signs of anemia within one week of 

induction.  Mean Hb and Hematocrit levels fell from 15±0.4 and 14.1±1.1 g/dL to 

13.6±0.5 13.0±1.1 g/dL with inoculation of PG-LPS.  Hematocrit percentages also 

dropped from 43.1±1.1 and 41.5±2.4 to 39.7±2.1 and 37.6±3.9 within PG-LPS induced 

animals (Figure 4.4 and Table 4.1).  These values illustrate the significant and prolonged 

anemia sustained within this model of ACI.  

Interpretation of low MCV values traditionally indicate onset of microcytic 

anemia, a symptom common of iron deficiency anemia58.  Here we observe low MCV in 

PG-LPS treated animal groups, along with a downtrend in treated controls (Figure 4.9B).  

MCV values for PG-LPS animals lowers 14 days after inoculation, and continues on a 

downtrend for the remainder of the study.  

High levels RDW% is observed in PG-LPS animal groups, whereas the vehicle 

control group remains steady throughout the study (Figure 4.9A).  High RDW is 

commonly associated with iron deficiency when MCV values are also low59.  Treated 

control group RDW values increase over time to similar values.  These data correlate 

with the loss in liver tissue iron with nelfinavir treated animals over time, concurrently 

representing a loss in tissue iron.    

Deficiencies in vitamin B12 or folate often produce large or increased RDW 

values, but are diagnosed as such only with increasing MCV values.  Here, we report 

high RDW values with PG-LPS inoculation, and within the PI treated control group.  
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These data likely represent the loss of iron available for sustained erythropoiesis within 

the animals, mimicking a clinical diagnosis of IDA. 

PG-LPS induced models of inflammation are known to induce hepcidin and cause 

hyporferremia within hours60,61.  The sustained length (62 days) of our study likely 

outlasted initial hypoferremia symptoms, resulting in consequent tissue iron loss over 

time.  This may perhaps highlight a failure within this model to adequately provide 

sustained hypoferremia over long periods of time, as tissue iron stores are slowly 

depleted.     
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Discussion 

 

ACI is the second most common form of anemia behind iron-deficiency anemia 

and the most prevalent cause of anemia in hospitalized patients62.  As ACI becomes more 

severe in diseases the prognosis for patient health and survival drastically deteriorates63.  

The cause of ACI is directly linked to the iron regulatory hormone hepcidin.  

Inflammation induces the expression of HAMP through an IL-6/Jak/STAT pathways and 

BMP/Smad pathways64.  HAMP mRNA is translated into preprohepcidin that is targeted 

to the ER/TGN for secretion.  In the ER/TGN the targeting sequence is cleaved forming 

prohepcidin, which is further processed by furin to form hepcidin23.  To inhibit hepcidin, 

researchers have targeted various steps in this process, from targeting cytokines and 

cytokine receptors to developing antibodies to target and eliminate hepcidin from serum.  

The goal of this study was evaluate a different target, the proteolytic cleavage step 

in the production of hepcidin.  We chose to inhibit furin, the protease that cleaves 

inactive prohepcidin into mature hepcidin, which causes ferroportin degradation resulting 

in ACI.    

We used the same PG-LPS treatment used by Theurl et al. to induce inflammation 

and trigger chronic inflammation in Lewis rats25.  We confirmed that IL-6 and BMP-9 

were elevated and that EPO levels remained low in all animals consistent with previous 

models of ACI15.  HAMP expression increased, and serum hepcidin levels were elevated 

approximately 4-fold in PG-LPS treated animals over untreated control animals.  

Additionally, serum iron decreased, and hematocrit and hemoglobin also decreased, all 
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consistent with the previously reported PG-LPS ACI model studies in animals15,25.  

Similar conditions of anemia were observed in murine models of ACI21,65. 

The transcription of the HAMP gene in PG-LPS treated animals was similar even 

with nelfinavir treatment indicating that nelfinavir did not provide significant inhibition 

of the IL-6/STAT3 or BMP/Smad pathways.  Previous studies have shown that nelfinavir 

does have some potential to inhibit STAT3 phosphorylation but the concentration of 

nelfinavir used on those studies was up to 10 times higher than those used in this 

study66,67.  Nelfinavir inhibition of HAMP transcription was not apparent in this study.  

This is most likely due to the fact that both IL-6 and BMP-9 were elevated in these 

animals.  The BMP/SMAD pathway appears to be a more potent activator of HAMP and 

also influences the IL-6 activation of HAMP where the IL-6 pathway does not influence 

the BMP/SMAD pathway.  Therefore the similar expression of HAMP even with 

nelfinavir treatment remains elevated.   

 As predicted by our hypothesis, nelfinavir treatment decreased serum hepcidin 

levels (~2-fold) and increased serum prohepcidin levels (~2.5 fold) in PG-LPS treated 

animals.  This supports the hypothesis that nelfinavir inhibits furin and prevents 

prohepcidin cleavage.  In addition, lower hepcidin levels allowed increased expression of 

ferroportin on the surface of liver tissue.   

We evaluated the iron content of heart tissue as a second tissue to represent iron 

redistribution triggered by nelfinavir treatment during ACI conditions.  Heart iron 

dropped significantly in PG-LPS treated rats, however PG-LPS treatment combined with 

nelfinavir treatment restored the iron content in heart tissue to normal iron levels (Figure 
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4.3D).  The data in heart tissue provides a second example of the restored iron 

redistribution associated with nelfinavir treatment in a model of ACI.   

 

The decrease in hepcidin levels and increase in ferroportin levels allow iron 

export from iron-rich tissue.  This was observed in PG-LPS nelfinavir treated animals 

with increased serum iron, bone marrow iron and heart iron.  Similar serum iron 

concentrations were observed in our study and in other works indicating a similar 

response to the restoration of iron flow from trapped iron with hepcidin to recovery of 

iron redistribution after nelfinavir treatment.   

In contrast to these studies, the nelfinavir treated PG-LPS treated animals did not 

demonstrate a recovery of hematocrit or hemoglobin levels, even with the recovery of 

serum iron and bone marrow iron25,65.  Presumably the BMP concentrations that are 

inhibited by LDN-193198 and HJV-fc treatment are not affected by nelfinavir treatment.  

The BMP cytokines influence pathways related to inhibiting the proliferation and 

differentiation of erythroid progenitor cells and also impair EPO production and response 

to EPO68,69.  Therefore, even though nelfinavir restores normal iron mobilization, the low 

levels of EPO in the PG-LPS model prevent erythropoiesis.  Similar to the study by Sasu 

where anti-hepcidin antibodies were able to restore iron mobilization, the lack of EPO 

prevented the recovery of anemia until ESAs were co-administered with the anti-hepcidin 

antibody21.  We propose that the use of ESAs with nelfinavir will allow the recovery of 

anemia in this model.   

In summary, we have used the protease inhibitor nelfinavir to inhibit furin and 

prevent the processing of prohepcidin to hepcidin.  This allows for the stable expression 
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of ferroportin on the surface of iron-rich cells during ACI and restores iron mobilization 

allowing normal iron levels in serum and bone marrow.  We propose that nelfinavir can 

be used in combination with ESAs to treat ACI.   
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Supplemental Data 

 

 

 

Figure 4.6.  Furin from liver  A) Furin mRNA from liver.  B) Graphical representation of Furin liver 

expression. C) Western blot of furin liver expression between treatment groups. Treatment shows no 

significant interaction of PI treatment, whereas Furin is upregulated significantly between control and PG-

LPS groups (p < 0.01). 
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Figure ( ).  Furin gene mRNA expression in Lewis Rat Liver reported as CT (mean ± SEM), 6 weeks post 
PG-LPS induction.  Signicicant difference between Control groups and PG-LPS groups (p < 0.0001), no 
significant difference with treatment.
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Figure ( ).  Furin expression in Lewis Rat Liver reported as normalized to  actin (mean ± SEM), 6 weeks post 
PG-LPS induction.  Signicicant difference between Control groups and PG-LPS groups (p < 0.01), no 
significant difference with treatment.
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Figure 4.7.  Liver Ferroportin mRNA (Slc40a). 
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Figure 4.9.  Muscle Iron.  A) Total iron in Soleus.  B) Total iron in the Gastrocnemius. 
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Figure ( ).  Soleus iron concentration (mean ± SEM), 6 weeks post PG-LPS induction.  Iron levels dropped 
significantly in Sick groups (p < 0.05).  No significant difference in iron concentrations observed between 
other groups (p > 0.05).  
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Figure 4.10.  Red blood cell indices.  A) Red blood cell distribution width (RDW) and B) Mean 

corpuscular volume (MCV) of animals during the course of treatment after PG-LPS inoculation.   
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Figure 4.11.  Animal Body Weights.  Animal weights measured during the course of treatment after PG-

LPS inoculation.    
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