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Hypertension is a critical public health issue worldwide, and in the United States, it is the 

leading cause of heart disease, stroke, and kidney failure, contributing to more than 1,100 deaths 

per day. It is proposed that the renal medulla combats increased blood pressure by releasing a 

neutral lipid from the lipid droplets of medullary interstitial cells, termed medullipin, which 

induces diuresis- natriuresis and vasodepression. The renal medulla is enriched with fatty acid lipid 

ethanolamides including the endocannabinoid anandamide (AEA), palmitoylethanolamide (PEA), 

and oleoylethanolamide (OEA), along with their primary hydrolyzing enzyme fatty acid amide 

hydrolase (FAAH). Our lab is investigating the relationship of these lipid ethanolamides and their 

metabolites to medullipin. We have shown that intramedullary infusion of AEA stimulated 

diuresis-natriuresis without changing mean arterial pressure (MAP) in an acute surgical model 

using anesthetized normotensive C57BL/6J mice. The hypothesis that infusion of a FAAH-



8 

 

selective inhibitor, PF-3845, would produce similar responses as exogenous AEA was tested. 

Intramedullary infusion of PF-3845 stimulated diuresis-natriuresis, decreased MAP, and increased 

lipid ethanolamide concentrations in kidney tissue in C57BL/6J mice. Since the decrease in MAP 

observed with PF-3845 was not consistent with the results of exogenous AEA, this study 

hypothesized that increased PEA concentrations in the renal medulla observed with PF-3845 

produced the decrease in MAP. Therefore, the effects of PEA administration into the renal medulla 

were investigated. Intramedullary infusion of PEA stimulated diuresis and natriuresis without 

changing MAP in normotensive C57BL/6J mice. However, intramedullary PEA administration to 

mice made hypertensive using L-NAME, an inhibitor of nitric oxide synthase, was assessed. 

Intramedullary infusion of PEA stimulated diuresis, but also decreased MAP in L-NAME-induced 

hypertensive mice. The mechanism of PEA-induced diuresis was evaluated for the contributions 

of its FAAH-mediated hydrolysis and the CB1 receptor. Intramedullary infusion of PEA stimulated 

diuresis in FAAH knockout mice and CB1 knockout mice. The possible source of PEA in the renal 

medulla was investigated using renal medullary interstitial cells cultured from mice. In cultured 

mouse medullary interstitial cells (MMICs), treatment with PF-3845 increased cytoplasmic lipid 

droplets detected by Sudan Black B (SBB) staining and increased PEA in the culture medium. 

Physiologic stimuli that may regulate PEA production and release from MMICs were also 

evaluated. Increased osmolarity increased NAPE-PLD protein levels, increased SBB stained 

droplets in MMICs, and increased PEA concentrations in the culture medium. Overall, it is 

concluded that the PEA-induced diuretic and natriuretic effect is independent of FAAH-mediated 

hydrolysis and the CB1 receptor, and that PEA can serve as an antihypertensive regulator in the 

renal medulla that may be regulated by medullary interstitial cells. 
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Chapter 1: Long- term regulation of blood pressure by the kidney 

1.1 Hypertension and blood pressure regulation by the kidney  

 Maintenance of normal blood pressure is important to a person’s overall health. Normal 

blood pressure readings are defined as a systolic pressure of less than 120 mmHg and a diastolic 

pressure of less than 80 mmHg. Hypertension, or high blood pressure, is a critical public health 

issue worldwide, and in the United States, approximately 1 in 3 U.S. adults 20 years and older 

have high blood pressure, for a total of 103 million adults. It is also an increasing problem in 

childhood and adolescence with about 4% of youth aged 12-19 diagnosed with hypertension. 

Hypertension is defined as having a systolic pressure of greater than or equal to 130 mmHg or a 

diastolic pressure of greater than or equal to 80 mmHg. Increased blood pressure leads to other 

health issues, and currently hypertension is the leading cause of heart disease, stroke, and kidney 

failure, contributing to more than 1,100 deaths per day. (Mozaffarian et al., 2015; Yoon et al., 

2015). In addition, approximately only half of those with hypertension have adequate blood 

pressure control (54%). Hypertension is a burden economically as well, with the total 

socioeconomic cost of hypertension estimated at $51 billion each year. This cost includes the cost 

of health care services, medications to treat hypertension, and missed days of work, with direct 

medical expenses mounting to $47.5 billion. (Mozaffarian et al., 2015).  

 An important factor for maintaining a normal blood pressure is the body’s endogenous 

mechanisms for long-term blood pressure regulation. More specifically, the importance of the 

kidney in the regulation of blood pressure has been stressed for many years. Due to its vital 

function to regulate salt and water balance, the kidney has been proposed to be the dominant long-

term controller of blood pressure. Blood pressure is defined as the product of cardiac output and 

total peripheral resistance, with cardiac output the product of heart rate and stroke volume. These 
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definitions made cardiac and vascular models the dominant areas of hypertension research initially. 

However, this viewpoint was challenged in 1972 when it was suggested that long-term blood 

pressure was primarily influenced by the effective circulating volume, the result of extracellular 

fluid volume (ECFV), determined by sodium balance (Guyton et al., 1972a). According to Guyton, 

when ECFV is increased, there is an increase in arterial pressure with subsequent increase in renal 

perfusion pressure (RPP). The kidneys respond to this increase in perfusion pressure by increasing 

urinary sodium excretion and water excretion until ECFV and therefore blood volume is reduced 

sufficiently to return arterial pressure to normal levels. This mechanism is called pressure- 

natriuresis, and in theory, hypertension would develop if the excretory ability of the kidney is 

impaired.  

 Another mechanism in which the kidney regulates the salt and water balance in the body 

is by sympathomodulation of the efferent sympathetic nervous system. The kidney is innervated 

with efferent sympathetic nerve fibers that contact essential renal structures, including the 

vasculature, tubules, and juxtaglomerular apparatus. As a result, renal sympathetic activation 

results in sodium reabsorption, water retention, reduced blood flow and activation of the renin-

angiotensin-aldosterone system (RAAS) (DiBona and Kopp, 1997; Johns et al., 2011). The kidney 

also has an extensive network of afferent nerves that relay information from the chemoreceptors 

and mechanoreceptors in the kidney to the central nervous system. It has been proposed that under 

normal conditions, tonic activation of renal afferent nerve fibers serve as a compensatory 

mechanism to prevent increased sympathetic activation and thus an increase in blood pressure 

(DiBona and Esler, 2010).  
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1.2 Pressure-natriuresis and renal interstitial hydrostatic pressure  

 It is well recognized that changes in arterial blood pressure influence water and salt 

excretion through pressure-natriuresis, but the mechanism by which this occurs is unknown. 

Researchers proposed that the response was mediated by changes in renal interstitial hydrostatic 

pressure (RIHP). Studies in the early 1970s demonstrated increases in RPP produced a significant 

rise in RIHP (Ott et al., 1971). Later, it was shown that small increases in RIHP enhanced water 

and urinary salt excretion (Wilcox et al., 1984). Further evidence includes a small increase in RIHP 

occurring when RPP was increased by 50 mmHg in dogs, and these results have been replicated 

in rat models (Granger and Scott, 1988; Roman, 1988; Roman et al., 1988).  

 The relationship between RPP and sodium excretion can be altered by the physiologic 

status of the animal as well. Renal vasodilation caused by acetylcholine produced enhancement of 

RPP on sodium excretion, and this was associated with a greater increase in RIHP despite efficient 

autoregulation of renal blood flow (Granger and Scott, 1988). Another study showed that the 

volume status also affects the relationship. Greater increases in RIHP and sodium excretion 

occurring secondary to increases in RPP were observed in volume-expanded rats compared to 

volume-maintained rats (Garcia-Estan and Roman, 1989). In the same study it was also reported 

that decapsulation of the kidney significantly attenuated the increased RIHP and sodium excretion 

in response to an increase in RPP, further indicating the importance of RIHP in the pressure-

natriuresis response. 

 Many studies were performed to illustrate the relationship between RIHP and medullary 

hemodynamics. The hypothesis was tested that an increase in RPP would result in increased vasa 

recta flow and vasa recta hydrostatic pressure, thus leading to a reduction in fluid uptake across 

the vasa recta capillary wall, and ultimately leading to increased medullary fluid and pressure that 
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would transmit through the kidney. It was demonstrated that renal medullary blood flow (MBF) 

and vasa recta hydrostatic pressure increased directly with increased RPP in volume-expanded 

rats, while total and cortical blood flow were efficiently auto-regulated (Roman et al., 1988). 

Subsequent experiments demonstrated that increased RPP is associated with elevated medullary 

blood flow and decreased sodium and water reabsorption in the proximal tubule and/or thin 

descending loop of Henle (Roman, 1988). It was proposed that alterations in the Starling forces in 

the medulla due to increased RPP leads to inhibition of tubular reabsorption (Schafer, 1990). 

Sodium reabsorption is further inhibited by increased RPP causing the inhibition of the Na+/K+- 

ATPase activity and internalization of the transport protein Na+/H+ exchanger isoform 3 (NHE3) 

(Zhang et al., 1998; McDonough, 2010). The mechanism behind this phenomenon is unclear, but 

it has been proposed that paracrine signaling may contribute. Adenosine triphosphate (ATP), 20-

hydroxyeicosatetraenoic acid (20-HETE), reactive oxygen species and endothelin-1 are regarded 

as important modulators of the pressure-natriuresis response (Williams et al., 2007; O'Connor and 

Cowley, 2010; Garvin et al., 2011; Burnstock et al., 2014). In addition, nitric oxide (NO) is 

increased with an increase in MBF, and NO has been shown to enhance the pressure-natriuresis 

response by inhibiting the Na+/K+/Cl- co-transporter (NKCC2) in the loop of Henle (Ivy and 

Bailey, 2014). Despite the effort to fully explain pressure-natriuresis, the mechanistic link between 

changes in medullary perfusion and water and sodium balance and arterial blood pressure has not 

been clearly established.  

 

1.3 The pro-hypertensive system of the kidney  

The first observations that the kidney releases a substance that causes an increase in arterial 

blood pressure were made in 1898 by the Finnish physiologist Robert Tigerstedt and his student 
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Per Gunnar Bergman at the Karolinska Institute in Stockholm. They demonstrated that extracts 

from rabbit kidney caused a prolonged blood pressure elevation when injected into the renal cortex. 

This pressor substance was termed renin and became the foundation for the renin-angiotensin-

aldosterone system (RAAS) which continues to be a major focus of study for researchers today 

(Peart, 1969; Hall, 2003). Tigerstedt’s finding sparked research to develop a model of hypertension 

by manipulation of renal function, but many attempts were unsuccessful. The first successful 

experiment was not until the 1930s when Harry Goldblatt and his colleagues at Case Western 

University in Cleveland, Ohio demonstrated in dogs that constriction of the renal arteries produced 

chronic hypertension (Goldblatt et al., 1934). This model of hypertension became known as 

“Goldblatt hypertension” and renewed interest in the pressor substance of the kidney.  

 The next major discovery came in the late 1930s when Irvine Page’s group in Indianapolis 

and Eduardo Braun-Menendez’ group in Buenos Aires independently showed that renin was not 

the pressor agent itself, but rather an enzyme that formed a pressor polypeptide from a plasma 

globulin. Page called it ‘angiotonin’ and Braun- Menendez ‘hypertensin,’ and in 1958 the two 

agreed on the name ‘angiotensin’ for the pressor substance and the substrate from which 

angiotensin is released was called ‘angiotensinogen’ (Braun-Menendez et al., 1940; Page and 

Helmer, 1940; Braun-Menendez and Page, 1958). After the discovery of angiotensin, there were 

further advances in the 1950s with Leonard Skeggs and his colleagues at the Case Western Reserve 

University. Angiotensin was purified in 1954, and its two forms were discovered, angiotensin I 

(Ang I), a decapeptide, and angiotensin II (Ang II), an octapeptide (Skeggs et al., 1954b; Skeggs 

et al., 1954a). Angiotensin converting enzyme (ACE) was discovered in 1956, and Ang II was 

synthesized in 1957 by Merlin Bumpus and Page at the Cleveland Clinic and by Schwyzer in 

Switzerland (Lentz et al., 1956; Bumpus et al., 1957). All of these findings filled in the missing 
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puzzle pieces of the RAAS system and paved the way for many notable studies to come. Briefly, 

the RAAS system begins with activation of β1-adrenergic receptors on the renal juxtaglomerular 

cells to stimulate the secretion of the enzyme renin. Renin cleaves angiotensinogen to form the 

decapeptide angiotensin (Ang I). This is transformed by ACE in the lung to the octapeptide, 

angiotensin II (Ang II), which is considered the most potent pre-capillary smooth muscle 

constrictor (Fig. 1). 

 

1.4 A proposed antihypertensive system of the kidney  

 The first suggestion that the kidney may have an incretory depressor mechanism that acts 

in opposition to the RAAS system began in the 1940s, mainly by Arthur Grollman. With the 

renin story dominating the scene at the time, it is no surprise that the idea of a renal 

antihypertensive system was overlooked by many. Grollman and his colleagues compared the 

effects of several different procedures on blood pressure in dogs. He reported that in bilaterally 

nephrectomized animals, blood pressure rose to hypertensive levels, and pathological findings of 

malignant hypertension were found at autopsy. Ligation of both ureters only caused a temporary 

increase in blood pressure, while no increase in blood pressure occurred if only one ureter was 

ligated. Similarly, no increase in pressure occurred if one ureter was implanted into the vena 

cava or small intestine, and the contralateral kidney was removed. All of his results led Grollman 

et al. to conclude that intact renal tissue was essential for the maintenance of normal blood 

pressure levels (Grollman et al., 1949).  

 Grollman’s colleague, Eric Muirhead, continued this work on the importance of the 

kidney in blood pressure regulation. Muirhead induced hypertension in animals by a mixture of 

intravenous saline and oral protein, and performed different renal manipulations to demonstrate 
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the incretory function of the kidney. Similar levels of hypertension were attended after bilateral 

nephrectomy and ureteral ligation, while uretero-caval anastomosis caused a significant fall in 

blood pressure. He also noted that ureteral ligation caused ischemic necrosis in the papilla of the 

kidney, and this damage was avoided under the preparation of anastomosed ureters (Muirhead et 

al., 1972b). This led Muirhead to suggest that the cells in the renal papilla were involved in 

preventing hypertension.  

 He next investigated this idea by showing transplants of fragmented ‘normal’ renal 

medullary tissue into rats with renoprival hypertension reversed the hypertensive state. He also 

showed that transplants of renal cortex, liver, and spleen had no effect on the hypertensive state 

(Muirhead et al., 1960). Muirhead reported similar findings in other models of hypertension, 

including accelerated renoprival hypertension, malignant hypertension, Goldblatt one-kidney 

one-clip hypertension, and salt-loaded renoprival hypertension. In all experiments, transplanted 

renomedullary tissue reversed the hypertensive states, while renal cortical tissue did not. In 

addition, removal of the renomedullary transplants was followed by a return of blood pressure to 

hypertensive levels. (Muirhead, 1980).  

 Further experiments by Muirhead and others supported the hypothesis of a renomedullary 

vasodepressor substance. Several studies noted the rapid normalization of arterial pressure 

following unclipping of the renal artery in the Goldblatt one-kidney one-clip model of 

hypertension. These studies demonstrated that the rapid hypotensive response was not due to 

changes in vasopressor substances such as angiotensin, prostaglandins, or vasopressin (Russell et 

al., 1982a; Russell et al., 1982b; Muirhead et al., 1985). The fall in arterial blood pressure was 

also not due to blood volume loss, but to a fall in peripheral resistance (Thurston et al., 1980; 

Russell et al., 1983). Furthermore, in rats pretreated with 2-bromoethylamine to chemically 
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ablate the renal medulla, blood pressure remained significantly elevated after unclipping of the 

renal artery, confirming again that an intact renal medulla is essential to reverse hypertensive 

states (Bing et al., 1981; Russell et al., 1986).  

 The above experiments using the unclipping of the renal artery also gave rise to the idea 

that increased perfusion pressure causes release of the depressor substance from the kidney. This 

influenced the design of the early experiments by Gunnar Gothberg. These “cross circulation” 

experiments involved normotensive rats prepared with carotid artery and jugular vein catheters 

that were connected to an extracorporeal pump-perfusion circuit with an isolated kidney. The 

isolated kidney was one from a two-kidney, one-clip hypertensive rat. He showed that the acute 

unclipping of the isolated kidney produced a decrease in blood pressure in the normotensive rat 

(Gothberg et al., 1982). In another experiment, one rat served as a “donor” to perfuse the isolated 

normotensive or hypertensive kidney in another “recipient” rat. Venous effluent from the 

recipient kidney was returned to the venous circulation of the donor rat. Therefore, the arterial 

pressure of the donor rat could react to a vasodepressor substance released from the recipient 

kidney in response to renal manipulations. It was shown that when the recipient kidneys were 

perfused with increased pressure, the blood pressure of the donor rat significantly decreased 

(Karlstrom and Gothberg, 1987). These findings were instrumental in demonstrating the 

circulatory control of the antihypertensive system of the kidney. 

  

1.5 Renal medullary interstitial cells and medullipin  

 Muirhead’s transplantation experiments led him investigate the renomedullary transplants 

further to identify the origin of the antihypertensive substance. Microscopic analysis showed that 

the transplants he was using consisted of almost entirely renomedullary interstitial cells (RMICs) 
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and a microvasculature. He also noted that the RMICs were in groups or clusters, suggesting they 

were proliferating, and they were in close proximity to the developing capillaries (Muirhead et al., 

1972a). Due to the characteristics of these interstitial cells, Muirhead concluded they were the most 

eligible cell for secretion of the antihypertensive substance. It was actually Muehrcke and his 

colleagues that first postulated that RMICs might be the cell type in the renal medulla to secrete 

the antihypertensive substance, and observations made by Tobian’s group supported this 

hypothesis (Muehrcke et al., 1969; Tobian and Ishii, 1969; Tobian and Azar, 1971).  

 Muirhead put this hypothesis to the test and first isolated and cultured the interstitial cells 

from the renal medulla of the rabbit. His cultured cells exhibited similar morphological and 

biochemical characteristics as the proliferating cells from the tissue transplants. The cultured cells 

displayed the ability to produce prostaglandins and stained positively with two lipid dyes, Oil Red 

O and Sudan Black B (Muirhead et al., 1972c; Muirhead et al., 1973). Muirhead went on to test if 

the cultured cells elicited similar antihypertensive effects as the renomedullary transplants. He 

found that implanted RMICs exerted a potent antihypertensive function in hypertensive animals. 

The effect was rapid, reaching a maximum within 12 to 24 hours, where blood pressure returned 

to normal levels. The blood pressure of the animals with the RMIC transplants remained at normal 

levels for eight days. Since the morphology of the implanted cultured RMICs was identical to that 

previously observed with the transplanted medullary fragments, Muirhead confirmed that the 

interstitial cells of the medulla were crucial for the reduction of blood pressure in hypertensive 

conditions (Muirhead et al., 1974; Muirhead et al., 1977).  

 Shortly after RMICs were identified as the source of the kidney’s incretory function, 

Muirhead and his colleagues began extracting renal medulla for the antihypertensive substance, 

which they named the ‘antihypertensive neutral renomedullary lipid’ (ANRL). They were able to 
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extract this lipid from cultured RMICs and in collaboration with Bjorn Folkow’s group, they 

showed that ANRL was present in renal venous effluent. Their studies demonstrated that ANRL 

possessed several antihypertensive actions, including stimulating diuresis-natriuresis, suppressing 

sympathetic tone, causing vasodilation, and a suppressive effect on the central nervous system 

(Muirhead, 1988). When ANRL was administered as a bolus intravenously, there was a 1-2 min 

delay until blood pressure began to decline, a characteristic different from other known 

vasodilators. They demonstrated that if ANRL was administered into the portal vein, the delay in 

blood pressure decline was significantly decreased. This led them to the liver. Several experiments 

secured the hepatic contribution to the renomedullary antihypertensive system, and ANRL was 

renamed Medullipin I (Muirhead, 1990a). They proposed medullipin I was secreted by RMICs and 

carried to the liver by the blood, where it was converted to its active form, medullipin II, by the 

cytochrome P-450 enzyme system (Muirhead, 1990b) (Fig. 1). Thus the ‘Medullipin System’ was 

born and the elucidation of medullipin surged on. However, despite intense investigation by 

Muirhead and other groups, the chemical nature of medullipin has not yet been determined (Brooks 

et al., 1994; Thomas et al., 1996; Glodny and Pauli, 2006).  
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Figure 1. The pro-hypertensive vs antihypertensive systems of the kidney. In the RAAS system (left), 

juxtaglomerular cells in the kidney release renin which cleaves angiotensinogen to angiotensin I. 

Angiotensin converting enzyme (ACE) in the lungs converts angiotensin I to angiotensin II which has pro-

hypertensive actions. In Muirhead’s medullipin system (right), the renal medullary interstitial cells 

(RMICs) release a neutral lipid from their lipid granules, medullipin I, which is converted into the active 

medullipin I in the liver. Medullipin II acts in an antihypertensive manner. Adapted from Folkow 2007 
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Chapter 2: Renal lipid ethanolamides 
 

2.1 The endocannabinoid system  

 The endocannabinoid system is comprised of the two endocannabinoid receptors, CB1 and 

CB2, their endogenous ligands, and their hydrolyzing enzymes. Among these ligands are the 

nonselective agonists, noladin and arachidonyl dopamine, and the CB1 antagonist virodhamine 

(Gomez-Ruiz et al., 2007). The two most studied and well-characterized endocannabinoid ligands 

are anandamide (AEA) and 2-arachidonylglycerol (2-AG).  

AEA, the N-acyl ethanolamide derivative of the fatty acid arachidonic acid, was first 

identified in porcine brain in the early 1990s (Devane et al., 1992). Given the subsequent finding 

of the ubiquitous distribution of AEA and its metabolizing enzyme, fatty acid amid hydrolase 

(FAAH), AEA has been linked with many diverse physiological effects such as antinociception, 

inflammation, analgesia, and regulation of energy consumption and balance (Cravatt et al., 2001; 

Pacher et al., 2006; Turcotte et al., 2015).  

Biosynthesis of AEA, along with other N-acylethanolamines (NAEs), occurs through the 

enzymatic hydrolysis of N-arachidonyl phosphatidylethanolamine (NAPE). NAPE is formed by 

the enzymatic transfer of arachidonic acid at the sn-1 position of phosphatidylcholine to the 

primary amino group of phosphatidylethanolamine. This is the rate-limiting step in its biosynthetic 

pathway and is catalyzed by a Ca2+ -dependent N-acyltransferase (Wang and Ueda, 2009). The 

next step is the formation of AEA from NAPE. The four different mechanisms of AEA synthesis 

from NAPE that have been reported are summarized in Figure 2. The primary mechanism is the 

cleavage of NAPE at the terminal phosphodiester bond by NAPE-specific phospholipase D 

(NAPE-PLD) resulting in AEA and phosphatidic acid (Wang and Ueda, 2009). Another pathway 

involves the conversion of NAPE to N-acyl-lyso phosphatidylethanolamine catalyzed by 
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phospholipase A2, followed by the metabolism by lyso-PLD to form AEA (Sun et al., 2004). A 

third pathway is composed of double-deacylation of NAPE by α/β–hydrolase 4 (ABHD4) and 

hydrolysis of the phosphodiester bond by glycerolphosphoethanolamine diesterase, releasing AEA 

and glycerol phosphate (Simon and Cravatt, 2006; Simon and Cravatt, 2008). In a fourth pathway, 

AEA is generated by a two-step process involving the PLC-like hydrolysis of NAPE and 

subsequent dephosphorylation by PTPN22 (Liu et al., 2006). The hydrolysis of AEA by the 

enzyme FAAH was first described in 1993 (Deutsch and Chin, 1993). The integral membrane 

serine hydrolase hydrolyzes AEA to form the biologically active arachidonic acid and 

ethanolamine. An important property of FAAH is its wide substrate specificity, as it is also 

responsible for hydrolyzing other lipid amides such as linoleamide and oleamide, as well as other 

N-acylethanolamine derivatives of long-chain fatty acids such as palmitoylethanolamide (PEA) 

and oleoylethanolamide (OEA) (Ueda et al., 1995; Waluk et al., 2014).  

2-AG is synthesized from diacylglycerol (DAG) by DAG lipase (DAGL). DAG can be 

generated either from phosphoinositides by a specific PLC or from phosphatidic acid by 

phosphatidic acid phosphohydrolase. The enzyme DAGL exists as two isoforms, α and β, and 

hydrolyzes DAG at the sn-1 position to give 2-AG and free fatty acid (Bisogno et al., 2003). Other 

pathways of 2-AG synthesis have been described but are less understood (Sugiura et al., 2006). 2-

AG is rapidly metabolized by various cell types to yield arachidonic acid and glycerol. The primary 

enzyme responsible for 2-AG hydrolysis is monoacylglycerol lipase (MAGL) (Konrad et al., 

1994). There is also evidence that 2-AG can be metabolized by FAAH under certain circumstances, 

but this appears to be negligible in brain (Di Marzo et al., 1998; Blankman et al., 2007).  

Endocannabinoids elicit their effects primarily by binding to and activating the CB1 and 

CB2 receptors. CB1 receptors are a member of the superfamily of transmembrane receptors that are 
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coupled to Gi/o proteins, and also Gs proteins under certain conditions. Activation of the CB1 

receptor results in inhibition of adenylyl cyclase, regulation of Ca2+ and K+ channels, and 

activation of the ERK-MAP kinase pathway. CB2 receptors also couple to Gi/o proteins and inhibit 

adenylyl cyclase activity. Activation of CB2 receptors also regulates several other pathways, 

including p42/p44 MAP kinase and PCL-mediated Ca2+ release (Gomez-Ruiz et al., 2007; Howlett 

and Abood, 2017). Another well-characterized site of action for AEA is the transient receptor 

potential channel (TRPV1), which is a nonselective cation channel that mediates a variety of 

effects such as vasodilation, smooth muscle tone modulation, and bronchoconstriction (Di Marzo 

et al., 2002).   
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Figure 2. Synthetic and degradative pathways of major endocannabinoids. N-arachidonoylethanolamide 

(AEA) can be generated from N-arachidonylphosphatidylethanolamine (NAPE) by 1) hydrolysis by NAPE-

PLD, 2) a PLC-like hydrolysis of NAPE with subsequent dephosphorylation of phospho-AEA by PTPN22, 

3) the double-deacylation of NAPE by α/β-hydrolase 4 (ABHD4) with subsequent hydrolysis of the 

phosphodiester bond of the resultant glycerophospho-AEA by phosphodiesterase (PDE), or 4) release of 

Lyso-AEA by phospholipase A2 (PLA2) followed by cleavage by Lyso-phospholipase D (Lyso-PLD). The 

major pathway for the biosynthesis of 2-arachidonylglycerol (2-AG) involves sequential hydrolysis of 

diacylglycerol (DAG) by diacylglycerol lipase (DAGL). The degradation of the AEA and 2-AG is catalyzed 

by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), respectively, and results in 

arachidonic acid (AA).  
 

 

2.2 Endocannabinoids and renal function  

 The presence and biological significance of the endocannabinoid system in the kidney was 

first studied soon after the identification of AEA. Deutsch and Chin demonstrated the amidase 

activity that degrades AEA in the kidney, and later others discovered the transcripts for the CB1 
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receptor in the kidney (Deutsch and Chin, 1993; Shire et al., 1995). Further studies have shown 

the expression of the CB1 receptor in various areas of the kidney including collecting ducts, 

glomeruli, loop of Henle, podocytes, mesangial cells and proximal and distal tubular cells (Tam, 

2016). The expression and localization of the CB2 receptor in the kidney is less understood and 

remains controversial. Some reports were unable to detect its expression in human and rat renal 

tissues, while others reported expression in human and rat renal cortical tissue, specifically in 

podocytes, mesangial cells, and proximal tubule cells (Deutsch et al., 1997; Jenkin et al., 2010; 

Larrinaga et al., 2010; Barutta et al., 2011; Silva et al., 2013). The discrepancy in findings may be 

attributed to the two splice variants of the CB2 receptor differing in their distribution in the kidney 

(Hryciw and McAinch, 2016). 

The kidney is unique in its higher basal concentrations of endocannabinoids and their 

biosynthetic and degrading enzymes. More specifically, the kidney is among a small number of 

tissues that are enriched with AEA (Long et al., 2011). While the cortex of the kidney contains 

similar concentrations of AEA and 2-AG, the medulla is reported to have more than two-fold 

higher concentrations of AEA than 2-AG. In agreement with this finding, the medulla contained 

lower expression levels of FAAH than the cortex (Ritter et al., 2012). The cellular localization that 

accounts for the higher concentrations of AEA is still being investigated. Cultured renal mesangial 

and endothelial cells were shown to synthesize and hydrolyze AEA, and in another study the 

presence of the biosynthetic and degradative enzymes for AEA was confirmed in renal proximal 

tubule cells (Deutsch et al., 1997; Sampaio et al., 2015). Altogether, these findings suggest AEA 

serves a unique functional role in the kidney and in particular the renal medulla.  

As mentioned earlier, the most important role of the kidney is the regulation of salt and 

water homeostasis, and this is essential in the long-term control of arterial blood pressure. Many 
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years of research of the kidney and the endocannabinoid system provide evidence that AEA has 

the capacity to regulate the mechanisms of salt and water balance. AEA is a known vasodilator of 

arteries and arterioles, a mechanism mediated by the CB1 receptor (Randall et al., 2004). In vitro 

studies reported that exogenously administered AEA had the ability to vasodilate juxtamedullary 

afferent arterioles and stimulate the release of nitric oxide (NO) by renal endothelial cells (Deutsch 

et al., 1997). These effects were blocked by both a NO synthase inhibitor and a CB1 receptor 

antagonist. Another study showed that in rats receiving AEA intraarterially, total renal blood flow 

increased and glomerular filtration rate (GFR) decreased, and these effects were completely 

blocked by the CB1 receptor antagonists AM281 and AM251 (Koura et al., 2004). Intramedullary 

infusion of a stable analog of AEA, methanandamide, in anesthetized rats increased the urine 

excretion rate and decreased mean arterial blood pressure without changing the sodium excretion 

rate (Li and Wang, 2006). Reports from our laboratory have shown intramedullary infusion of 

AEA in anesthetized mice stimulated urine and sodium excretion rate (Ritter et al., 2012). The 

effect of AEA on renal circulation has also been evaluated since medullary circulation is 

considered to have an important influence on the control of sodium excretion and blood pressure. 

Li and Wang also showed that intramedullary methanandamide administration had no effect on 

either renal cortical or medullary blood flow. This is in agreement with data showing that 

intramedullary infusion of AEA had no effect on renal medullary blood flow (Ritter, J.K., 

unpublished data).  

 The reabsorption of sodium and water is an important renal tubular excretory function in 

maintaining homeostasis, and it has been shown that this can be altered by the endocannabinoid 

system. In 1977, the well-known CB1 receptor agonist Δ-9 tetrahydrocannabinol, the main 

psychoactive ingredient of marijuana, increased urine output which was accompanied by increased 
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sodium and potassium excretion after oral administration in rats (Sofia et al., 1977). Furthermore, 

the CB1 receptor agonist AM2389 elicited a stronger diuretic effect over the non-selective agonists 

THC and AM4054 (Paronis et al., 2013). In regard to AEA’s effect on tubular function, it was 

demonstrated that AEA can regulate sodium transport at the medullary thick ascending limb by 

stimulating NO production, resulting in blocking of the Na+/H+ transporter and NKCC2 

cotransporter activity (Silva et al., 2013). Another study reported the Na+/K+-ATPase in proximal 

tubule cells activity was modulated by the CB1/CB2 agonist WIN55,2112-2 (Sampaio et al., 2015).  

 The endocannabinoid system has also been implicated to play a sympathoinhibitory role in 

the modulation of sympathetic neurotransmission. Shortly after the discovery of AEA, Varga et 

al. studied the effects on blood pressure and discovered a prolonged depressor response to an 

intravenous bolus of AEA in anesthetized rats (Varga et al., 1996). This response was dose-

dependently inhibited by a CB1 receptor antagonist and by a blockade of α-adrenergic receptors 

by phentolamine, suggesting the depressor response was due to inhibition of sympathetic tone 

mediated by CB1 receptors (Varga et al., 1995). In addition, the effect was shown to be dependent 

on basal sympathetic tone, as it did not occur in conscious normotensive rats, which lack 

significant basal tone (Lake et al., 1997). Another study showed that when spontaneously 

hypertensive rats were treated with the FAAH inhibitor, AM3506, which increases AEA and other 

lipid ethanolamides, blood pressure and cardiac contractility decreased to normal levels 

(Godlewski et al., 2010). Overall, these findings highlight the importance of the endocannabinoid 

system in mediating renal hemodynamics and neuroregulation of cardiovascular functions.  
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2.3 The ‘endocannabinoid-related’ lipid palmitoylethanolamide  

In addition to AEA, there are other endogenous fatty acid derivatives that are present at 

high concentrations in the kidney, most notably palmitoylethanolamide (PEA) (Long et al., 2011). 

This lipid ethanolamide is actually present in much higher concentrations that AEA (~10-fold), 

and similar to AEA, is more concentrated in the medulla compared to the cortex (4.6-fold) (Ritter 

et al., 2012). It has also been reported that PEA concentrations are significantly increased in kidney 

tissue of homozygous FAAH knockout mice and of C57BL/6J mice treated with the FAAH 

inhibitor PF-3845 (Ozalp and Barroso, 2009; Long et al., 2011). These data support the hypothesis 

of an important role of PEA in the kidney, which is not fully understood. 

Like the endocannabinoids, the production of PEA is proposed to occur through on-demand 

synthesis within the lipid bilayer, though the physiological stimuli that regulate PEA 

concentrations are largely unknown (Schmid et al., 1990; Cadas et al., 1997). However, this is a 

topic of debate since PEA concentrations are considerably higher than those of AEA, suggesting 

a tonic production. In addition, many pro-inflammatory stimuli dampen the production of PEA 

while triggering AEA formation in the same cell (Solorzano et al., 2009; Zhu et al., 2011a). 

Nevertheless, biosynthesis of PEA occurs through similar pathways as AEA, with the formation 

of N-palmitoylphosphotidylethanolamine and the subsequent hydrolysis by NAPE-PLD. PEA is 

hydrolyzed by FAAH and NAE-hydrolyzing acid amidase (NAAA) to form palmitic acid and 

ethanolamine (Fig. 3) (Piomelli and Sasso, 2014). 

PEA was first isolated in 1957 from soy lecithin, peanut meal, and egg yolk and was shown 

to possess anti-inflammatory properties (Kuehl et al., 1957). In the 1970s PEA was temporarily 

formulated as tablets under the brand name Impulsin® in former Czechoslavakia for its 

immunosupportive effects in respiratory disorders and influenza (Masek et al., 1974). Further 
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studies supported the anti-inflammatory actions of PEA in several animal models. However, the 

mechanism of action was unknown (Benvenuti et al., 1968; Perlik et al., 1973; Lackovic et al., 

1977; Lackovic et al., 1978). Furthermore, one study discovered the presence of PEA in various 

tissues, but its role remained a mystery (Bachur et al., 1965). However, these findings remained 

largely unnoticed until the work by Rita Levi-Montalcini in the early 1990s. In her 1993 paper, 

Levi-Montalcini presented evidence that PEA is capable of modulating mast cell activation in vivo. 

She referred to PEA as ‘ALIAmide’ based on the findings that the compound reduced mast cell 

granulation, a part of local autacoid regulatory effect (‘ALIA’ for ‘autacoid local inflammation 

antagonist’) (Aloe et al., 1993). This was the first insight into PEA’s pharmacologic activities. 

This revival of interest in PEA coincided with the discovery of the endocannabinoid 

system, and many researchers were determined to find a connection between the system and the 

“endocannabinoid-related” compound. In his 1992 paper reporting the isolation of AEA, Devane 

did not classify PEA as an endocannabinoid since his work showed PEA had no affinity for the 

CB1 receptor (Devane et al., 1992), However, in 1995, one group suggested AEA and PEA shared 

activity at the CB2 receptor based on the finding that PEA could replace the binding of the CB 

agonist WIN55, 2112-2 on white blood cells and mast cells. They concluded that some of the 

properties of PEA were due to interactions with CB2 receptors on mast cells (Facci et al., 1995). 

Subsequent studies could not replicate these findings, as many tried but failed to show affinity of 

PEA for the CB2 receptor (Showalter et al., 1996; Lambert et al., 1999; Sugiura et al., 2000). A 

putative non-cannabinoid receptor was proposed to explain the lack of PEA binding in CB1-CB2-

transfected cells, but no receptor for PEA could be identified (Lambert and Di Marzo, 1999).  

After it became clear that PEA did not bind to the cannabinoid receptors, a new hypothesis 

emerged for its effects. This was called the “entourage effect,” and stated that PEA exerts its 
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actions by potentiation of endocannabinoid actions by reducing the enzymatic degradation of AEA 

by competition for FAAH, resulting in higher AEA concentrations, which in turn can result in 

various effects (Ben-Shabat et al., 1998; Lambert and Di Marzo, 1999; Di Marzo et al., 2001; 

Smart et al., 2002; Ho et al., 2008). This hypothesis was supported by the finding that many 

actions, mostly its analgesic actions, of PEA were inhibited by the CB2 receptor antagonist 

SR144528 (Calignano et al., 1998; Jaggar et al., 1998; Conti et al., 2002). In addition, in vitro and 

in vivo studies have shown the enhancement of endocannabinoid actions by PEA (Ho et al., 2008; 

García et al., 2009).  

Though the basis of these observations still remain a mystery, further studies have shown 

PEA to interact with different receptors and non-receptor targets, so it remains a possibility that 

its ultimate biological actions are a result of combined-target actions. PEA has been referred to as 

a “promiscuous” molecule, as it has been demonstrated to possess a broad spectrum of activities, 

including interactions with peroxisome proliferator activated receptors α/γ/ (PPAR), TRPV1, G-

coupled protein receptors GPR55 and 119, ATP-sensitive K+ channels, and Ca2+-activated K+ 

channels (Overton et al., 2006; Alexander and Kendall, 2007; Ryberg et al., 2007; Costa et al., 

2008; de Novellis et al., 2012; Romero and Duarte, 2012; Syed et al., 2012; Ambrosino et al., 

2013) (Fig. 3).  

The anti-inflammatory and analgesic effects of PEA has been expounded on as well as the 

extension of PEA to be effective in treating chronic pain and exerting neuroprotective effects in 

the brain and spinal cord after trauma or stroke (LoVerme et al., 2005; Esposito et al., 2011; 

Paterniti et al., 2013). Recent studies have also shown PEA’s capacity to modulate processes in 

peripheral tissues as well. PEA treatment reduced blood pressure in spontaneously hypertensive 

rats while increasing urine output and limited kidney damage secondary to high perfusion pressure 
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(Mattace Raso et al., 2013; Mattace Raso et al., 2015). Clearly, PEA shows a complex 

pharmacological and biological profile that has the potential to be an important signaling molecule 

in a variety of disease states.  

 

 
Figure 3. Metabolic pathways and molecular targets of palmitoylethanolamide (PEA). (A) PEA is 

biosynthesized from a membrane phospholipid, N‐palmitoylphosphatidylethanolamine (NPPE) through the 

direct hydrolysis by NAPE‐PLD. PEA can be then degraded to palmitic acid and ethanolamine by either 

FAAH or NAAA. (B) PEA can directly activate PPAR‐α/γ/δ, GPR55, or GPR119. (C) PEA can indirectly 

activate CB1 or CB2 receptors and TRPV1 channels by increasing the endogenous levels of AEA and 2‐AG 

through competition for FAAH (entourage effect). (D) PEA may also activate TRPV1 channels via PPAR‐
α. FAAH, fatty acid amide hydrolase; NAAA, NAE-hydrolyzing acid amidase; NAT, N‐acyl‐transferase. 

Adapted from Petrosino et al. 2017 
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Rationale and hypothesis 

 The significance of the current research was to investigate the mechanisms underlying the 

antihypertensive action of the renal medulla in response to elevated arterial blood pressure. 

Hypertension is a critical public health issue worldwide, and in the United States, it is the leading 

cause of heart disease, stroke, and kidney failure, contributing to more than 1,100 deaths per day. 

(Mozaffarian et al., 2015; Yoon et al., 2015). According to the Centers for Disease Control and 

Prevention, about 1 in 3 adults in the U.S. have high blood pressure and only about half have their 

high blood pressure under control with medication and life-style changes. Nearly 1 of 3 adults in 

the U.S. are pre-hypertensive, with the prevalence increasing with age (Merai et al., 2016). The 

total socioeconomic cost of hypertension is estimated at $51 billion each year, which includes the 

cost of health care services, medications to treat hypertension, and missed days of work 

(Mozaffarian et al., 2015).  

 The renal medulla is proposed to be critical for the long-term control of body fluid and 

sodium balance and the regulation of arterial blood pressure. Though the pro-hypertensive system 

of the kidney, the renin-angiotensin system, is well established, the antihypertensive system of the 

kidney proposed by Muirhead is less understood. Muirhead described a feedback pressure control 

system operating from the renal medulla to down-regulate arterial blood pressure. He showed that 

a rise in blood pressure stimulated the secretion of a neutral lipid from the renal medulla that 

reduced blood pressure by inducing diuresis and natriuresis, and vasodepression (Muirhead et al., 

1976; Muirhead, 1991; Folkow, 2007). He was able to determine this neutral antihypertensive lipid 

originated from the interstitial cells of the renal medulla and termed this lipid “medullipin.” 

Although much research has been published on medullipin, its identity still remains unknown. 

Consequently, the pursuit for neutral lipids that originate from the renal medulla and serve as 
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antihypertensive regulators continues.  

 This project was focused on determining whether the lipid ethanolamide 

palmitoylethanolamide (PEA) produced by renal medullary interstitial cells correspond to or have 

similar characteristics to the neutral antihypertensive lipid proposed by Muirhead (Muirhead, 

1991). PEA is an endogenous neutral lipid ethanolamide that is hydrolyzed by fatty acid amide 

hydrolase (FAAH). The renal medulla is unique in its high concentration of PEA, along with 

unique expression pattern of FAAH, suggesting an important role of PEA in the kidney (Long et 

al., 2011). Recently, FAAH inhibitors have been of interest to a wide variety of research areas. 

Inhibition of FAAH has been found to be a therapeutic target in the DOCA-salt chronic model 

(Biernacki et al., 2016; Biernacki et al., 2017). Recently we reported that exogenous 

intramedullary administration of a dual inhibitor of FAAH and MAGL, isopropyl 

dodecylfluorophosphonate (IDFP), resulted in augmented diuretic and natriuretic effects without 

changing mean arterial pressure (MAP) in C57BL/6 mice (Ahmad et al., 2017). Most recently we 

demonstrated that intramedullary administration of a selective FAAH inhibitor, PF-3845, 

produced a decrease in MAP and an increase in urine excretion (UV) in C57BL/6 mice (Ahmad et 

al., 2018) These data suggest that inhibition of FAAH in the renal medulla leads to both a 

diuretic/natriuretic and blood pressure-lowering response mediated by increased lipid 

ethanolamides. However, our lab has shown that intramedullary infusion of AEA resulted in 

diuretic and natriuretic effects, but no effect on mean arterial pressure in C57BL/6 mice (Ritter et 

al., 2012). Therefore, it is possible that the blood pressure-lowering effect and increase in UV seen 

with administration of PF-3845 is not due to increased AEA concentrations, but rather increased 

PEA concentrations in the kidney.  
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Currently, there is little literature on the possible role of PEA in the kidney in the regulation 

of blood pressure. Investigating the role of PEA as a possible medullary antihypertensive lipid and 

understanding its mechanisms will contribute to knowledge needed for the development of 

improved approaches for treatment or prevention of hypertension by enhancing the endogenous 

antihypertensive mechanism of the kidney. Therefore, this project investigated the production and 

regulation of PEA from renal medullary interstitial cells and its possible role in blood pressure 

regulation.  

 

Chemical inhibition of FAAH in the renal medulla 

 The first subset of studies tested whether increasing endogenous lipid ethanolamide 

concentrations can result in antihypertensive actions such as diuresis-natriuresis, decrease in mean 

arterial pressure (MAP), and an increase in medullary blood flow. Our laboratory has demonstrated 

FAAH knockout mice are less sensitive to hypertension induced by chronic angiotensin 

administration (Ritter, J.K., unpublished data). These observations suggest FAAH inhibitors have 

potential as antihypertensive agents and to elucidate endogenous antihypertensive compounds. 

The FAAH specific inhibitor, PF-3845, was administered to mice and its effect on renal function 

and blood pressure was determined.  

 

Effects of PEA administration on renal function and mean arterial pressure  

 The second set of studies investigated the potential of PEA to serve as neutral lipid 

antihypertensive compound in the kidney. Since it is reported that intramedullary administration 

of AEA does not affect MAP, the decrease in MAP observed with administration of the selective 

FAAH inhibitor PF-3845 is hypothesized to be due to an increase in PEA in the renal medulla and 
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not AEA. The effects of administration of exogenous PEA on MAP and renal function was 

determined in normotensive animals. The ability of PEA to counteract increased blood pressure in 

a chronic hypertension model by exerting antihypertensive actions of inducing diuresis- 

natriuresis, increasing medullary blood flow and decreasing MAP were also evaluated. 

 

PEA regulation by renal medullary interstitial cells 

 The last set of experiments studied the cellular mechanism of the antihypertensive system 

of the kidney in renal medullary interstitial cells cultured from mice. Muirhead and others have 

postulated that renal medullary interstitial cells (RMICs) are the source of the neutral 

antihypertensive lipid he termed medullipin. The cells’ association with the thin loops of Henle 

and the vasa recta in the medulla indicate they may be able to regulate tubular functions in response 

to altered medullary blood flow. Experiments showing that transplantation of renal medullary 

interstitial cells decreased pressure in hypertensive animal models further support the hypothesis 

that RMICs contain an antihypertensive compound. RMICs are also characterized by numerous 

lipid droplets in the cytoplasm (Muirhead et al., 1976). It has been reported that AEA is stored in 

lipid droplets, and it is hypothesized that PEA is also stored in the lipid droplets of RMICs (Oddi 

et al., 2008). RMICs were cultured from mice and the production of PEA by the mouse medullary 

interstitial cells (MMICs) were evaluated using pharmacological and physiological stimuli.  
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Chapter 3: Modulation of mean arterial pressure and diuresis by infusion of a 

selective inhibitor of fatty acid amide hydrolase in anesthetized mice 
 

3.1 Introduction 

The kidneys play a vital role in the long-term regulation of blood pressure by control of 

body fluid volume and electrolytes. Thus, it is not surprising that disorders affecting the kidney or 

renal vasculature commonly lead to secondary form of hypertension (Wadei and Textor, 2012).  

Kidneys modulate pressure and diuresis through multiple systems including the renin-angiotensin 

system (Wakui et al., 2015), the sympathetic nervous system (Buckley and Johns, 2011), the 

endocannabinoid (EC) system (Ahmad et al., 2017), and a possible antihypertensive system 

(Gothberg, 1994).  The roles of the EC system have been well studied in gastrointestinal tract 

disorders (Wasilewski et al., 2017), peripheral neuropathic pain management (O'Hearn et al., 

2017), immunoregulatory role in infectious diseases (Hernández-Cervantes et al., 2017)  and brain 

(Stopponi et al., 2018).  However, little is known about specific mechanisms of EC and 

endocannabinoid-related regulation of renal functions and its role in hypertension. 

The EC system consists of the two main cannabinoid receptor agonists, anandamide (AEA) 

and 2-arachidonylglycerol (2-AG), their hydrolyzing enzymes, fatty acid amide hydrolase (FAAH) 

and monoacylglycerol lipase (MAGL), and the cannabinoid receptors, CB1 and CB2. AEA is 

synthesized mostly by release from N-arachidonoyl phosphatidylethanolamine, mediated by N-

arachidonoyl phosphatidylethanolamine-specific phospholipase D, and its agonist effect on CB 

receptors is controlled by FAAH-mediated metabolism to arachidonic acid and ethanolamine 

(Munro et al., 1993). FAAH is also responsible for hydrolysis of other abundant lipid 

ethanolamides including palmitoylethanolamide (PEA) and oleoylethanolamide (OEA). In 

contrast, 2-AG is synthesized from membrane phospholipids by phospholipase C, β, and 

diacylglycerol lipase (DAGL), and it undergoes hydrolysis by MAGL to form arachidonic acid 



36 

 

and glycerol (Fowler, 2013). Both EC agonists, AEA and 2-AG, have been a subject of great 

interest due to their capacities to activate cannabinoid receptors (De Petrocellis and Di Marzo, 

2009).   

In the cardiovascular system, AEA is reported to have a vasodepressor activity and to cause 

bradycardia by inhibition of the baroreceptor reflex and sympathetic tone (Varga et al., 1995). In 

the kidney, intramedullary infusion of AEA was reported by our laboratory to stimulate diuretic 

and natriuretic effects with little or no effect on mean arterial pressure (MAP) in C57BL/6J mice 

(Ritter et al., 2012). It has been observed that increasing the tissue concentrations of AEA by 

pharmacological inhibition or genetic ablation of FAAH resulted in augmented hypotensive action 

of exogenous AEA (Pacher et al., 2005). It can be assumed that inhibiting the EC-hydrolyzing 

enzymes may produce similar effects as exogenous administration of ECs. There has been much 

interest in FAAH as a therapeutic target in the treatment of pain and central nervous system 

disorders (Ahn et al., 2009a), inflammation and pain (Ahn et al., 2009b), and hypertension 

(Baranowska-Kuczko et al., 2016; Biernacki et al., 2017).  More recently, we reported that 

administration of isopropyl dodecylfluorophosphonate (IDFP), a potent inhibitor of both FAAH 

and MAGL, into the renal medulla of C57BL/6J mice, stimulated diuresis and natriuresis 

accompanied by increased MBF but did not affect MAP (Ahmad et al., 2017).   

These observations led us to test the effect of a FAAH-selective inhibitor infused into the 

renal medulla. For this purpose, we used PF-3845 (N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-

pyridinyl]oxy]phenyl]methyl]-1-piperidine carboxamide), a highly selective FAAH inhibitor (Ahn 

et al., 2009b), and evaluated its effects on MAP, medullary blood flow (MBF) and urine excretion 

rate (UV) after intramedullary or intravenous infusion. To determine the role of FAAH in the 

mechanism of PF-3845 effects, the responses were also evaluated in mice carrying homozygous 
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knockout (KO) mutations in the FAAH gene (FAAH KO mice). We also tested the hypotheses 

that the responses produced by PF-3845 were mediated through cannabinoid receptors. For this 

purpose, the effects of PF-3845 were also assessed after pretreatment with rimonabant 

(SR141716), a CB1 receptor antagonist. To correlate any observed functional changes elicited by 

PF-3845, the concentrations of 2-AG, AEA, and related lipid ethanolamides PEA and OEA, were 

measured in kidney tissue and plasma after intramedullary infusion of PF-3845. 

 

3.2 Materials and Methods 

 

Reagents 

Phenylmethanesulfonyl fluoride (PMSF), rimonabant, 2-AG, AEA, PEA, and OEA and 

their deuterated internal standards (2-AG-d5, AEA-d8, PEA-d4, and OEA-d4) were purchased from 

Cayman Chemical (Ann Arbor, MI). PF-3845 was purchased from Apex BioTech (San Jose, CA). 

Ammonium acetate, formic acid, sodium chloride, chloroform, HPLC grade methanol, HPLC 

grade acetonitrile and HPLC grade water were purchased from Fisher Scientific (Hanover Park, 

IL). Medical grade nitrogen was purchased from Airgas (Richmond, VA). All other reagents for 

in vivo use were of the highest grade available.   

 

Animals 

Two- to four -month old male and female C57BL/6 mice were obtained from Jackson 

Laboratory (Bar Harbor, ME) while male and female FAAH KO (homozygous gene knockout) 

mice were from colonies maintained at Virginia Commonwealth University by Dr. Aron Lichtman. 

The FAAH KO mice were maintained by backcrossing onto a C57BL/6 background for 20 

generations (Wise et al., 2008). All mice used in experiments weighed 25-35 g and were housed 
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4-5 per cage in a temperature- (20-22C) and humidity-controlled (50-55%) facility with a 12/12 

h light/dark cycle and ad libitum food and water. All animal protocols were approved by the 

Institutional Animal Care and Use Committee of Virginia Commonwealth University and were in 

concordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. 

 

Acute surgical preparation 

Mice were prepared for acute renal function studies as described (Ahmad et al., 2017). 

Briefly, anesthesia was induced by intraperitoneal administration of ketamine (Ketathesia™, 100 

mg/kg, Harry Schein Animal Health, Dublin, OH) and thiobutabarbital (Inactin™, 75 mg/kg, 

Sigma Chemical Co., St. Louis, MO). The body temperature of the mice was maintained by placing 

them on a surgical table that was thermally stable at 37°C. A tracheotomy was performed to 

facilitate breathing which was followed by cannulation of the left carotid artery with a blood 

pressure probe for continuous monitoring of blood pressure and of the right jugular vein for 

constant rate infusion of vehicle and vehicle containing drugs into the systemic circulation. The 

blood pressure probe was attached to a pressure transducer connected to a data acquisition system 

(Windaq, DATAQ Instruments, Akron, OH).  

The infusion of drugs into the renal medulla was through a catheter with a tapered tip (2.5 

mm in length) inserted into the outer medulla from the dorsal side of the right kidney and anchored 

on the surface of the kidney using VetBond tissue adhesive (3M Co., Minneapolis, MN) as 

described (Li et al., 2005; Zhu et al., 2011b; Ritter et al., 2012). The infusion solution contained 

phosphate-buffered saline (205 mM NaCl, 40.5 mM Na2HPO4, and 9.5 mM NaH2PO4 (pH 7.4, 

610 mOsM) and 10% ethanol at a rate of 2 μL/min. The left kidney ureter was ligated and cut 
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proximal to the kidney. The bladder was cannulated to enable the collection of urine into pre-

weighed tubes for gravimetric determination of UV. Urine sodium and potassium concentrations 

were measured by flame photometry to permit determination of the urinary sodium (UNa) and 

potassium (UK) excretion rates. All urinary parameters were calculated on a per gram kidney 

weight (g kwt) basis. Mice were infused through the jugular vein with a vehicle containing 0.9% 

NaCl solution and 2% bovine serum albumin at the rate of 5 μL/min/25 g body weight to maintain 

fluid homeostasis in the body. MBF was measured using a laser Doppler flow probe (OxyFlo 

Probe, MNP 100XP, Oxford, UK) placed on the lower lateral surface of the kidney. After a 1 hr 

equilibration period and establishment of a stable baseline, urine was collected every 10 min during 

the experimental period. The two 10 minute samples collected immediately prior to the start of 

drug treatments, representing the pre-treatment control periods, were designated C1 and C2. PF-

3845 was administered into the renal medulla in the infusion solution at rates of 3.75, 7.5, 15 and 

30 nmol/min/kg for 30 min at each dose. The first 10 min average of the values between 10 and 

30 min equilibration period was used to calculate. The effects of rimonabant (3mg/kg, i.p. bolus) 

and celecoxib (15mg/kg, i.v.) on the responses to PF-3845 were determined using the same 

strategy. Sham control mice were treated identically to drug-treated mice except that they received 

intravenous and intramedullary vehicle solutions only for the entire experimental duration. At the 

termination of the experiment, blood was drawn from the carotid artery into a heparinized tube 

and centrifuged. The plasma and the right and left kidneys were collected, weighed, and stored at 

-80C for later analyses. The position of the medullary catheter was confirmed after sagittal 

sectioning of the right kidney.   
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Kidney tissue and plasma analysis of 2-AG, AEA, OEA, and PEA by ultra-high performance liquid 

chromatography-tandem mass spectrometry (UPLC-MS/MS)  

Internal standard solution (10 µL) containing 10 ng each of AEA-d8, PEA-d4, and OEA-d4 

and 100 ng 2-AG-d5 was added to each plasma (100 µL), kidney tissue (90-100 mg) or calibrator 

samples. 1 mM PMSF was added to all samples. Chloroform: methanol (3 mL of 2:1 (v/v)) and 

aqueous sodium chloride (200 µL) of 0.73% were added to all samples and calibrators. The tissue 

samples were then homogenized for 30 sec using a Brinkmann Polytron® PT 3000 homogenizer 

and centrifuged at 3500 rpm for 5 min. Plasma samples and calibrators were mixed for 5 min then 

centrifuged at 3500 rpm for 5 min. The organic phases were collected and the aqueous phases were 

extracted twice more with chloroform (1 mL). The organic phases were combined and evaporated 

to dryness under nitrogen, reconstituted in 100 µL 60:40 water: acetonitrile and placed in 

autosampler vials for UPLC-MS/MS analysis.  

The UPLC-MS/MS analysis was performed on a Sciex 6500+ QTRAP system with an 

IonDrive Turbo V source for TurbolonSpray® (Ontario, Canada) attached to a Shimadzu Nexera 

X2 UPLC system (Kyoto, Japan) controlled by Analyst 1.6.3 software (Ontario, Canada). 

Chromatographic separation was performed on a Discovery® HS C18 Column 15cm x 2.1mm, 

3µm (Supelco: Bellefonte, PA) kept at 40°C and 2 µL of sample was injected. The mobile phase 

consisted of A: water with 1 g/L ammonium acetate and 0.1% formic acid and B: acetonitrile. The 

following gradient was used: 0.0 to 2.4 minutes at 40% B, 2.5 to 6.0 minutes at 60% B, hold for 

2.1 minutes at 60% B, then 8.1 to 9 min 100% B, hold at 100% B for 3.1 min and return to 40% B 

at 12.1 min. The flow rate was 1.0 mL/min and total run time was 14 minutes. The acquisition 

mode used was Multiple Reaction Monitoring (MRM). The transition ions (m/z), deprotonation 

potentials (V), and corresponding collision energies (V) for all of the compounds can be found in 
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Table 1. A calibration curve was constructed for the assay by linear regression using the peak area 

ratios of the calibrators and internal standards. The standard curve ranged from 1-100 ng for AEA, 

PEA, and OEA, and 10-1,000 ng for 2-AG. Calibration curves had a correlation (r2) of 0.9988 or 

better. 

 

Table 1. Multiple reaction monitoring (MRM) parameters for 2-AG, AEA, OEA, and PEA 

analysis by UPLC-MS/MS 

Compound 

Transition ions 

(m/z) DP  (V) CE (V) 

2-AG 379 > 287 45 26 

 379 > 269 45 28 

2-AG-d5 384 > 62 45 26 

AEA 348 > 62 26 13 

 348 > 91 26 60 

AEA-d8 356 > 62 26 13 

OEA 326 > 62 40 30 

 326 > 309 40 20 

OEA-d4 330 > 66 40 30 

PEA 300 > 62 31 28 

 300 > 283 31 19 

PEA-d4 304 > 62 31 28 

Deprotonation Potential = DP  Collision Energy = CE 
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Statistical Analyses 

Data are presented as the mean ± S.E.M. For multiple group comparisons, one- or two-way 

analysis of variance (ANOVA) was performed using a Tukey post-hoc test when significant 

differences were found, using the first pre-infusion control phase, C1, as the control. For cross 

group comparisons of intramedullary PF-3845 treatment alone to intramedullary PF-3845 

treatment after rimonabant pretreatment, one way ANOVA was performed using a Fisher’s LSD 

post-hoc test. Data were considered statistically significant when p ≤ 0.05.  

 

3.3 Results  

 

3.3.1 PF-3845 administration stimulates diuresis-natriuresis and lowers mean arterial 

pressure in C57BL/6J mice  

 

Effects of intramedullary and intravenous infusions of PF-3845 on MAP and UV in C57BL/6J 

mice 

The effect of PF-3845 infusion into the right renal medulla of C57BL6/J mice on MAP and 

UV are presented in Figs. 4A and 4B. The baseline MAP of C57BL/6J mice during the pre-

treatment control phases, C1 and C2, was 112 and 116 mmHg, respectively. Although 

intramedullary (i.med.) infusion of PF-3845 at increasing sequential doses of 3.75, 7.5, 15 and 30 

nmol/min/kg did not significantly decrease MAP, a downward trend in MAP that was dose-

dependent was evident. MAP further declined during the post-treatment control phases, P1 and P2, 

to 82 and 79 mmHg, respectively, which were significantly lower compared to the C1 pre-

treatment control phase (p < 0.05). The baseline rate of urine formation in C57BL/6J mice was 11 

and 12 µl/min/g kwt for the C1 and C2 control phases, respectively. Intramedullary infusion of 
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PF-3845 increased UV (p < 0.05) to 22 and 28 µl/min/g kwt at the two highest dose rates, 15 and 

30 nmol/min/kg, respectively, compared to the C1 phase. During the post-treatment phases, UV 

remained significantly elevated at P1 (p < 0.05) but not P2. There were no significant changes in 

either MAP or UV of sham-treated control C57BL/6J mice, which received only vehicle infusion 

during the entire experimental period.   

For comparison, the effects of intravenous (i.v.) PF-3845 on MAP and UV at the same dose 

rates were determined (Fig. 4C and 4D). The baseline MAP of C57BL/6J mice during the C1 and 

C2 control phases was 116 and 113 mm Hg, respectively, while intravenous administration of PF-

3845 dropped MAP significantly (p < 0.05) by 20, 22 and 25 mmHg at 7.5, 15, and 30 nmol/kg/min 

doses, respectively, relative to C1. MAP declined further during the post-treatment phases, 35 and 

38 mm Hg for P1 and P2. In contrast, intravenous PF-3845 significantly increased UV from 11 

and 12 µl/min/g kwt  for C1 and C2 to 21 and 28 µl/min/g kwt at the two highest doses (p < 0.05). 

The peak increase in UV (35 µl/min/g kwt) was reached during the P1 post-treatment phase, 

declining during P2.  
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Figure 4. The effects of intramedullary and intravenous infusion of PF-3845 on MAP and UV in C57BL/6J 

mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, 15, and 30 indicate dose rates for PF-3845 

infusion (in nmol⋅kg−1⋅min−1) and post-treatment control infusion periods (P). Data represent the mean ± 

the standard error of each group. *Significant difference vs. the C1 control group (p < 0.05; n = 5–7 per 

group). kwt, kidney weight; MAP, mean arterial pressure; PF, PF-3845; N-3-pyridinyl-4-[[3-[[5-

(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidine carboxamide; UV, urine formation rate; n, 

sample size. 

 

 

Effects of intramedullary and intravenous infusion of PF-3845 on urinary sodium and potassium 

excretion rates and medullary blood flow in C57BL/6J mice. 

Intramedullary infusion of PF-3845 into the medulla of the right kidney produced 

significant elevations in both urinary sodium and potassium excretion rate (1.2 and 2.2 µmol/min/g 

kwt at 30 nmol/min/kg, p < 0.05), in comparison with C1 (Figs. 5A and 5B). MBF was also 
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increased (p < 0.05), but the effect was significant after administration of 7.5, 15 and 30 

nmol/min/kg. MBF increased from 0.9 and 0.9 volts in C1 and C2 to 1.4, 1.5 and 1.8 volts at the 

three highest doses (Fig. 5C). Intravenous infusion of PF-3845 at increasing doses elevated urinary 

sodium excretion from 0.16 to 1.28 µmol/min/g kwt and potassium excretion from 0.32 to 1.45 

µmol/min/g kwt respectively at 30 nmol/min/kg vs. the C1 control phase (Fig. 5D and 5E). MBF 

increased significantly (p < 0.05) at the 7.5, 15 and 30 nmol/min/kg doses, respectively (Fig. 5F). 
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Figure 5. The effects of intramedullary and intravenous infusions of PF-3845 on UNa and UK and MBF in 

C57BL/6J mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, 15, and 30 indicate dose rates 

for PF-3845 infusion (in units of nmol⋅kg−1⋅min−1), and post-treatment control infusion periods (P). Data 

represent the mean ± the standard error of each group. *Significant difference vs. the respective C1 control 

group (p < 0.05; n = 5–7 for PF-3845 and n = 3 for Sham control). kwt, kidney weight; MBF, medullary 

blood flow; PF, PF-3845; N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-

piperidine carboxamide; UK, urine potassium excretion rate; UNa, urine sodium excretion rate; n, sample 

size. 
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Effects of intramedullary infusion of PF-3845 on 2-AG, AEA, OEA, and PEA concentrations in 

plasma and kidney tissue of C57BL/6J mice 

The concentrations of AEA, OEA, PEA, and 2-AG in kidney tissue and plasma of control 

and PF-3845-treated mice were determined by UPLC-MS/MS (Fig. 6). In C57BL/6J mice, AEA, 

PEA, and OEA were all significantly increased with intramedullary PF-3845 in kidney tissue (p < 

0.05) (Fig. 6A). In contrast, AEA, PEA, and OEA were decreased in the plasma of intramedullary-

PEA treated mice, but this decrease was not significant (Fig. 6B). 2-AG was significantly increased 

in the plasma by intramedullary PF-3845 (p < 0.05) (Fig. 6B). 

 

 

Figure 6. Anandamide (AEA), palmitoylethanolamide (PEA), oleoylethanolamide (OEA), and 2- 

arachidonylglycerol (2-AG) concentrations in kidney tissue and plasma of sham control and intramedullary 

PF-3845-infused C57BL/6J mice. Data represent the mean ± the standard error of each group. * Significant 

difference vs the sham control group (p < 0.05; n = 5-6 per group) in an unpaired, two-tailed t-test. PF;,N-

3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidine carboxamide. 
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3.3.2 PF-3845 administration stimulates diuresis in FAAH KO mice 

 

Effects of intramedullary and intravenous infusions of PF-3845 on MAP and UV in FAAH KO 

mice 

Corresponding experiments were conducted to characterize the effect of intramedullary 

and intravenous PF-3845 in FAAH KO mice (Figs. 7A-7D). The baseline MAP of FAAH KO 

mice following the 1 hr equilibration period was 95 and 96 mmHg during C1 and C2, respectively. 

Intramedullary infusion of PF-3845 did not significantly change MAP at any of the four doses 

tested or during the post-treatment phases (Fig. 7A). The baseline UV in FAAH KO mice prior to 

intramedullary PF-3845 infusion was 4 and 3 µl/min/g kwt for C1 and C2, respectively. 

Intramedullary administration of the lowest PF-3845 dose tested (3.75 nmol/min/kg) did not 

change UV. However, UV was significantly increased (p < 0.05) after the three highest doses (18, 

20 and 24 µl/min/g kwt after 7.5, 15 and 30 nmol/min/kg, respectively when compared to the C1 

phase (Fig. 7B). UV remained elevated during both post-treatment phases. There were no 

significant changes in either MAP or UV of sham-treated control FAAH KO mice, which received 

only vehicle infusion during the entire experimental period.   

In the experiment to assess intravenously administered PF-3845 on MAP in FAAH KO 

mice (Fig. 7C and 7D), the average MAP during the C1 and C2 control phases was 98 and 96 

mmHg, respectively. MAP was not significantly different from the C1 control group at any of the 

four intravenous PF-3845 doses tested (3.75, 7.5, 15 and 30 nmol/min/kg). Interestingly, a 

significant drop in MAP occurred in both post-treatment groups, P1 and P2: 80 and 77 mmHg, 

respectively (Fig. 7C). The baseline UV of FAAH KO mice measured prior to intravenous PF-

3845 was 4 and 2 µl/min/g kwt during C1 and C2, respectively. Whereas intravenous 

administration of PF-3845 at the lowest dose did not significantly increase UV, the 7.5, 15 and 30 
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nmol/min/kg groups were increased to 23, 23 and 26 respectively and this increase in UV was 

significant (all p < 0.05) compared to the C1 group. After shifting back to the vehicle, UV remained 

elevated during the P1 period but not P2. 

 

Figure 7. The effects of intramedullary and intravenous infusion of PF-3845 on MAP and UV in FAAH 

KO mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, 15, and 30 indicate dose rates for 

PF-3845 infusion (in nmol⋅kg−1⋅min−1) and post-treatment control infusion periods (P). Data represent the 

mean ± the standard error of each group. *Significant difference vs. the C1 control group (p < 0.05; n = 

5–7 per group). kwt, kidney weight; MAP, mean arterial pressure; PF, PF-3845; N-3-pyridinyl-4-[[3-[[5-

(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidine carboxamide; UV, urine formation rate; n, 

sample size. 

 

Effects of intramedullary infusion of PF-3845 on 2-AG, AEA, OEA, and PEA concentrations in 

plasma and kidney tissue of FAAH KO mice 

The concentrations of 2-AG, AEA, OEA, and PEA in kidney tissue and plasma of control 

and PF-3845-treated FAAH KO mice were determined by UPLC-MS/MS (Fig. 8). In FAAH KO 
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mice, AEA, PEA, and OEA were all significantly decreased with intramedullary PF-3845 in 

kidney tissue (p < 0.05) (Fig. 8A). AEA, PEA, and OEA were decreased in the plasma of 

intramedullary treated mice, but this decrease was not significant (Fig. 8B). 2-AG concentrations 

in kidney and plasma were not significantly affected by PF-3845 administration.  

 

 

Figure 8. Anandamide (AEA), palmitoylethanolamide (PEA), oleoylethanolamide (OEA), and 2-

arachidonylglycerol (2-AG) concentrations in kidney tissue and plasma of sham control and intramedullary 

PF-3845-infused FAAH KO mice. Data represent the mean ± the standard error of each group. * Significant 

difference vs the sham control group (p < 0.05; n = 5-6 per group) in an unpaired, two-tailed t-test. PF; N-

3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidine carboxamide. 
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3.3.3 PF-3845-induced diuresis and blood pressure-reducing effect is CB1 mediated  

 

Effects of a CB1 receptor antagonist on the blood pressure-lowering and diuresis stimulating 

responses to intramedullary PF-3845  

The baseline MAP of C57BL/6J mice prior to rimonabant treatment was 112 and 109 

mmHg during the C1 and C2 phases, respectively (Fig. 9A). Administration of rimonabant (3 

mg/kg, i.p.) decreased MAP significantly (p < 0.05) to 91 mmHg, compared to C1. MAP was not 

changed with subsequent intramedullary administration of PF-3845, compared to the rimonabant 

pretreatment group. MAP remained at 79, 81, 80 and 80mmHg at the 3.75, 7.5, 15 and 30 

nmol/min/kg dose rates. The baseline UV of the C57BL/6J mice was 15 and 16 µl/min/g kwt 

during C1 and C2, which was not significantly changed by the rimonabant pretreatment (Fig. 9B). 

PF-3845 subsequently administered into the medulla of the right kidney did not significantly 

stimulate diuresis at any dose rate. 
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Figure 9. The effects of rimonabant pretreatment on the MAP and UV responses to intramedullary infusion 

of PF-3845 in C57BL/6J mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, 15, and 30 

indicate dose rates for intramedullary PF-3845 infusion (nmol⋅kg−1⋅min−1). Period of rimonabant 

(SR141716A) pretreatment (Rmbt; 3 mg/kg, i.p.) and post-treatment control infusion periods (P). Data 

represent the mean ± the standard error of each group. *Significant difference vs. the respective C1 control 

group (p < 0.05; n = 5–7 per group). kwt, kidney weight; MAP, mean arterial pressure; PF, PF-3845, N-3-

pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidine carboxamide; Rmbt, 

rimonabant; UV, urine formation rate; n, sample size. 

 

3.4 Discussion 

The present study was designed to investigate the hypothesis that exogenous administration 

of a selective FAAH inhibitor into the right renal medulla would produce similar responses in UV 

and modulation of MAP as that of AEA. It also explored the hypothesis that EC receptors would 
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be required for PF-3845 to modulate UV and MAP. Lastly, the design also enabled us to examine 

possible interactions between the EC AEA and other lipid ethanolamides, by evaluating the effect 

of pharmacological inhibition of FAAH on AEA, PEA, and OEA concentrations in plasma and 

kidney tissue. The study resulted in several novel observations. Intramedullary and systemic 

infusions of PF-3845 increased urinary and salt excretion while decreasing MAP. The data also 

showed that the mechanism by which PF-3845 increased UV and decreased MAP was dependent 

on CB1, effects that were accompanied by elevated kidney and decreased plasma concentrations 

of AEA, PEA, and OEA. Lastly, the MAP-reducing effect of PF-3845 was not observed in FAAH 

KO mice, but diuresis was still stimulated.     

Intramedullary infusion of PF-3845 in C57BL/6J mice resulted in increased urinary 

excretion (Fig. 4B), and the analytical data showed that this effect was accompanied by elevated 

kidney concentrations of AEA, PEA, and OEA. (Fig. 7A). These data are consistent with earlier 

data from our laboratory (Ritter et al., 2012) and others (Li and Wang, 2006) showing that infusion 

of exogenous AEA into the renal medulla elicits a diuretic effect (Li and Wang, 2006; Ritter et al., 

2012).  The current study extends this by showing that elevation of endogenous AEA in the kidney, 

along with PEA and OEA, in response to FAAH inhibition can produce the diuretic effect as well. 

Interestingly, intramedullary PF-3845 decreased plasma concentrations of AEA, PEA and OEA. 

This may be due to the time of plasma collection. The post-treatment time period might have 

allowed for lipid ethanolamide reuptake by tissues, since it has been reported that PEA and AEA 

uptake can occur rapidly (Bisogno et al., 1997; Glaser et al., 2005). FAAH is highly expressed in 

kidney relative to most tissues (Long et al., 2011), and in the kidney, it is most highly expressed 

in renal tubular cells (Ritter et al., 2012). Our recent observation that an inhibitor of both FAAH 

and MAGL, isopropyl dodecylfluorophosphonate (IDFP), was an effective stimulator of diuresis 
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(Ahmad et al., 2017) led us to evaluate a highly selective FAAH inhibitor. The present study found 

that the diuretic action of PF-3845 is CB1-dependent (Fig. 6B) in C57BL/6J mice. The finding of 

CB1-dependence agrees with other studies reporting diuretic effects of CB1 receptor agonists 

(Chopda et al., 2013; Paronis et al., 2013), but it appears contrary to the data of Li and Wang 

(2006), who found that the diuretic effect of intramedullary methanandamide, a longer-lasting 

derivative of AEA, was insensitive to CB1 blockade (Li and Wang, 2006).   

Treatment of C57BL/6J mice with PF-3845 resulted in increased urinary excretion of both 

sodium and potassium. These effects were observed after either intramedullary or intravenous 

administration of the drug and they were accompanied by increased MBF (Fig. 5C and 5D). These 

data support a role of increased MBF in the diuretic mechanism of PF-3845. A washing out of the 

hyperosmotic environment of the renal medulla is consistent with decreased capacity to reabsorb 

sodium and fluid from the urinary filtrate. These data have similarity to those described for 

intramedullary infusion of the FAAH and MAGL inhibitor, IDFP, including stimulated diuresis, 

salt excretion and MBF (Ahmad et al., 2017). The data in the current study support that inhibition 

of FAAH may account for the reported effects of IDFP. The mechanism of increased MBF by 

intramedullary PF-3845 in C57BL/6J may be attributed to an action of AEA or PEA to produce 

medullary nitric oxide which increases MBF (Rajapakse and Mattson, 2011).       

Another interesting finding of this study was the drop in MAP after intramedullary or 

intravenous infusion of PF-3845 in C57BL/6J mice (Figs. 4A and 4C). Similar to the diuretic 

effect, this MAP-reducing effect in C57BL/6J mice appears to be mediated by CB1 receptors, 

based on its blockade by pretreatment with rimonabant. The mechanism of the reduced MAP after 

PF-3845 treatment remains to be determined, but there are several possibilities. The first is that it 

may be related to the ongoing loss of effective blood volume secondary to increased diuresis and 
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salt excretion. However, the observation that acute intramedullary AEA (Ritter et al., 2012) has 

apparent similar diuresis-inducing capacity in the absence of any changes in MAP argues against 

this possibility. The MAP-lowering effect could be mediated by a substance entering the 

circulation from the kidney after PF-3845 treatment to lower systemic resistance by an action on 

the peripheral vasculature. AEA has well known vasodepressor properties mediated by CB1 

receptors (Varga et al., 1995).  However, its plasma level was not found to be altered by 

intramedullary PF-3845 in this study. The possibility that it is a substance indirectly stimulated by 

AEA in the kidney and released into the circulation, such as nitric oxide (NO) (Deutsch et al., 

1997; Mombouli et al., 1999) may be considered. NO is considered to have a critical role in the 

renal medulla for the control of MBF and blood pressure (Mattson et al., 1994; Mattson, 2003). 

Two additional possibilities are that it is mediated by 2-AG, which is increased in plasma of PF-

3845 treated mice (Fig. 6B) or that it is due to escape of PF-3845 into the systemic circulation to 

inhibit FAAH and elevate AEA in the peripheral vasculature. Another possibility for the drop in 

MAP by PF-3845 is the reduced production of vasoconstrictors. Inhibition of FAAH by PF-3845 

decreases the pool of arachidonic acid to be metabolized into vasoconstrictors such as 20-HETE 

and thromboxane A2 (Cediel et al., 2002; Pandey et al., 2017).  

  Surprisingly, infusion of PF-3845 either intravenously or intramedullary into FAAH KO 

mice was still able to produce a diuretic response (Figs. 7B and 7D). This observation suggests 

that a second mechanism independent of FAAH can be activated by PF-3845 treatment in the renal 

medulla of FAAH KO mice. It is noteworthy that the lipid ethanolamides AEA, PEA, and OEA 

were elevated in kidney of control FAAH KO mice, but were decreased upon intramedullary PF-

3845 (Fig 8A). The mechanism by which lipid ethanolamides are lowered in kidneys by 

intramedullary PF-3845 in FAAH KO mice is not known. It is possible that PF-3845 has inhibitory 



56 

 

effects on the biosynthesis of lipid ethanolamides in FAAH KO mice, potentially synthesis of 

NAPE or the hydrolysis by NAPE-PLD.  

The data in the present study also suggest that the renomedullary lipid ethanolamide system 

has a profound effect on the pressure-natriuresis relationship. According to the pressure-natriuresis 

model (Guyton et al., 1972b), steady state blood pressure is controlled primarily by the effective 

intravascular volume.  As blood pressure rises, the renal perfusion pressure rises in parallel, and 

the kidneys respond by increasing sodium and fluid excretion, restoring blood pressure to its 

starting level. The data in the present study suggest that activation of the renomedullary lipid 

ethanolamide system by treatment with the FAAH inhibitor can fundamentally alter the 

relationship between blood pressure and diuresis/natriuresis. Even as MAP fell from the 

intramedullary treatment with PF-3845 to levels below the starting pressure, the kidneys continued 

to excrete fluid and sodium. These data support an effect of an activated system in the renal 

medulla on the slope of the pressure natriuresis curve. Other substances including nitric oxide 

(Cowley et al., 2003), renal prostaglandins (Carmines et al., 1985), renal kinins (Tornel et al., 

2000), reactive oxygen species (O'Connor and Cowley, 2010) and renal 20-HETE (Williams et al., 

2007; Pandey et al., 2017), have been proposed to contribute to the mechanism of increased 

diuresis and natriuresis in response to increased renal perfusion pressure (Granger et al., 2002).  It 

is interesting that MBF, which is increased by these agents and may be a downstream mediator of 

the pressure-natriuresis mechanism, is also increased by PF-3845 treatment (Figs. 5C and 5F). 

In summary, the current study supports a role for inhibition of FAAH and elevation of 

AEA, PEA, or OEA in the renal medulla to stimulate MBF and diuresis and natriuresis and lower 

MAP through a mechanism involving CB1 receptors. Studies are ongoing to identify the 

physiologic response of the renomedullary lipid ethanolamide system to increased renal perfusion 
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pressure including hypertensive states and to elucidate the mechanisms by which inhibition of 

FAAH leads to stimulation of MBF and diuresis and lowering of blood pressure.  
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Chapter 4: Diuretic, natriuretic, and blood pressure-lowering activity of 

palmitoylethanolamide in normotensive and hypertensive mice 

4.1 Introduction  

Palmitoylethanolamide (N-palmitoylethanolamine, PEA) is a fully saturated endogenous 

fatty acid amide belonging to the N-acylethanolamine (NAE) class of signaling molecules formed 

by the hydrolysis of palmitate-containing phospholipid by N-arachidonyl 

phosphatidylethanolamine-specific phospholipase D (NAPE-PLD). PEA was first described in 

1957 as a potent anti-inflammatory compound in egg yolk (Kuehl et al., 1957). More recently, the 

anti-inflammatory effect of PEA have been expounded on as well as the extension of PEA to be 

effective in treating chronic pain and exerting neuroprotective effects in the brain and spinal cord 

after trauma or stroke (Esposito et al., 2011; Esposito and Cuzzocrea, 2013). Despite being a 

structural analog to the endocannabinoid anandamide (N-arachidonylethanolamine, AEA) and 

other NAE ligands of the cannabinoid receptors CB1 and CB2, PEA has no agonist activity at these 

receptors. It has been proposed PEA can indirectly activate the cannabinoid receptors via the 

“entourage effect”, that is, it enhances the effects of endogenous AEA through an increase in 

receptor affinity and/or competitive inhibition of AEA hydrolysis by FAAH (Jonsson et al., 2001; 

Smart et al., 2002; Ho et al., 2008). Additional targets of PEA include interactions with the G 

protein-coupled receptors, GPR 55 and 119, the peroxisome proliferator activated receptors 

(PPAR) α/γ/δ, and other signaling pathways (LoVerme et al., 2005; Pertwee, 2007; Syed et al., 

2012; Paterniti et al., 2013).  

The kidneys have a high concentration of PEA and one of its main hydrolyzing enzymes, 

fatty acid amide hydrolase (FAAH), which hydrolyzes PEA to palmitic acid and ethanolamine, as 

well as other NAEs including AEA and oleoylethanolamide (OEA) to their free fatty acids and 
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ethanolamine (Cravatt and Lichtman, 2003; Long et al., 2011). However, the role and mechanisms 

of PEA in the kidney are not fully understood. Recently we reported the intramedullary infusion 

of a selective FAAH inhibitor, PF-3845, stimulated diuresis and caused a decrease in mean arterial 

pressure in C57BL/6J mice (Ahmad et al., 2018). These data suggest that inhibition of FAAH in 

the renal medulla leads to both a diuretic/natriuretic and blood pressure-lowering response 

mediated by increased lipid ethanolamides, possibly AEA, PEA, and/or OEA. AEA is reported to 

have vasodepressor effects along with bradycardia by inhibition of baroreceptor reflex and 

sympathetic tone (Varga et al., 1995). Although the intramedullary infusions of AEA and the 

structurally related methanandamide were able to stimulate diuretic and natriuretic effects, mean 

arterial pressure was unaffected (Li and Wang, 2006; Ritter et al., 2012). Similar to AEA, PEA is 

produced on demand, but in concentrations substantially higher compared to AEA. Therefore, it is 

possible that the effects observed from PF-3845 administration are caused either fully or in part 

by increased concentrations of PEA.  

This part of the study was designed to evaluate PEA’s ability to stimulate diuresis and 

natriuresis and lower blood pressure by measuring its effect on mean arterial pressure (MAP), 

medullary blood flow (MBF), urine excretion rate (UV), and urinary sodium and potassium 

excretion (UNa and UK) after intramedullary and intravenous infusion. To determine the role of 

FAAH in the mechanism of PEA’s effects, the responses were also evaluated in mice with 

homozygous knockout mutations in the FAAH gene (FAAH KO mice). The hypothesis that the 

effects of PEA were mediated through the CB1 receptor was assessed by pre-treatment with the 

CB1 antagonist, rimonabant, and PEA administration in CB1 knockout mice (CB1 KO). PEA was 

also evaluated in a chronic hypertensive model induced by inhibition of nitric oxide synthase by 

N-nitro-L-arginine methyl ester (L-NAME). PEA concentrations and the relative levels of NAPE-
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PLD and FAAH protein in kidney tissue of normotensive control and L-NAME-induced 

hypertensive mice were also determined. 

 

4.2 Materials and Methods 

 

Reagents  

Rimonabant, L-NAME, PMSF, AEA, PEA, OEA and their deuterated internal standards 

(AEA-d8, PEA-d4, and OEA-d4) were purchased from Cayman Chemical (Ann Arbor, MI). 

Ammonium acetate, formic acid, sodium chloride, chloroform, HPLC grade methanol, HPLC 

grade acetonitrile and HPLC grade water were purchased from Fisher Scientific (Hanover Park, 

IL). Polyclonal IgG antibodies to FAAH (C841F) from Cell Signaling (Danvers, MA) and NAPE-

PLD from Cayman Chemical (Ann Arbor, MI). Medical grade nitrogen was purchased from Airgas 

(Richmond, VA). All other reagents for in vivo use were of the highest grade available.   

 

Animals 

Two- to four -month old male and female C57BL/6 mice were obtained from Jackson 

Laboratory (Bar Harbor, ME) while male and female FAAH KO (homozygous gene knockout) 

mice and CB1 knockout mice were from colonies maintained at Virginia Commonwealth 

University by Dr. Aron Lichtman. The FAAH KO mice and CB1 KO mice were maintained by 

backcrossing onto a C57BL/6 background for 20 generations (Wise et al., 2008). All mice used in 

experiments weighed 25±5 g and were housed 4-5 per cage in a temperature- (20-22C) and 

humidity-controlled (50-55%) facility with a 12/12 h light/dark cycle and ad libitum food and 

water. All animal protocols were approved by the Institutional Animal Care and Use Committee 
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of Virginia Commonwealth University and were in concordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. 

 

Acute surgical preparation 

Mice were prepared for acute renal function studies by a procedure previously reported 

(Ahmad et al., 2017). Anesthesia was induced by intraperitoneal administration of thiobutabarbital 

(Inactin™, 75 mg/kg, Sigma Chemical Co., St. Louis, MO) and ketamine (Ketathesia™, 100 

mg/kg, Harry Schein Animal Health, Dublin, OH). Animals were placed on surgical table that was 

thermally control at 37°C to avoid hypothermia due to anesthesia during course of experiment. 

After confirmation of the anesthesia level by observing negative response to mechanical toe 

pressing, a tracheotomy was performed to facilitate breathing by inserting a cut length of 

polyethylene tubing (PE-60) into the trachea. The left carotid artery was cannulated with PE-10 

tubing filled with heparin sodium dissolved in saline (Fisher BioReagents, 0.005 mg/mL, 50 

IU/mL) attached to a pressure transducer connected to a data acquisition system (Windaq, DATAQ 

Instruments, Akron, OH) for continuous mean arterial pressure measurement. The right jugular 

vein was catheterized similarly for the infusion of 0.9% saline. The rate of intravenous infusion 

was 1 mL/h/100 g body wt to maintain fluid volume and hematocrit concentration throughout the 

experiment.   

For the acute renal function experiments, an incision was performed along the midline of 

the abdominal area. The left ureter was ligated with a surgical suture and cut on the kidney side of 

the ligation to allow urine produced from the left kidney to exit freely into the abdominal cavity. 

The right kidney was cannulated with a pulled PE-10 catheter implanted into the outer medulla to 

a depth of 2.5 mm vertically from the dorsal surface and anchored to the kidney capsule using 
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VetBond tissue adhesive (3M Animal Care Products, St. Paul, MN) as described (Li and Wang, 

2006; Zhu et al., 2011b; Ritter et al., 2012; Ahmad et al., 2017; Ahmad et al., 2018). The infusion 

solution contained phosphate-buffered saline (205 mM NaCl, 40.5 mM Na2HPO4, and 9.5 mM 

NaH2PO4 (pH 7.4, 610 mOsM) and 10% ethanol at a rate of 2 μL/min. The bladder was cannulated 

with a 2.5 cm cut length of PE-50 tubing. The urine formation rate (UV) was measured by timed 

collections of urine into pre-weighed tubes for gravimetric determination of urine volume. Sodium 

and potassium concentrations in urine were measured by flame photometry. All urinary parameters 

were calculated on a per gram kidney weight (g kwt) basis. For the measurement of MBF, a laser 

Doppler flow probe (OxyFlo Pro; MNP 100XP; Oxford Optronix, Oxford, United Kingdom) was 

stabilized on the ventromediolateral surface of the right kidney to continuously measure MBF. The 

recording of the blood flow was measured by using a dual-channel laser-Doppler flowmeter 

(Transonic Systems Inc., Ithaca, NY). 

After a 1 hr equilibration period and establishment of a stable baseline, urine was collected 

every 10 min during the experimental period. The two 10-minute collections immediately prior to 

the start of drug treatments representing the pre-treatment control periods were designated C1 and 

C2. PEA was administered into the renal medulla in the infusion solution at rates of 3.75, 7.5, and 

15 nmol/min/kg for 30 min at each dose. The mean value between 10 and 30 min was designated 

used to calculate the average at each dose level. Sham mice treated identically to PEA-treated 

mice, except that they received vehicle solution for the entire experimental duration, were included 

as controls. At the termination of the experiment, blood was drawn from the carotid artery into a 

heparinized tube and centrifuged. The right and left kidneys were collected, weighed, and stored 

at -80°C for later analyses. The position of the medullary catheter was confirmed after sectioning 

of the right kidney. 
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Chronic hypertension model 

Chronic hypertension was induced by inhibiting nitric oxide synthase (NOS) with L-

NAME by mixing 1 mg/mL L-NAME in the drinking water of C57BL/6J mice for 4 weeks (Koka 

et al., 2008; Nagano et al., 2013). Mice were then prepared for acute renal function studies as 

described above. 

 

Western blot analysis of kidney tissue 

Kidney tissue was homogenized in 20 mM TrisCl buffer pH 7.5 buffer containing 1mM 

EDTA and 20% glycerol (microsome resuspension buffer), and then briefly sonicated. The 

homogenate was transferred to a microcentrifuge tube and centrifuged at 5,000 rpm for 2 min to 

remove nuclei and unbroken cells. The supernatant was collected and centrifuged at 16,000 g for 

1 min. The supernatant was transferred to an ultracentrifuge tube and centrifuged at 68,000 g for 

1 hr. The pellet was suspended in the microsome resuspension buffer and the protein concentration 

was measured by BCA protein assay (Pierce Chemical Co.). Protein (30ug) was electrophoresed 

through a 12% SDS- polyacrylamide gel together with a protein size standard, followed by 

electroblotting onto a polyvinylidene difluoride membrane. The membranes were blocked in 5% 

nonfat milk in Tris-buffered saline-0.1% Tween 20 (TBS-T). Membranes were probed for FAAH 

and NAPE-PLD proteins using antibodies from Cell Signaling Technology (FAAH, 38295) and 

Cayman Chemical (NAPE-PLD, 10305) at 1:1000 dilutions in TBS-T incubated overnight at 4°C. 

After washing, the membranes were incubated with 1:3000 horseradish peroxidase- conjugated 

anti-rabbit secondary antibody. Images were developed by using enhanced chemiluminescence 

detection solution and developed with Odyssey FC Imaging (LI-COR, Lincoln, NE). Anti-β-actin 

antibody (1:5,000), Santa Cruz Biotechnology) was used as a housekeeping probe to normalize for 



64 

 

difference in protein loading. Image Studio 5.2 (LI-COR, Lincoln, NE) was used to quantify the 

intensities of the protein bands.  

 

Kidney tissue analysis of AEA, OEA, and PEA by ultra-high performance liquid chromatography-

tandem mass spectrometry (UPLC-MS/MS)  

Internal standard solution (10 µL) containing 10 ng each of AEA-d8, PEA-d4, and OEA-d4 

was added to each plasma (100 µL), kidney tissue (90-100 mg) or calibrator samples. 1 mM PMSF 

was added to all samples. Chloroform: methanol (3 mL of 2:1 (v/v)) and aqueous sodium chloride 

(200 µL) of 0.73% were added to all samples and calibrators. The tissue samples were then 

homogenized for 30 sec using a Brinkmann Polytron® PT 3000 homogenizer and centrifuged at 

3500 rpm for 5 min. Plasma samples and calibrators were mixed for 5 min then centrifuged at 3500 

rpm for 5 min. The organic phases were collected, and the aqueous phases were extracted twice 

more with chloroform (1 mL). The organic phases were combined and evaporated to dryness under 

nitrogen, reconstituted in 100 µL 60:40 water: acetonitrile and placed in autosampler vials for 

UPLC-MS/MS analysis.  

The UPLC-MS/MS analysis was performed on a Sciex 6500+ QTRAP system with an 

IonDrive Turbo V source for TurbolonSpray® (Ontario, Canada) attached to a Shimadzu Nexera 

X2 UPLC system (Kyoto, Japan) controlled by Analyst 1.6.3 software (Ontario, Canada). 

Chromatographic separation was performed on a Discovery® HS C18 Column 15cm x 2.1mm, 

3µm (Supelco: Bellefonte, PA) kept at 40°C and 2 µL of sample was injected. The mobile phase 

consisted of A: water with 1 g/L ammonium acetate and 0.1% formic acid and B: acetonitrile. The 

following gradient was used: 0.0 to 2.4 minutes at 40% B, 2.5 to 6.0 minutes at 60% B, hold for 

2.1 minutes at 60% B, then 8.1 to 9 min 100% B, hold at 100% B for 3.1 min and return to 40% B 
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at 12.1 min. The flow rate was 1.0 mL/min and total run time was 14 minutes. The acquisition 

mode used was Multiple Reaction Monitoring (MRM). The transition ions (m/z), deprotonation 

potentials (V), and corresponding collision energies (V) for all of the compounds can be found in 

Table 1. A calibration curve was constructed for the assay by linear regression using the peak area 

ratios of the calibrators and internal standards. The standard curve ranged from 1-100 ng for AEA, 

PEA, and OEA. Calibration curves had a correlation (r2) of 0.9990 or better. 

 

Statistical Analysis 

Data are presented as the mean ± S.E.M. For multiple group comparisons, one- or two-way 

analysis of variance (ANOVA) was performed using a Tukey post-hoc test when significant 

differences were found, using the first pre-infusion control phase, C1, as the control. For cross 

group comparisons of MBF of C57BL/6J sham and L-NAME sham, one way ANOVA was 

performed using a Sidak’s post-hoc test. Data were considered statistically significant when p ≤ 

0.05.  

 

4.3 Results 

 

4.3.1 PEA administration stimulates diuresis and natriuresis in normotensive mice 

 

Effects of intramedullary and intravenous infusion of PEA on MAP and UV in C57BL/6J mice 

The effects of intramedullary (i.med.) and intravenous (i.v.) infusion of PEA on MAP and 

UV in C57BL/6J mice are shown in Figure. 10. The baseline MAP of C57BL/6J mice during the 

pre-treatment control phases, C1 and C2, was 107 and 106 mmHg, respectively. Intramedullary 

infusion of PEA at increasing sequential doses of 3.75, 7.5, and 15 nmol/min/kg did not show any 
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significant changes in MAP (Fig. 10A). The baseline rate of urine formation in C57BL/6J mice 

was 12 and 11 µl/min/g kwt for the C1 and C2 control phases, respectively. Intramedullary infusion 

of PEA significantly increased UV (p < 0.05) to 39 µl/min/g kwt at 7.5 nmol/min/kg respectively 

when compared to the C1 phase (Fig. 10B). During the post-treatment phases (P1 and P2), UV 

returned to rates similar to C1 and C2. There were no significant changes in either MAP or UV of 

sham-treated control C57BL/6J mice, which received only vehicle infusion during the entire 

experimental period (Figs. 10A and 10B, respectively).  

Similar effects were seen with intravenous PEA administration (Figs. 10C and 10D). The 

baseline MAP during the pre-treatment control phases, C1 and C2, was 112 and 112 mmHg, 

respectively. Intravenous infusion of PEA at increasing sequential doses of 3.75, 7.5, and 15 

nmol/min/kg did not show any significant changes in MAP. The baseline rate of urine formation 

was 12 and 12 µl/min/g kwt for the C1 and C2 control phases, respectively. Intravenous infusion 

of PEA increased UV with 3.75 nmol/min/kg, and further increased UV significantly (p < 0.05 to 

21 and 20 µl/min/g kwt at the 7.5, and 15 nmol/min/kg respectively when compared to the C1 

phase (Fig. 10D). There were no significant changes in either MAP or UV of sham-treated control 

mice (Figs. 10C and 10D, respectively). 
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Figure 10. The effects of intramedullary and intravenous infusion of PEA on MAP and UV in C57BL/6J 

mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15 indicate dose rates for PEA infusion 

(in nmol⋅kg−1⋅min−1) and post-treatment control infusion periods (P). Data represent the mean ± the standard 

error of each group. The data shown represent the mean +/- the standard error of the mean of each period. 

*Significant difference vs. the C1 control group (p < 0.05; n = 4-8 per group). kwt, kidney weight; MAP, 

mean arterial pressure; PEA, palmitoylethanolamide; UV, urine formation rate; n, sample size. 

 

Effects of intramedullary and intravenous infusion of PEA on urinary sodium and potassium 

excretion rates and medullary blood flow in C57BL/6J mice 

In C57BL/6J mice the intramedullary infusion of PEA into the medulla of the right kidney 

produced significant elevations in both urinary sodium and potassium excretion rates (2.7 and 2.8 

µmol/min/g kwt at 7.5 and 15 nmol/min/kg, 1.1 and 1.1 µmol/min/g kwt at 7.5 and 15 nmol/min/kg 

p < 0.05), in comparison with C1 (Figs. 11A and 11B). Intravenous infusion of PEA also produced 

significant elevations in both urinary sodium and potassium excretion rates (4.2 and 4.1 

µmol/min/g kwt at 7.5 and 15 nmol/min/kg, 1.0 at 15 nmol/min/kg, p < 0.05), in comparison with 
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C1 (Figs. 11D and 11E). Sodium and potassium excretion rates returned to baseline levels during 

the post-phases in both routes of administration. There were no significant changes in either 

sodium or potassium excretion rates in sham-treated control mice. Intramedullary infusion of PEA 

at 3.75, 7.5, and 15 nmol/min/kg did not affect medullary blood flow in C57BL/6J mice (Fig. 11C). 

There were no changes in MBF of sham-treated control mice.  

 

 

Figure 11. The effects of intramedullary and intravenous infusions of PEA on UNa and UK and MBF in 

C57BL/6J mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15, indicate dose rates for 

PEA infusion (in units of nmol⋅kg−1⋅min−1), and post-treatment control infusion periods (P). Data represent 

the mean ± the standard error of each group. *Significant difference vs. the respective C1 control group 

(p < 0.05; n= 3-5 per group). kwt, kidney weight; MBF, medullary blood flow; PEA, 

palmitoylethanolamide; UK, urine potassium excretion rate; UNa, urine sodium excretion rate; n, sample 

size. 
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4.3.2 PEA-induced diuresis-natriuresis is FAAH and CB1 independent  

 

Effects of intramedullary and intravenous infusion of PEA on MAP and UV in FAAH KO mice 

The effects of intramedullary infusion of PEA on MAP and UV in FAAH KO mice are 

shown in Figs. 12A and 12B. The baseline MAP of FAAH KO mice during the pre-treatment 

control phases, C1 and C2, was 102 and 104 mmHg, respectively. Intramedullary infusion of PEA 

at increasing sequential doses of 3.75, 7.5, and 15 nmol/min/kg did not show any significant 

changes in MAP (Fig. 12A). The baseline rate of urine formation was 9 and 9 µl/min/g kwt for the 

C1 and C2 control phases, respectively. Intramedullary infusion of PEA significantly increased 

UV (p < 0.05) to 15 and 16 µl/min/g kwt at the 7.5 and 15 nmol/min/kg respectively when 

compared to the C1 phase (Fig. 12B). During the post-treatment phases in the PEA-infused FAAH 

knockout mice, UV remained elevated (p < 0.05). There were no significant changes in either MAP 

or UV of sham-treated control FAAH KO mice (Figs. 12A and 12D, respectively). 

The effects of intravenous infusion of PEA on MAP and UV in FAAH KO mice are shown 

in Figs. 12C and 12D. The baseline MAP of FAAH KO mice during the pre-treatment control 

phases, C1 and C2, was 100 and 101 mmHg, respectively. Intravenous infusion of PEA at 

increasing sequential doses of 3.75, 7.5, and 15 nmol/min/kg did not show any significant changes 

in MAP as shown (Fig. 12C). The baseline rate of urine formation was 7 and 6 µl/min/g kwt for 

the C1 and C2 control phases, respectively. Intravenous infusion of PEA significantly increased 

UV (p < 0.05) to 17 µl/min/g kwt at the 15 nmol/min/kg respectively when compared to the C1 

phase (Fig. 12D). During the post-treatment phases in the PEA-infused FAAH knockout mice, UV 

remained elevated (p < 0.05). There were no significant changes in either MAP or UV of sham-

treated control FAAH KO mice (Figs. 12C and 12D, respectively). 
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Figure 12. The effects of intramedullary and intravenous infusion of PEA on MAP and UV in FAAH KO 

mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15 indicate dose rates for PEA infusion 

(in units of nmol⋅kg−1⋅min−1), and post-treatment control infusion periods (P). Data represent the mean ± 

the standard error of each group. *Significant difference vs. the C1 control group (p < 0.05; n = 4-6 per 

group). FAAH, fatty acid amide hydrolase; FAAH KO, FAAH homozygous knockout; kwt, kidney weight; 

MAP, mean arterial pressure; PEA, palmitoylethanolamide; UV, urine formation rate; n, sample size. 

 

Effects of intramedullary and intravenous infusion of PEA on urinary sodium and potassium 

excretion rates and medullary blood flow in FAAH KO mice 

In FAAH KO mice intramedullary infusion of PEA into the medulla of the right kidney did 

not produce significant elevations in urinary sodium and potassium excretion rates, but there was 

a trend in an increase during the treatment periods (Figs. 13A and 13B). Intravenous PEA increased 

sodium excretion rate and this became significant at the 15 nmol/min/kg dose with an increase 

from 0.3 to 0.9 µmol/min/g kwt (p < 0.05) (Fig. 13D). There was a trend in an increase in potassium 

excretion rate, but it was not significant (Fig. 13E). Neither intramedullary nor intravenous 
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infusion of PEA at 3.75, 7.5, and 15 nmol/min/kg altered medullary blood flow from C1 and C2 

phases (Figs. 13C and 13F). There were no significant changes in urinary sodium and potassium 

excretion rates or MBF of sham-treated control FAAH KO mice. 

 

 

Figure 13. The effects of intramedullary and intravenous infusions of PEA on UNa and UK and MBF in 

FAAH KO mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15, indicate dose rates for 

PEA infusion (in units of nmol⋅kg−1⋅min−1), and post-treatment control infusion periods (P). Data represent 

the mean ± the standard error of each group. *Significant difference vs. the respective C1 control group 

(p < 0.05; n= 3-7 per group). kwt, kidney weight; MBF, medullary blood flow; PEA, 

palmitoylethanolamide; UK, urine potassium excretion rate; UNa, urine sodium excretion rate; n, sample 

size. 
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Effects of a CB1 antagonist on the diuresis-stimulating responses to intramedullary PEA and the 

effects of intramedullary PEA on MAP in UV in CB1 KO mice 

The baseline MAP of C57BL/6J mice prior to rimonabant treatment was 105 and 107 

mmHg during the C1 and C2 phases, respectively (Fig. 14A). Administration of rimonabant (3 

mg/kg, i.p.) decreased MAP to 98 mmHg, but this was not significant. MAP was not changed with 

subsequent intramedullary administration of PEA compared to the rimonabant pre-treatment 

group. The baseline UV of the C57BL/6J mice was 10 and 10 µl/min/g kwt during C1 and C2, 

which was not significantly changed by the rimonabant pretreatment. PEA subsequently 

administered into the medulla of the right kidney dose-dependently increased UV and this became 

significant at the 15 nmol/min/kg dose (p < 0.05). In the post-treatment phases, UV remained 

elevated but not significantly different from C1 (Fig. 14B).  

The effect of intramedullary infusion of PEA on MAP and UV in CB1 KO mice are shown 

in Figs. 14A and 14B. The baseline MAP during the pre-treatment control phases, C1 and C2, was 

115 and 115 mmHg, respectively. Intramedullary infusion of PEA at increasing sequential doses 

of 3.75, 7.5, and 15 nmol/min/kg did not show any significant changes in MAP (Fig. 14A). The 

baseline rate of urine formation was 5 and 5 µl/min/g kwt for the C1 and C2 control phases, 

respectively. Intramedullary infusion of PEA increased UV to 15 and 21 µl/min/g kwt at the 7.5 

and 15 nmol/min/kg, but this increase was not statistically significant due to small sample size 

(n=2) (Fig. 14B). UV remained elevated during the post-treatment phases. 
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Figure 14. The effects of rimonabant pretreatment on the MAP and UV responses to intramedullary infusion 

of PEA in C57BL/6J mice and the effect of intramedullary infusion of PEA on MAP and UV in CB1 KO 

mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15 indicate dose rates for 

intramedullary PEA infusion (nmol⋅kg−1⋅min−1). Period of rimonabant pretreatment (Rmbt; 3 mg/kg, i.p.) 

and post-treatment control infusion periods (P). Data represent the mean ± the standard error of each group. 

*Significant difference vs. the respective C1 control group (p < 0.05; n = 2-7 per group). kwt, kidney 

weight; MAP, mean arterial pressure; PEA, palmitoylethanolamide; Rmbt, rimonabant; UV, urine 

formation rate; n, sample size. 

 

Effects of a CB1 antagonist on the diuresis stimulating response to intravenous PEA  

For mice pre-treated with rimonabant and subsequently administered PEA intravenously, 

baseline MAP was 109 and 108 mmHg during the C1 and C2 phases, respectively (Fig. 15A). 

Administration of rimonabant (3 mg/kg, i.p.) decreased MAP to 90 mmHg, but this was not 
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significant. MAP was not changed with subsequent intramedullary administration of PEA 

compared to the rimonabant pre-treatment phase. However, the decrease in MAP to 81 mmHg 

with 3.75 nmol/min/kg PEA was significant from the C1 and C2 phases (p < 0.05) (Fig. 15A). The 

baseline UV was 10 and 10 µl/min/g kwt during C1 and C2. Rimonabant slightly increased UV, 

but this was not significant. Intravenous PEA at increasing doses did not change UV from C1 and 

C2, and there was actually a slight decrease in UV to 7 µl/min/g kwt with the 15 nmol/min/kg dose 

(Fig. 15B). 

 

Figure 15. The effects of rimonabant pretreatment on the MAP and UV responses to intravenous infusion 

of PEA in C57BL/6J mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15 indicate dose 

rates for intravenous PEA infusion (nmol⋅kg−1⋅min−1). Period of rimonabant (SR141716A) pretreatment 

(Rmbt; 3 mg/kg, i.p.) and post-treatment control infusion periods (P). Data represent the mean ± the 

standard error of each group. *Significant difference vs. the respective C1 control group (p < 0.05; n = 3-5 

per group). kwt, kidney weight; MAP, mean arterial pressure; PEA, palmitoylethanolamide; Rmbt, 

rimonabant; UV, urine formation rate; n, sample size. 
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4.3.3 Intramedullary infusion of PEA decreases mean arterial pressure and stimulates 

diuresis in L-NAME-induced hypertensive mice 

 

Effects of intramedullary and intravenous infusions of PEA on MAP and UV in L-NAME-induced 

hypertensive mice 

The effect of intramedullary infusion of PEA on MAP and UV in L-NAME-induced 

hypertensive mice are shown in Figure 16. The baseline MAP during the pre-treatment control 

phases, C1 and C2, was 154 and 154 mmHg, respectively. Intramedullary infusion of PEA dose-

dependently decreased mean arterial pressure, with the decrease becoming significant at the 

highest dose of 15 nmol/min/kg and remaining decreased during the post phases (p < 0.05) (Fig. 

16A). The baseline rate of urine formation was 12 and 13 µl/min/g kwt for the C1 and C2 control 

phases, respectively. Intramedullary infusion of PEA significantly increased UV (p < 0.05) to 27, 

and 28 µl/min/g kwt at the 7.5 and 15 nmol/min/kg, respectively, when compared to the C1 phase 

(Fig. 16B). UV remained elevated during the post-treatment phases (p < 0.05).  

The effect of intravenous infusion of PEA on MAP and UV in L-NAME-induced 

hypertensive mice are shown in Figs. 16C and 16D. The baseline MAP during the pre-treatment 

control phases, C1 and C2, was 145 and 144 mmHg, respectively. Intravenous infusion of PEA 

did not change MAP (Fig. 16C). The baseline rate of urine formation was 9 and 9 µl/min/g kwt 

for the C1 and C2 control phases, respectively. Intravenous infusion of PEA dose-dependently 

increased UV, with the increase becoming significant during the post phases with an increase to 

24 and 23 µl/min/g kwt for P1 and P2 respectively (p < 0.05) (Fig. 16D). There were no significant 

changes in either MAP or UV of sham-treated control L-NAME-induced hypertensive mice. 
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Figure 16. The effects of intramedullary infusion of palmitoylethanolamide (PEA) on MAP and UV in L-

NAME-induced hypertensive mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15 

indicate dose rates for intravenous PEA infusion (nmol⋅kg−1⋅min−1) and post-treatment control infusion 

periods (P). Data represent the mean ± the standard error of each group. *Significant difference vs. the 

respective C1 control group (p < 0.05; n = 4 per group). kwt, kidney weight; MAP, mean arterial pressure; 

PEA, palmitoylethanolamide;; UV, urine formation rate; n, sample size. 
 

 

Effects of intramedullary and intravenous infusions of PEA on sodium and potassium excretion 

rates and medullary blood flow in L-NAME-induced hypertensive mice 

Intramedullary and intravenous infusion of PEA did not produce significant elevations in 

urinary sodium and potassium excretion rates, but there was a trend toward an increase during the 

treatment periods for both routes of administration (Figs. 17A-17D). Intramedullary infusion of 

PEA at 3.75, 7.5, and 15 nmol/min/kg did not affect medullary blood flow. There were no changes 
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in urinary sodium and potassium excretion rates or MBF of sham-treated control L-NAME-

induced hypertensive mice. 

 

 

Figure 17. The effects of intramedullary and intravenous infusions of PEA on UNa and UK and MBF in L-

NAME-induced hypertensive mice. Control infusion periods with vehicle alone (C); 3.75, 7.5, and 15, 

indicate dose rates for PEA infusion (in units of nmol⋅kg−1⋅min−1), and post-treatment control infusion 

periods (P). Data represent the mean ± the standard error of each group. (n= 3-5 per group). kwt, kidney 

weight; MBF, medullary blood flow; PEA, palmitoylethanolamide; UK, urine potassium excretion rate; 

UNa, urine sodium excretion rate; n, sample size. 
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Effect of L-NAME-induced hypertension on medullary blood flow in anesthetized mice  

Figure 18 shows the effect of L-NAME-induced hypertension on medullary blood flow. L-

NAME-induced hypertensive mice had significantly decreased MBF compared to normotensive 

mice during the entire experimental time period (p < 0.05).  

 

Figure 18. Medullary blood flow of C57BL/6J sham control mice and L-NAME-induced hypertensive sham 

control mice. Control infusion periods with vehicle alone (C); Vehicle control infusion periods (V), and 

post-treatment control infusion periods (P). Data represent the mean ± the standard error of each group. 

*Significant difference vs. the respective period of C57BL/6J sham (p < 0.05; n=3-4 per group). MBF, 

medullary blood flow; n, sample size; v, vehicle. 

 

Effect of L-NAME-induced hypertension on AEA, OEA, and PEA concentrations and NAPE-PLD 

and FAAH protein levels in kidney tissue of C57BL/6J mice 

The concentrations of AEA, OEA, and PEA in kidney tissue of normotensive control and 

L-NAME-induced hypertensive mice were determined by UPLC-MS/MS (Fig. 19A). L-NAME-

induced hypertensive mice had increased kidney concentrations of PEA and OEA, and decreased 

AEA concentrations compared to normotensive mice (p < 0.05). To evaluate if the difference in 

the concentrations of the lipid ethanolamides were due to changes in NAPE-PLD and/or FAAH, 

the relative level of these proteins were determined in kidney tissue. There was an apparent 
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decrease in both NAPE-PLD and FAAH levels in L-NAME-induced hypertensive mice though 

the decrease was not significant from normotensive controls in either case (Fig. 19B).  

 

 

Figure 19. The effect of L-NAME-induced hypertension on AEA, OEA, and PEA concentrations and 

NAPE-PLD and FAAH protein levels in kidney tissue of C57BL/6J mice. (A) Anandamide (AEA), 

palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) concentrations in kidney tissue of 

normotensive control and L-NAME-induced hypertensive mice. (B) Relative NAPE-PLD and FAAH 

protein levels in normotensive control and L-NAME-induced hypertensive mice. Data represent the mean 

± the standard error of each group. *Significant difference vs. the normotensive control group (p < 0.05; n 

= 3 per group) in an unpaired, two-tailed t-test.  
 

 

4.4 Discussion 

This study investigated the effects of palmitoylethanolamide administration in order to test 

the hypothesis that the effects observed from infusion of the selective FAAH inhibitor PF-3845 
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are either fully or in part due to increased concentrations of PEA. It also explored the hypothesis 

that exogenous administration of PEA would produce antihypertensive responses in a model of 

chronic hypertension. This study revealed several novel observations. Intramedullary and 

intravenous infusion of PEA increased urinary and salt excretion without changing MAP or MBF 

in C57BL/6J mice. The effects of intramedullary PEA administration were shown to be FAAH-

and CB1-independent as the same results were observed in FAAH KO and CB1 KO mice. 

However, the diuresis-stimulating response due to intravenous PEA was attenuated by pre-

treatment with the CB1 antagonist rimonabant. In addition, intramedullary infusion of PEA 

produced both a decrease in MAP and an increase in urinary and salt excretion in L-NAME-

induced hypertensive mice.  

Previously we reported that intramedullary infusion of a selective FAAH inhibitor, PF-

3845, stimulated diuresis and decreased mean arterial pressure in C56BL/6J mice (Ahmad et al., 

2018). We also showed that these effects were accompanied by an increase in the endocannabinoid 

anandamide as well as another lipid ethanolamide, PEA. The data were consistent with earlier data 

from our laboratory (Li and Wang, 2006; Ritter et al., 2012) and others (Li and Wang, 2006) 

showing that infusion of exogenous anandamide into the renal medulla elicits a diuretic effect. 

However, in that study, administration of exogenous anandamide did not elicit a change in MAP. 

Therefore, the stimulation of diuresis and decrease in MAP produced by infusion of PF-3845 may 

not be due to increased concentrations of AEA in the kidney. The current study aimed to determine 

if the effects observed from infusion of PF-3845 could be due to increased concentrations of PEA 

from the chemical inhibition of FAAH. 

Intramedullary and intravenous infusions of PEA stimulated diuresis and significantly 

increased urinary sodium and potassium excretion rates in C567BL/6J mice. To the authors’ 
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knowledge, there is only one other report of PEA administration increasing urine output. In that 

study, PEA was chronically administered to spontaneously hypertensive rats. A significant 

increase in urine volume was observed without a change in sodium or potassium excretion, which 

was thought to be attributed to inhibition of water reabsorption or an increase in glomerular 

filtration rate (Mattace Raso et al., 2013). Our study demonstrates diuresis accompanied by 

increased salt excretion. This suggests a different mechanism of diuresis in C57BL/6J mice, 

possibly the ability of PEA to have direct actions on the tubular epithelium leading to the inhibition 

of water and salt reabsorption. PEA administration did not affect MAP in C57BL/6J mice. This 

indicates that the effects observed from administration of PF-3845 in our previous study are not 

solely due to the increase of PEA in the renal medulla. However, it is possible that increased PEA 

contributes to the diuretic-natriuretic responses from PF-3845 administration. The mechanisms by 

which FAAH inhibition leads to a lowering of blood pressure are still being investigated. 

Administration of PEA in FAAH KO mice was still able to produce a significant diuretic 

response and an elevation in urinary sodium and potassium excretion. This indicates that the 

diuretic action of PEA is not dependent on its hydrolysis to palmitic acid. It is interesting to note 

the different shapes of the UV dose-response curves for C57BL/6J mice and FAAH KO mice. In 

contrast to conventional dose-response curves, the diuresis curve for C57BL/6J mice exhibited an 

inverted-U shape. We also observed U-shaped diuresis dose response curves when the 

FAAH/MAGL dual inhibitor, isopropyl dodecylfluorophosphonate, was infused into the renal 

medulla, and also the FAAH specific inhibitor PF-3845 was infused (Ahmad et al., 2017; Ahmad 

et al., 2018). An inverted-U shaped dose-response curve was not observed for FAAH KO mice. It 

is possible that since FAAH KO mice already have higher concentrations of PEA in the kidney 
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compared to wild type mice, the same doses of PEA used in both strains of mice are not able to 

produce the same dose-response curves. 

It has been demonstrated that renal medullary blood flow plays an important role in the 

regulation of sodium and water excretion, notably that increases in MBF increase salt and water 

excretion (Haas et al., 1988; Roman et al., 1988). However, the diuretic and natriuretic effects of 

PEA in both C57BL/6J and FAAH KO mice were not accompanied by an increase in MBF, 

indicating PEA’s effects were independent of renal hemodynamics. This finding has been observed 

in our laboratory previously when AEA infusion into the mouse renal medulla increased salt and 

urine formation without effecting renal or medullary blood flow (Ritter et al., 2012). 

This study also found the diuretic action of intramedullary PEA to be CB1-independent by 

utilization of pre-treatment with the CB1 antagonist rimonabant and CB1 KO mice. This finding of 

CB1-independence agrees with well-documented reports that PEA has no agonist activity at the 

CB1 receptor. It also demonstrates that PEA-induced diuresis is not due to indirect activation of 

the CB1 receptor by PEA through the aforementioned mechanisms of the entourage effect. 

Interestingly, it was found that the diuretic action of intravenous PEA was blunted by pre-treatment 

with rimonabant. It is possible that the significant decrease in MAP caused by intraperitoneal 

administration of rimonabant caused a reduction in UV to conserve water and salt. The pressure- 

natriuresis model states that long term, steady-state blood pressure is primarily controlled by the 

effective intravascular volume, which is influenced by vascular tone and extracellular fluid volume 

(ECFV). When blood pressure increases, so does the renal perfusion pressure. The kidneys respond 

to this rise in pressure by increasing sodium and fluid excretion, thereby decreasing the ECFV, 

and ultimately lowering blood pressure back to a normal level (Ivy and Bailey, 2014). The 

converse is also true, in that when there is a decrease in blood pressure, the kidneys will respond 
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by decreasing fluid and salt excretion. Another possibility is that intravenous PEA-induced diuresis 

is mediated by the mechanisms of the entourage effect. Systemic PEA may compete with AEA for 

hydrolysis by FAAH, thereby decreasing AEA inactivation and allowing AEA to act and produce 

diuresis as previously documented in our lab and others.  

Given the diuretic-natriuretic effects of intramedullary PEA in normotensive mice, it was 

also of interest to evaluate the effects of intramedullary PEA in a chronic hypertension model. 

Hypertension was induced using the NOS inhibitor L-NAME in the drinking water of C57BL/6J 

mice. Another novel finding of this study was the effect of PEA administration in L-NAME-

induced hypertensive mice. Intramedullary PEA produced a decrease in MAP and increase in UV 

(Figs. 16A and 16B). MBF was significantly decreased compared to normotensive mice (Fig. 18) 

but remained unaffected by PEA administration (Fig. 17C). The decreased MBF in L-NAME-

induced hypertension is consistent with reports that infusion of L-NAME into the renal medulla 

produced a reduction in MBF (Mattson et al., 1992; Zou et al., 2001a). Intravenous infusion of 

PEA also stimulated diuresis but had no effect on MAP. There was a trend toward an increase in 

sodium and potassium excretion rate with both routes of administration but the increases were not 

statistically significant.  

These data suggest that PEA administration in the renal medulla has a remarkable effect 

on the pressure- natriuresis relationship and PEA may fundamentally alter the relationship between 

blood pressure and diuresis/natriuresis. Even as MAP dose-dependently decreased from the 

intramedullary treatment with PEA in L-NAME treated mice, the kidney continued to excrete fluid 

and salt. These data support an effect of PEA in the renal medulla in L-NAME-induced 

hypertension on the slope of the pressure-natriuresis curve. We also observed this apparent effect 

on the pressure-natriuresis curve with intramedullary infusion of PF-3845 in C57BL/6J mice 
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(Ahmad et al., 2018). Other substances including NO have been proposed to contribute to the 

mechanism of increased diuresis-natriuresis in response to increased renal perfusion pressure 

(Cowley et al., 2003). It has also been shown that increased NO production has prevented the 

development of hypertension and the improvement of hypertension (Chen and Sanders, 1991; 

Podjarny et al., 2004; Zanfolin et al., 2006). NO is formed from L-arginine by three distinct 

isoforms of NOS and the anions nitrate and nitrite were previously thought to be inert end products 

of NO production. However, it has been shown that these anions can serve as an alternative source 

for NO synthesis (Lundberg et al., 2008; Milsom et al., 2012). It has also been shown that dietary 

doses of nitrite restore circulating nitric oxide levels and decrease blood pressure in L-NAME-

induced hypertensive rats (Okamoto et al., 2005; Kanematsu et al., 2008). PPARα activation has 

also been shown to increase nitrate/nitrite in tissue, increase NO production, and ameliorate 

hypertension (Newaz et al., 2005; Banks and Oyekan, 2008; Yousefipour and Newaz, 2014). PEA 

is a PPARα ligand, therefore it is possible that an increase in nitrate/nitrite production in the kidney 

by activation of PPARα by PEA may contribute to the decrease in MAP in L-NAME-induced 

hypertensive mice. 

The blood pressure-lowering activity may also be due to modulation of the RAAS system 

by PPARα activation of PEA. It has been reported that hypertension resulting from chronic 

inhibition of NO synthesis can lead to activation of the RAAS system (Qiu et al., 1994). It has also 

been demonstrated that NO inhibits ACE activity and down-regulates AT1 receptors (Cahill et al., 

1995; Kumar and Das, 1997; Ackermann et al., 1998; Ichiki et al., 1998). Furthermore, L-NAME-

induced microvascular structural changes were prevented by ACE inhibitors and AT1 receptor 

antagonists, indicating the involvement of the RAAS system in the L-NAME-induced 

hypertension model (Arnal et al., 1993; Pollock et al., 1993; Takemoto et al., 1997). PPARα is 
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highly expressed in the liver, heart, and kidney, and has been shown to be involved in blood 

pressure regulation (Shin et al., 2009; Gelosa et al., 2010). The protective role for PPARα 

activators has been attributed to anti-inflammatory and anti-oxidant properties by downregulation 

of inflammatory cytokines and reduction of oxidative stress (Vera et al., 2005; Hou et al., 2010). 

In addition, PPARα has been shown to affect the gene expression of RAAS components (Jonkers 

et al., 2001). One group reported that chronic PEA treatment to spontaneously hypertensive rats 

alleviated hypertension and reduced AT1 expression and ACE activity in the kidney, effects that 

were attributed to PPARα activation (Mattace Raso et al., 2013).  

Interestingly, intravenous infusion of PEA also stimulated diuresis but had no effect on 

MAP in L-NAME-induced hypertensive mice. It is possible that systemically administered PEA 

is rapidly hydrolyzed, and that not enough PEA reaches the site of action in the renal medulla 

necessary for lowering blood pressure. This could also account for the different shape in UV curves 

as well. Although intravenous PEA still stimulated UV, the increase did not occur with each dose 

of PEA in the same manner as intramedullary PEA. A trend toward an increase in UV was apparent 

with the first dose of intramedullary PEA, but this dose did not produce any effect when 

administered intravenously. In addition, the increase in UV was not significant until the post 

phases, while intramedullary PEA produced a significant increase with the second dose.  

Another interesting finding of this study was the effect of the L-NAME hypertension model 

on concentrations of lipid ethanolamides determined by UPLC-MS/MS. L-NAME-induced 

hypertensive mice had significantly increased concentrations of PEA and OEA and decreased 

AEA in the kidney tissue compared to normotensive control mice. These results agreed with 

western blot analysis showing a trend toward lower relative FAAH protein levels compared to 

normotensive mice in kidney tissue. Less FAAH activity would lead to decreased PEA degradation 
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and increased tissue concentrations. These data suggest that a hypertensive state might result in a 

decrease in degradation of PEA in order to combat the increase in blood pressure. L-NAME-

induced hypertensive mice also had lower levels of NAPE-PLD. This could explain the decreased 

AEA concentrations and would suggest that the NAPE-PLD pathway is the primary biosynthetic 

pathway for AEA in the kidney. The decreased AEA kidney concentrations might also be due to 

AEA release into the systemic circulation. Clearly, the synthesis and hydrolysis of PEA and other 

lipid ethanolamides are in a delicate balance that requires further experiments to determine their 

relationship to the levels of NAPE-PLD and FAAH. 

In summary, PEA administration stimulated urine formation and salt excretion rates in 

C57BL/6J without affecting MAP or MBF. These effects were independent of FAAH and CB1 

when PEA was infused intramedullary. This indicates that the effects observed from administration 

of PF-3845 in the previous study are not solely due to the increase of PEA in the renal medulla but 

does not exclude PEA as a contributor in PF-3845’s effects. In L-NAME-induced hypertensive 

mice, intramedullary infusion of PEA decreased MAP and increased urine excretion and urinary 

sodium and potassium excretion rates. These effects were accompanied by an increase in PEA 

concentrations in kidney tissue. Further studies are needed to elucidate the mechanisms by which 

intramedullary PEA stimulates diuresis and natriuresis and decreases MAP in the model of L-

NAME-induced hypertension.  
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Chapter 5: Regulation of palmitoylethanolamide and related lipid 

ethanolamides by mouse medullary interstitial cells 

5.1 Introduction 

It has been proposed that the kidney contains a potent vasodepressor system that originates 

from the renal medulla. The medullary interstitium can be split into three types of interstitial space, 

corresponding to the outer stripe, the inner stripe, and the inner medulla. An important non-tubular 

cell type of the inner medulla is the lipid-laden (Type I) interstitial cell (Lemley and Kriz, 

1991).  These cells have been proposed to play an important role in maintaining function and 

structural integrity of the kidney. Characteristics of this type of interstitial cell include its stellate-

like cellular morphology with cytoplasmic projections and increased cell density toward the tip of 

the renal papilla. They are noticeable in stained sections of the renal medulla based on their long 

axes lying perpendicular to loop of Henle tubules and vasa recta cells, producing a characteristic 

ladder-like appearance. Although cytoplasmic projections from these cells do not make physical 

contact with loop of Henle or vasa recta, they have been suggested to play a role in signaling to 

these cell types in response to changing conditions (Lemley and Kriz, 1991).  Another hallmark is 

the abundant presence of osmiophilic lipid granules which are rich in arachidonic acid, the 

precursor of eicosanoid metabolites such as prostaglandin E2. The synthesis of prostaglandin E2 

by interstitial cells was stimulated by angiotensin II and other vasoactive peptides and certain 

physiologic conditions (Zusman and Keiser, 1977a). Changes in the number of these lipid droplets 

in experimental models of hypertension (Bohman and Jensen, 1976; Maric et al., 2002) suggested 

a role of these lipid droplets in the secretion of medullipin in response to elevated renal perfusion 

pressure (Muirhead, 1993; Folkow, 2007). 
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In the studies described earlier, intramedullary administration of PEA stimulated diuresis 

and natriuresis in C57BL/6J mice. In addition to these effects, renomedullary infusion of PEA also 

decreased mean arterial pressure in L-NAME-induced hypertension. These results suggest that 

PEA could serve as an antihypertensive regulator in the renal medulla, possibly regulated by the 

interstitial cell of the medulla. The putative role of interstitial cells in secreting a renomedullary 

antihypertensive substance led us to isolate these cells from the renal medulla of mice in order to 

study their responses to pharmacologic FAAH inhibition and to physiologic stimuli that mimic 

hypertensive states such as increased salt concentration and high pressure. The isolated cells were 

assessed for histological, immunohistochemical, and ultrastructural markers consistent with their 

identity as medullary interstitial cells, and also for the presence of biosynthetic and degradative 

enzymes of lipid ethanolamides. The effect of treating the cells with the pharmacologic and 

physiologic stimuli on the appearance of lipids in the medium of MMICs was also investigated. 

 

5.2 Materials and Methods 

 

Reagents 

Trypsin-EDTA (10X, 0.5%), penicillin-streptomycin (100X), and glutamine (100X) were 

purchased from Gibco-Invitrogen (Gaithersburg, MD). Fetal bovine serum was from Serum 

Source International (Charlotte, NC). Dulbecco’s modified Eagle’s medium with high glucose 

(DMEM) was from Gibco/Life Technologies (Grand Island, NY). Polyclonal IgG antibodies to 

tenascin-C (H-300) and COX-2 (M19) from Santa Cruz Biotechnology (Dallas, TX); FAAH 

(C841F) from Cell Signaling (Danvers, MA) and NAPE-PLD from Cayman Chemical (Ann 

Arbor, MI). Sudan Black B was from Santa Cruz Biotechnology. Horseradish peroxidase (HRP)-

conjugated anti-rabbit IgG antibodies were from Jackson ImmunoResearch Laboratories (West 
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Grove, PA). 3, 3’-Diaminobenzidine (ImmPACT DAB Peroxidase Substrate) was from Vector 

Laboratories (Burlingame, CA). PF-3845 was purchased from ApexBio (Houston, TX). PMSF, 

AEA, PEA, OEA and their deuterated internal standards (AEA-d8, PEA-d4, and OEA-d4) were 

purchased from Cayman Chemical (Ann Arbor, MI). Ammonium acetate, formic acid, sodium 

chloride, chloroform, HPLC grade methanol, HPLC grade acetonitrile and HPLC grade water were 

purchased from Fisher Scientific (Hanover Park, IL). Medical grade nitrogen was purchased from 

Airgas (Richmond, VA) 

 

Isolation and culture of mouse medullary interstitial cells 

Mouse renomedullary interstitial cells were established in primary culture from transplants 

of isolated and fragmented mouse renal inner medulla using the approach of Muirhead (Muirhead 

et al., 1990) and subsequently applied and adapted by many others (Dunn et al., 1976; Zusman and 

Keiser, 1977b; Zou et al., 2001b; Moeckel et al., 2003) including our laboratories (Li et al., 2007; 

Wang et al., 2011).  Briefly, C57BL/6J mice were anesthetized using thiobutabarbital (Inactin™, 

Sigma-Aldrich, St. Louis, MO) and ketamine (Ketathesia™, Henry Schein Animal Health, Dublin, 

OH) and sacrificed, and the kidneys removed aseptically. The kidneys were bisected and the inner 

medullary regions excised, minced, and suspended in DMEM. The suspended fragments were 

injected subcutaneously over the left rear flank of an isogenic recipient mouse using an 18-gauge 

syringe needle. After 7-10 days, the recipient mouse was anesthetized and sacrificed, and the 

yellowish nodules attached to the serosal surfaces over the injection sites excised. The nodules 

were minced, trypsinized with 0.05% trypsin-EDTA at 37C for 15 min  (GIBCO-Life 

Technologies, Grand Island, NY), and centrifuged at 500 x g for 5 min. The pellet was resuspended 

in DMEM containing 10% fetal calf serum and 100 U/mL penicillin G and 100 µg/mL 
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streptomycin and transferred to a single well of a 12 well tissue culture dish. For the first week 

after plating, the growth medium also contained amphotericin B (25 µg/mL). At 90% confluence, 

the cells were trypsinized and passaged successfully to larger dishes. At passage four, the cells 

were trypsinized, resuspended in frozen storage medium (80% DMEM, 10% fetal bovine serum, 

and 10% DMSO), and stored in frozen aliquots under liquid nitrogen. MMICs were maintained by 

regular feeding in complete growth medium, passaging every 7 days (1:3 split ratio). The 

experiments described in this work used MMICs between passages 4-15.  

 

Immunohistochemistry of kidney tissue and cultured MMICs 

MMICs were cultured on glass slides overnight and then fixed in 4% formaldehyde in 1X 

PBS for 15 min. Kidney tissue slides (5 µm sections) from fixed, paraffin-embedded tissue were 

subjected to deparaffination and antigen retrieval by placing slides in 95°C citrate buffer (10 mM 

citric acid, 0.05& Tween 20, pH 6) for 20 minutes. The slides were allowed to cool at room 

temperature and then washed with 3% H2O2 for 10 min. After washing in PBS-0.1% Tween (PBS-

T), the samples were incubated with 3% blocking serum for 30 min at room temperature. Primary 

antibodies and their dilutions in PBS-T were:  tenascin-C (1:50 dilution), COX-2 (1:50), NAPE-

PLD (1:50) and FAAH (1:50). Secondary antibodies were diluted 1:200 in PBS-T. Incubations 

with primary antibodies were overnight at 4°C and with HRP-conjugated secondary antibodies for 

30 min at room temperature with gentle rocking. HRP staining was detected using 3, 3'-

diaminobenzidine as a substrate. After counterstaining nuclei with hematoxylin, stained tissues 

and cells were washed, mounted and observed by phase contrast microscopy. 
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Transmission electron microscopic analysis  

For ultrastructural imaging, cells were trypsinized, pelleted, resuspended in phosphate-

buffered saline, repelleted, and resuspended in 0.1M cacodylate buffer, pH 7, containing 2.5% 

glutaraldehyde at room temperature. Subsequently, the cells were fixed in osmium tetroxide, 

dehydrated, and embedded according to standard methods. Sections (600–700Å thick mounted on 

grids) were prepared using a Leica EM UC6i Ultramicrotome (Leica Microsystems, Buffalo 

Grove, IL) then stained with 5% uranyl acetate and Reynold’s Lead Citrate. Imaging was 

performed with a JEOL JEM-1230 transmission electron microscope (Jeol U.S.A., Inc., Peabody 

MA, USA) with a Gatan Orius SC1000 digital camera (Gatan, Pleasanton, CA, USA). 

 

Sudan Black B lipid staining 

MMICs were stained for neutral lipids using Sudan Black B (Schneider et al., 2015). After 

washing and fixing as described above, the cells were washed with PBS, then with 70% ethanol 

followed by staining for 10 min at room temperature with Sudan Black B solution (0.7% in 70% 

ethanol, filtered immediately before use). Cells were washed with PBS and observed by phase 

contrast light microscopy. 

 

Western blot analysis of cultured mouse medullary interstitial cells 

MMICs were scraped in re-suspension buffer (0.1 M Tris –HCl pH 7.4, 1 mM EDTA and 

20% glycerol) into a microcentrifuge tube. Cells were lysed by sonication for 30 seconds. The 

protein concentration was measured by BCA protein assay (Pierce Chemical Co.). Protein (30ug) 

was electrophoresed through a 12% SDS- polyacrylamide gel together with a protein size standard, 

followed by electroblotting onto a polyvinylidene difluoride membrane. The membranes were 
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blocked in 5% nonfat milk in Tris-buffered saline-0.1% Tween 20 (TBS-T). Membranes were 

probed for FAAH and NAPE-PLD proteins using antibodies from Cell Signaling Technology 

(FAAH, 38295) and Cayman Chemical (NAPE-PLD, 10305) at 1:1000 dilutions in TBS-T 

incubated overnight at 4°C. After washing, the membranes were incubated with 1:3000 

horseradish peroxidase- conjugated anti-rabbit secondary antibody. Images were developed by 

using enhanced chemiluminescence detection solution and developed with Odyssey FC Imaging 

(LI-COR, Lincoln, NE). Housekeeping proteins were used to normalize for difference in protein 

loading. Image Studio 5.2 (LI-COR, Lincoln, NE) was used to quantify the intensities of the 

protein bands. 

 

PF-3845, osmolarity, and high-pressure treatment of MMICs 

MMICs (3 x 106 cells per T-175 sq cm flask) were plated and incubated with 10 µM PF-

3845 or in hypertonic culture medium (600 mOsm/L) for 24 hr in a humidified 37C incubator 

with 5% CO2. Hypertonic medium was prepared with equiosmolar amounts of sodium chloride 

and urea added to normal 300 mOsm/L DMEM. Cells also treated with high pressure were then 

placed in a sealable chamber which was pressurized to 20 torr with 5% CO2 atmosphere for 2 hr. 

After treatment, the culture medium was collected and stored at -70°C for future analysis and the 

cells were either collected for protein analysis, or fixed for immunohistochemical or histochemical 

analysis. Image Pro Plus (Media Cybernetics, Rockville, MD) was used to quantify Sudan Black 

B lipid droplet staining. 
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Culture medium analysis of AEA, OEA, and PEA by ultra-high performance liquid 

chromatography-tandem mass spectrometry (UPLC-MS/MS)  

Internal standard solution (10 µL) containing 1 ng each of AEA-d8, PEA-d4, and was OEA-

d4 added to each culture medium (2 mL) or calibrator samples. 1 mM PMSF was added to all 

samples. Chloroform: methanol (3 mL of 2:1 (v/v)) and 0.73% sodium chloride (200 µL) were 

added to all samples and calibrators. Samples and calibrators were mixed for 5 min then 

centrifuged at 3500 rpm for 5 min. The organic phases were collected and the aqueous phases were 

extracted twice more with chloroform (1 mL). The organic phases were combined and evaporated 

to dryness under nitrogen, reconstituted in 100 µL 60:40 water: acetonitrile and placed in 

autosampler vials for UPLC-MS/MS analysis.  

The UPLC-MS/MS analysis was performed on a Sciex 6500+ QTRAP system with an 

IonDrive Turbo V source for TurbolonSpray® (Ontario, Canada) attached to a Shimadzu Nexera 

X2 UPLC system (Kyoto, Japan) controlled by Analyst 1.6.3 software (Ontario, Canada). 

Chromatographic separation was performed on a Discovery® HS C18 Column 15cm x 2.1mm, 

3µm (Supelco: Bellefonte, PA) kept at 40°C and 2 µL of sample was injected. The mobile phase 

consisted of A: water with 1 g/L ammonium acetate and 0.1% formic acid and B: acetonitrile. The 

following gradient was used: 0.0 to 2.4 minutes at 40% B, 2.5 to 6.0 minutes at 60% B, hold for 

2.1 minutes at 60% B, then 8.1 to 9 min 100% B, hold at 100% B for 3.1 min and return to 40% B 

at 12.1 min. The flow rate was 1.0 mL/min and total run time was 14 minutes. The acquisition 

mode used was Multiple Reaction Monitoring (MRM). The transition ions (m/z), deprotonation 

potentials (V), and corresponding collision energies (V) for all of the compounds can be found in 

Table 1. A calibration curve was constructed for the assay by linear regression using the peak area 
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ratios of the calibrators and internal standards. The standard curve ranged from 0.1-10 ng for AEA, 

PEA, and OEA. Calibration curves had a correlation (r2) of 0.9982 or better. 

 

Statistical Analyses 

Data are presented as the mean ± S.E.M. For multiple group comparisons, one- or two-way 

analysis of variance (ANOVA) was performed using a Tukey or Dunnett post-hoc test when 

significant differences were found. Data were considered statistically significant when p ≤ 0.05.  

 

5.3 Results 

 

5.3.1 Characterization of cultured mouse medullary interstitial cells 

The MMIC cell population established in the study stained positively for tenascin C (Fig. 

20A), whereas cells exposed only to the HRP-conjugated secondary antibody were negative (Fig. 

20B). To confirm the report of He et al. (2013) that tenascin C is a selective marker for medullary 

interstitial cells, sections of mouse kidney were also tested (He et al., 2013). Positive 

immunostaining by the tenascin C antibody was restricted to the inner medulla/papilla (Fig. 20C); 

the outer medullary (Fig. 20D) and cortical region (not shown) were negative. This 

immunostaining in the inner medulla was associated with the ladder-like structures of the 

medullary interstitial cells, which exhibited oblong nuclei on an axis perpendicular to the tubules 

of the inner medulla. The cultured MMICs also exhibited intense staining for COX-2 (Fig. 20E) 

and stained positively for the presence of FAAH (Fig. 20F). In addition, the cultured MMICs also 

exhibited abundant cytoplasmic granules visible by phase contrast light microscopy. Positive 

histochemical staining of cytoplasmic vesicles with Oil Red O and Sudan Black B (Fig. 20G and 

20H) is consistent with the presence of neutral lipid-containing granules in the MMICs. The 
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apparent size and number of Sudan Black B stained vesicles varied over time, being most 

prominent after fresh medium changes.   

Ultrastructural analysis of the MMICs by transmission electron microscopy revealed large 

prominent nuclei, abundant mitochondria, and dilated rough endoplasmic reticulum in their 

cytoplasm (Fig. 21). Stacks of Golgi apparatus could be found. The cytoplasm was rich in granular 

and vesicular elements, consistent with lipid droplets, vacuoles, lysosomes, and other structures. 

Multilamellar bodies with their characteristic whorled appearance were visible in some images of 

control MMICs (Fig. 21B, arrows). Microvilli were apparent on the plasma membrane. Similar 

analyses of PF-3845-treated MMICs revealed similar general characteristics as described above, 

with two notable exceptions. The PF-3845-treated MMICs exhibited pronounced nucleoplasmic 

invaginations (Figs. 21B and 21D), and the multilamellar bodies were larger and more numerous 

(Figs. 21B and 21D, arrows). 
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Figure 20. Immunohistochemical and histochemical analysis of cultured MMICs and kidney tissue sections. 

Cultured mouse medullary interstitial cells (MMICs) or kidney tissue sections were subjected to 

immunohistochemical or histochemical analyses as described. (A) MMICs stained with tenascin-C primary 

antibody. (B) Negative control MMICs stained only with horseradish peroxidase-conjugated secondary 

antibody. (C) Section of inner medullary region of mouse kidney stained for tenascin C antibody. (D) 

Section of outer medullary region stained for tenascin C. (E) COX-2-stained MMICs. (F) FAAH-stained 

MMICs. (G) Oil Red O-stained MMICs. (H)  Sudan Black B-stained MMICs. Representative images of 

analyses performed in triplicate are shown (400x magnification).  
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Figure 21. Transmission electron micrographs of vehicle- and PF-3845-treated MMICs. A and B, MMICs 

treated with vehicle (Veh, 0.1% ethanol) for 24 hr. C and D, MMICs treated with 10 µM PF-3845 for 24 

hr. Low (A, C) and high (B, D) magnification images are shown for each. Osmiophilic lipid granules are 

seen in the vehicle- and PF-3845-treated MMIC images, including multilamellar bodies (arrows). 

Cytoplasmic invaginations were also a frequent feature of the PF-3845-treated cells. 
 

 

5.3.2 FAAH inhibition and high osmolarity increases Sudan Black B-stained lipid granules 

in cultured MMICs and lipid ethanolamide concentrations in MMIC culture medium 

The isolated MMICs were treated with a variety of pharmacologic and physiologic stimuli 

to evaluate their production and regulation of palmitoylethanolamide and other lipid 

ethanolamides. Treatment with the FAAH inhibitor, PF-3845, increased the number and size of 

Sudan Black B-stained granules in cultured MMICs. The onset of the PF-3845 effect on the Sudan 

Black B staining pattern was evident within 2-4 hours after the start of treatment and was dose-

dependent from 1-20 µM PF-3845 (Fig. 22). These PF-3845-induced lipid granules typically 

showed greatest accumulation in the perinuclear region. Incubation of MMICs in hypertonic 

medium (600 mOsm/L) significantly increased the size and number of Sudan Black B stained 

granules compared to control MMICs (p < 0.05) (Figs. 23A and 23B). These granules typically 
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showed greatest accumulation around the nucleus but were apparent throughout the cytoplasm in 

some of the cells. 

MMICs treated with PF-3845 or incubated in hypertonic medium were also exposed to 

high pressure (20 torr for 2 hr). In the case of PF-3845 plus high pressure, there was a trend toward 

an increase in lipid droplets from PF-3458 alone (Figs. 23D and 23E). However, MMICs exposed 

to high pressure in hypertonic medium decreased in lipid droplet number compared to hypertonic 

medium alone (Figs. 23A and 23C). Lipid droplet number did not appear to be affected by high 

pressure alone compared to control MMICs (Figs. 26C and 26F).  

The culture medium from MMICs treated with PF-3845, PF-3845 plus high pressure, 

hypertonic medium, hypertonic medium plus high pressure, and high pressure alone was collected 

and analyzed by UPLC-MS/MS for PEA, AEA, and OEA (Fig. 24). PF-3845 treatment 

significantly increased the concentrations of PEA, AEA, and OEA in the medium, and the 

combination with high pressure did not significantly change this finding (p < 0.05). Incubation in 

hypertonic medium significantly increased PEA and OEA concentrations compared to control (p 

< 0.05) but did not affect AEA concentrations. The combination of hypertonic medium and high 

pressure slightly increased PEA and OEA from hypertonic alone, but this increase was not 

significant. High pressure alone did not change the concentrations of PEA, AEA, or OEA from the 

control group. 
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Figure 22. The effects of PF-3845 on lipid staining in cultured MMICs. MMICs cultured in the presence of 

vehicle (Veh, 0.1% ethanol) or PF-3845 (1, 10 or 20 µM) for 24 hr were stained with Sudan Black B as 

described under Methods and Materials. Representative images of analyses performed in triplicate are 

shown (400x magnification).    
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Figure 23. The effects of FAAH inhibition, increased osmolarity, and high-pressure treatment on lipid 

staining in cultured MMICs. MMICs cultured in normal medium (A), 600 mOsM medium (B), 600 mOsM 

medium and subjected to high pressure (C), with 10 µM PF-3845 (D), and with 10 µM PF-3845 and 

subjected to high pressure (E). Representative image of lipid droplet quantitation (F). Lipid droplet count 

per cell was determined using Image Pro Plus. Data represent the mean ± the standard error of each group. 

Representative images of analyses performed in triplicate are shown (400x magnification). *Significant 

difference vs. the control group (p < 0.05; n= 5) HP, high pressure; PF, PF-3845. 
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Figure 24. The effects of FAAH inhibition, increased osmolarity, and high pressure treatment on lipid 

ethanolamide concentrations in MMIC culture medium. (A) Palmitoylethanolamide (PEA), (B) 

Anandamide (AEA), and (C) oleoylethanolamide (OEA). Data represent the mean ± the standard error of 

each group. *Significant difference vs. the control group (p < 0.05; n = 5-7 per group). The addition of high 

pressure treatment to either hypertonic medium or PF-3845 treatment did not affect the responses to the 

latter treatments alone. HP, high pressure; PF, PF-3845. 
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5.3.3 High osmolarity increases NAPE-PLD protein levels in cultured MMICs 

 MMICs treated with the different conditions described above were also analyzed by 

immunohistochemistry and western blot for the detection of NAPE-PLD and FAAH protein. 

MMICs incubated in hypertonic medium had more intense brown staining for NAPE-PLD 

compared to control cells (Fig. 25G). The combination of hypertonic medium and high pressure 

appeared to further intensify NAPE-PLD staining (Fig. 25I). PF-3845 or the combination of PF-

3845 and high pressure did not appear to affect the staining pattern of NAPE-PLD (Figs. 26A and 

26C). None of the treatments appeared to have an effect on the immunohistochemical staining 

pattern of FAAH (Figs. 25B, D, F, H, and J). Exposure to high pressure alone also did not appear 

to have an effect on NAPE-PLD or FAAH staining pattern in MMICs (Figs. 26A, B, D, and E). 

 The effects of different stimuli on NAPE-PLD and FAAH protein in MMICs by western 

blot analysis is shown in Figure 27. The relative level of NAPE-PLD was significantly increased 

by incubation in hypertonic medium (p < 0.05) (Fig. 27A). There was a slight increase with the 

combination of hypertonic medium and high pressure, but this was not significant. PF-3845 alone, 

the combination of PF-3845 and high pressure, and high pressure alone did not affect the level of 

NAPE-PLD. None of the treatments had a significant effect on the level of FAAH protein in 

MMICs (Fig. 27B). There was a trend toward a decrease from PF-3845 treatment, but this decrease 

was not significant.  
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Figure 25. The effects of pharmacologic and physiologic stimuli on the immunohistochemical analysis of 

cultured MMICs treated. Cultured mouse medullary interstitial cells (MMICs) were subjected to 

immunohistochemical as described. Control MMICs stained with NAPE-PLD (A) and FAAH (B) primary 

antibody; PF-3845 treated MMICS stained with NAPE-PLD (C) and FAAH (D) primary antibody; PF-

3845 treated MMICS subject to high pressure stained with NAPE-PLD (E) and FAAH (F) primary 

antibody; 600 mOsm treated MMICS stained with NAPE-PLD (G) and FAAH (H) primary antibody; 600 

mOsm treated MMICS subject to high pressure stained with NAPE-PLD (I) and FAAH (J) primary 

antibody. Representative images of analyses performed in triplicate are shown (100x magnification). HP, 

high pressure; PF-3845; N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-

piperidine carboxamide. 
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Figure 26. Immunohistochemical and histochemical analysis of cultured MMICs exposed to high pressure. 

Cultured mouse medullary interstitial cells (MMICs) were subjected to immunohistochemical as described. 

Control MMICs stained with NAPE-PLD (A) and FAAH (B) primary antibody and stained for lipids with 

Sudan Black B (C); High pressure treated MMICs stained with NAPE-PLD (D) and FAAH (E) primary 

antibody, and stained for lipids with Sudan Black B (F). Lipid droplet count per cell was determined using 

Image Pro Plus. Data represent the mean ± the standard error of each group. Representative images of 

analyses performed in triplicate are shown (100x magnification A, B, D, E; 400x magnification C, F). HP, 

high pressure; SBB, Sudan Black B. 
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Figure 27. The effects of FAAH inhibition, increased osmolarity, and high-pressure treatment on NAPE-

PLD (A) and FAAH (B) protein levels in cultured MMICs. Densitometric evaluations of protein levels 

were obtained from different experiments. Data represent the mean ± the standard error of each group. 

*Significant difference vs. control group (p < 0.05; n= 4-6 per group). HKP, housekeeping protein; HP, 

high pressure; PF, PF-3845. 
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5.4 Discussion  

This study characterized primary cultures of renal medullary interstitial cells isolated from 

the mouse kidney and determined the effect of various stimuli, both pharmacologic and 

physiologic, on the cells’ production and regulation of palmitoylethanolamide and related lipids 

that may be correspond to or be related to Muirhead’s medullipin. The hypothesis that FAAH 

inhibition in the cells would lead to an increase in lipid ethanolamide concentrations was tested. 

The study also explored the hypothesis that physiologic stimuli that mimic aspects of hypertensive 

states, such as hypertonicity or exposure to high pressure, would affect lipid ethanolamide 

concentrations produced by the MMICs. These experiments revealed several novel observations. 

FAAH inhibition increased Sudan Black B stained lipid droplets in cultured MMICs, and increased 

lipid ethanolamide concentrations in the culture medium. In addition, the level of NAPE-PLD and 

PEA formation was induced by MMICs incubated in hypertonic medium. 

In the studies described earlier, intramedullary administration of PEA stimulated diuresis-

natriuresis and decreased mean arterial pressure in L-NAME-induced hypertension. These results 

suggest that PEA can act in the renal medulla as an antihypertensive regulator. The renal medulla, 

through its unique cellular anatomy, blood supply, hyperosmotic environment, and interactions of 

interstitial cells with renal tubules and vasa recta, has long been proposed to be critical as a long-

term regulator of body fluid and sodium balance and blood pressure (Zhuo, 2000).  The idea that 

interstitial cells secrete antihypertensive lipids appeared in the literature in the late 1960’s with 

morphometric observations that the lipid granules of interstitial cells decrease in experimental 

models of hypertension (Muehrcke et al., 1969; Tobian and Ishii, 1969; Pitcock et al., 1981). The 

nature of these lipids has been a topic of intense research. Noted for their high content of 

arachidonic acid in lipid granules and the presence of high constitutive COX levels, interstitial 
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cells were demonstrated to synthesize and secrete prostaglandin E2 in response to stimulation of 

receptors on their cell surface for vasopressor hormones such as angiotensin (Zusman and Keiser, 

1977a). Prostaglandin E2 is a vasodilator as well as diuretic and natriuretic (Hashimoto, 1980).  To 

our knowledge, medullipin is the only other major antihypertensive lipid proposed to be produced 

and released by medullary interstitial cells (Brooks et al., 1994; Cowley, 1994).  

 Renal medullary interstitial cells were cultured from mouse kidney and their characteristics 

were found to be consistent with literature, including well developed and widened rough 

endoplasmic reticulum, abundant mitochondria, the presence of lipid droplets, and positive 

staining for COX-2 and tenascin-C (Lemley and Kriz, 1991; Moeckel et al., 2003; He et al., 2013). 

The cultured MMICs also stained positively for FAAH, which was unreported in literature. The 

finding that FAAH was expressed in MMICs provides evidence for the presence of the proposed 

target of PF-3845 in the studies described earlier. Another finding of interest for its possible 

relation to secretion of PEA and other lipid ethanolamides was the observed increase in lipid 

granules in MMICs exposed to PF-3845, as demonstrated using the neutral lipid dye, Sudan Black 

B. Ultrastructural analyses of control and PF-3845-treated MMICs suggested that the increased 

neutral lipid staining in the PF-3845-treated cells was associated at least in part with increased size 

and number of cytoplasmic multilamellar bodies. These organelles were found by us to be present 

in the vehicle-treated MMICs and by others in cultured medullary interstitial cells (Mathews et al., 

1979) as well as in renomedullary interstitial cells in situ (Lewis and Prentice, 1979; Bohman, 

1980). They are proposed to play roles in the storage and secretion of lipids (Schmitz and Muller, 

1991).  Further investigation is needed to determine if multilamellar bodies are involved in the PF-

3845-induced mechanism of PEA release. 
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 RMICs appear to play an important role in regulating salt absorption and renal medullary 

blood flow due to their interposition between the vasa recta, loops of Henle, and collecting ducts. 

Prostaglandin E2 has been identified as an important component of this activity but does not fully 

explain the role of RMICs (Daniels et al., 1967). The cultured MMICs were also exposed to 

physiologic stimuli that mimic aspects of hypertensive states, such as increase in salt concentration 

and exposure to high pressure, to investigate how PEA and other lipid ethanolamides’ production 

and release are regulated. It is well documented that a chronic high salt intake causes an increase 

in blood pressure and contributes to the development of hypertension (Ha, 2014). With the cultured 

MMICs, exposure to hypertonic medium produced an increase in NAPE-PLD protein levels, 

increased Sudan Black B stained lipid granules, and a significant increase in PEA and OEA 

production and release by analysis of the culture medium. AEA concentration was not changed by 

this treatment. Consistent with our findings, Nissen reported that a brief period of salt repletion in 

salt-depleted rates induced a significant increase in the number of lipid droplets in the renal 

medullary interstitial cells (Nissen, 1968). He concluded that the differences in number of lipid 

droplets are due to the droplets containing physiologically active substances that accumulate 

during salt repletion and release during depletion. The novel findings in this study support this 

hypothesis of physiologically important substances in the lipid droplets of RMICs and a role of 

RMICs in the regulation of PEA synthesis in the kidney. It is possible that in cases of high salt 

intake that could lead to a hypertensive state, the interstitial cells of the renal medulla would 

respond by stimulating the production of PEA in order to combat the increase in extracellular fluid 

volume. Previously described studies demonstrated that PEA can act in the renal medulla to 

increase fluid and salt excretion, and therefore decrease ECFV which would lead to a reduction in 

arterial pressure.  
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Pressure-natriuresis is associated with elevations in medullary blood flow and renal 

interstitial hydrostatic pressure (RIHP). The rise in RIHP is important in triggering pressure-

natriuresis, since the removal of the renal capsule attenuates the natriuretic response after an 

increase in renal perfusion pressure (RPP) (Khraibi and Knox, 1989). It has been reported that in 

an increase in RPP from 100 to 150 mmHg, RIHP increased to 10 mmHg (Garcia-Estan and 

Roman, 1989; Williams et al., 2007). RMICs have been proposed to be sensors of an increase in 

RIHP, and therefore RPP (Carlsen et al., 2010). In this study cultured MMICs were also exposed 

to high pressure alone, and in combination with other stimuli to investigate the production of lipid 

ethanolamides. High pressure alone did not change lipid droplet number, NAPE-PLD or FAAH 

protein levels in MMICs, or concentrations of lipid ethanolamides in the culture medium. 

Interestingly, MMICs in hypertonic medium also exposed to high pressure resulted in a decrease 

in lipid droplets, a return to normal levels of NAPE-PLD, and no further increase in the release of 

PEA into the medium. In contrast, in PF-3845-treated MMICs also subjected to high pressure, 

lipid droplet number further increased, but there was not a change in NAPE-PLD or FAAH protein 

levels. Although not significant, there was a trend toward further increases in PEA and OEA 

concentrations with the addition of high pressure to hyperosmolarity, but AEA concentrations did 

not appear to be affected. It is clear that the mechanism by which increased pressure affects the 

production and release of PEA, AEA, and OEA from MMICs is complex and is possibly mediated 

by different mechanisms depending on the physiological state of the cells.  

There is increasing evidence that supports the role of renal medullary interstitial cells as an 

important regulator of normal homeostasis. The current study investigated the cellular mechanisms 

in which the biologically active lipid ethanolamides PEA, AEA, and OEA are produced and 

released from cultured mouse medullary interstitial cells. In summary, inhibition of FAAH by PF-
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3845 increased lipid droplets in MMICs and lipid ethanolamide concentrations in the culture 

medium. Furthermore, MMICs incubated in hypertonic medium resulted in an increase of NAPE-

PLD levels, lipid droplets, and PEA concentrations in the culture medium. These data supports the 

hypothesis that MMICs produce and release PEA which may then serve as an important regulator 

of normal kidney function and in hypertensive states. Future studies are needed to evaluate N-

acylethanolamines by analysis of the lipids contained in the lipid droplets of the MMICs.  
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Final discussion and conclusions 
 

The role of the endocannabinoid system and related lipids in the kidney and control of 

blood pressure is not fully understood. The pursuit of the identification of neutral lipids that 

originate from the renal medulla and serve as antihypertensive regulators continues almost 70 years 

after Muirhead first described a feedback blood pressure control system operating from the 

interstitial cells of the renal medulla to down-regulate blood pressure. The purpose of the preceding 

studies was to investigate the mechanisms by which the renal medulla combats increased blood 

pressure by the proposed release of an antihypertensive substance. The studies included elevation 

of endogenous lipid ethanolamide concentrations via inhibition of the degradative enzyme FAAH, 

administration of exogenous PEA, and investigation of the cellular mechanisms by which PEA 

and other lipid ethanolamides are regulated by cultured MMICs.  

We hypothesized that elevating endogenous AEA by chemical inhibition of FAAH by PF-

3845 would elicit similar effects as exogenously administered AEA. This was confirmed with 

intramedullary and intravenously administered PF-3845 stimulating diuresis and natriuresis in a 

model of acute renal function. Furthermore, PF-3845 produced a decrease in mean arterial 

pressure, and these effects were accompanied by increased AEA, PEA, and OEA concentrations 

in kidney tissue. However, previous studies in our lab and others have demonstrated that 

exogenously administered AEA does not produce a decrease in blood pressure. This led us to 

hypothesize that the effects observed with PF-3845 may not be due to increased AEA in the kidney 

but may be mediated fully or partially by the endocannabinoid-like lipid PEA. The ability of PEA 

to modulate kidney function was then explored. Exogenously administered PEA stimulated urine 

and salt excretion in normotensive mice without changing MAP, and these effects were found to 

be independent of FAAH-mediated hydrolysis. Intramedullary PEA-induced diuresis was also 
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independent of CB1, excluding the entourage effect as a possible mechanism. While the results of 

these studies do not confirm the hypothesis that the lowering of blood pressure by intramedullary 

PF-3845 infusion is mediated by increased PEA concentrations, since PEA did not affect MAP, 

this does not exclude PEA from being a contributor to the mechanism of PF-3845-induced diuresis 

and natriuresis. It is possible that the combination of increased AEA and PEA in the kidney is 

responsible for the decrease in mean arterial pressure observed with PF-3845. The effects of PEA 

administration in a chronic hypertension model was also evaluated. Intramedullary PEA was able 

to induce diuresis and natriuresis and also decrease mean arterial pressure in L-NAME-induced 

hypertensive mice, demonstrating PEA has the ability to serve as an antihypertensive agent in the 

renal medulla.  

The last of the studies was designed to investigate the mechanisms of production and 

regulation of PEA and other lipid ethanolamides from cultured mouse medullary interstitial cells 

in response to pharmacologic and physiologic stimuli. We hypothesized that different stimuli 

would increase production of lipid ethanolamides and support the long-recognized idea that the 

interstitial cells of the renal medulla are the source of an antihypertensive substance. It was 

demonstrated that FAAH inhibition increased neutral lipid-containing granules in the MMICs and 

lipid ethanolamide concentrations in the culture medium. PF-3845 treated cells also exposed to 

elevated pressure to mimic the increase in RIHP in hypertensive states had further increased lipid 

granules in the perinuclear region and PEA concentrations in the medium. This suggests that under 

conditions with already increased PEA, a high pressure stimulus results in further synthesis and 

storage of PEA in the lipid granules of MMICs. It was also demonstrated that hypertonic medium 

increased NAPE-PLD protein levels in MMICs, an effect that was accompanied by increased lipid 

droplets and PEA concentrations in the culture medium. PEA concentrations remained elevated in 
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the medium of MMICs incubated in hypertonic medium also exposed to high pressure, but NAPE-

PLD returned to control levels. These data indicate that the interstitial cells respond to an increase 

in salt concentration by inducing synthesis and release of PEA, furthering supporting the 

hypothesis that PEA has the ability to serve as an antihypertensive stimulus in the renal medulla.  

The mechanisms by which the renal medulla responds to an increase in blood pressure 

remain unclear. However, this body of work supports the role of the endocannabinoid-related lipid 

PEA as a potential regulator of salt and water reabsorption and blood pressure originating from 

the interstitial cells. PEA was able to stimulate diuresis and natriuresis in normotensive mice, as 

well as decrease mean arterial pressure in a model of chronic hypertension. Furthermore, cultured 

renal medullary interstitial cells produce PEA in high abundance and respond to pharmacologic 

and physiologic stimuli by increasing synthesis and release of PEA. Data from the described 

experiments contributes to knowledge needed for the development of improved approaches for 

treatment or prevention of hypertension by enhancing the endogenous antihypertensive 

mechanisms of the kidney.  
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