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Abstract

Although cannabinoid receptors (CB) are recognized as targets for renal fibrosis, the roles of 

endogenous cannabinoid anandamide (AEA) and its primary hydrolytic enzyme, fatty acid amide 

hydrolase (FAAH), in renal fibrogenesis remain unclear. The present study used a mouse model 

of post-ischemia-reperfusion renal injury (PIR) to test the hypothesis that FAAH participates in 

the renal fibrogenesis. Our results demonstrated that PIR showed upregulated expression of FAAH 

in renal proximal tubules, accompanied with decreased AEA levels in kidneys. Faah knockout 

mice recovered the reduced AEA levels and ameliorated PIR-triggered increases in blood urea 

nitrogen, plasma creatinine as well as renal profibrogenic markers and injuries. Correspondingly, 

a selective FAAH inhibitor, PF-04457845, inhibited the transforming growth factor-beta 1 (TGF-

β1)–induced profibrogenic markers in human proximal tubular cell line (HK-2 cells) and mouse 

primary cultured tubular cells. Knockdown of FAAH by siRNA in HK-2 cells had similar 
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effects as PF-04457845. Tubular cells isolated from Faah−/− mice further validated the protection 

against TGF-β1–induced damages. The CB 1 or CB2 receptor antagonist and exogenous FAAH 

metabolite arachidonic acid failed to reverse the protective effects of FAAH inactivation in 

HK-2 cells. However, a substrate-selective inhibitor of AEA-cyclooxygenase-2 (COX-2) pathway 

significantly suppressed the anti-profibrogenic actions of FAAH inhibition. Further, the AEA-

COX-2 metabolite, prostamide E2 exerted anti-fibrogenesis effect. These findings suggest that 

FAAH activation and the consequent reduction of AEA contribute to the renal fibrogenesis, and 

that FAAH inhibition protects against fibrogenesis in renal cells independently of CB receptors via 
the AEA-COX-2 pathway by the recovery of reduced AEA.
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1. Introduction

Acute kidney injury (AKI) is an important risk factor for chronic kidney disease (CKD) 

development and progression [1–3]. Chronic proximal tubular injury with subsequent 

fibrosis is a key factor in the transition of AKI to CKD [4–6]. Mildly injured proximal 

tubular epithelial cells (PTECs) initiate a process of adaptive repair in epithelial cells. 

Severe injured PTECs undergo the change of epithelial phenotype, initiate inflammation 

and profibrogenic responses and eventually result in renal fibrosis [4–7]. This transition 

is featured by downregulation of epithelial cell markers, such as E-cadherin or zonula 

occludins-1 (ZO-1) [8], increased production of profibrogenic mediators IL-1β, TGF-β1 

[9,10] and profibrogenic markers α-smooth muscle actin (α-SMA), type I/III collagens 

[11,12]. Therefore, PTECs play a crucial role in the renal fibrogenesis of progressive CKD. 

In particular, TGF-β1 is a major mediator to promote profibrogenic effects of PTECs [13–

15].

The endogenous cannabinoid (endocannabinoid) system, consisting of two major 

endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), that bind and 

activate the cannabinoid receptors, CB1 and CB2, plays an important physiological function 

in the kidneys. The cannabinoid receptors have been identified as potential targets in renal 

fibrosis [16,17]. Lecru et al. showed that inhibition of CB1 reduced renal fibrosis in a 

unilateral ureter obstruction (UUO) model and attenuated TGF-β1-induced fibrogenesis on 

renal myofibroblast [18]. The role of CB2 receptor in kidney fibrosis, on the other hand, 

remains controversial. Studies demonstrated that inhibition of CB2 receptor reduced kidney 

fibrosis after UUO [19,20], whereas combination of a CB1 receptor antagonist and CB2 

receptor agonist prevented diabetic nephropathy [21]. In addition, studies investigating the 

role of AEA in kidney fibrosis are hampered by its rapid hydrolysis from the primary 

catabolic enzymes fatty acid amide hydrolase (FAAH) [22]. Thus, FAAH represents a viable 

target to modulate the endogenous cannabinoid tone, but its role in profibrogenic effects of 

tubular cells and renal fibrosis remains unspecified.
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Growing attention has focused on the development of FAAH inhibitors as potential 

therapeutic agents for inflammation, and hypertension [23–27]. Notably, the renal cortex 

possesses a higher level of FAAH expression than renal medulla [28]. Moreover, a selective 

FAAH inhibitor modulates blood pressure and diuresis after renomedullary infusion [27]. 

These findings indicate that FAAH is highly associated with renal function. Therefore, the 

primary focus of the present study was to investigate the in vivo functional contribution of 

FAAH to post-ischemia-reperfusion (PIR)-induced kidney damage and fibrogenesis in mice. 

In addition, we explored the mechanism underlying the contribution of the FAAH pathway 

to the profibrogenic effects of TGF-β1 in renal PTECs.

2. Methods (details in Supplementary Methods)

2.1. Animal

Twelve weeks-old male littermate wild-type (WT, C57BL/6 J) and Faah−/− mice (genetic 

background C57BL/6 J) were used. All procedures were approved by the Institutional 

Animal Care and Use Committee of the Virginia Commonwealth University.

2.2. Mouse ischemic AKI to CKD model

Wild-type (WT) and Faah−/− mice were subjected to a renal post-ischemia-reperfusion injury 

(PIR), which mimics the transition of AKI to CKD [19,29,30]. On day 1, left renal pedicles 

were clipped by microvascular clamps for 30 min followed by reperfusion. Mice in both 

the sham and PIR groups underwent right nephrectomy on day 11. Blood samples and the 

left kidneys were then harvested before euthanasia on day 13. Right nephrectomy would 

allow the assessment of left renal functions by measuring plasma creatinine and blood urea 

nitrogen (BUN). Sham-operated control mice were subjected to a similar surgical protocol 

but did not undergo ischemic injury.

2.3. Renal function analysis

Plasma creatinine was analyzed by LabAssay Creatinine kit (Fujifilm) [31] and BUN was 

assessed by Urea Nitrogen Reagent Kit (Alfa Wassermann) using Vet Axcel Chemistry 

Analyzer (Alfa Wassermann) according to manufacturer’s guidance.

2.4. Culture of human proximal tubular epithelial cell line and drug treatment

Human proximal tubular epithelial cells (HK-2) were purchased from AddexBio company 

and cultured as described [32,33]. Cells were pre-treated with 1 μM PF-04457845 (PF, 

a selective FAAH inhibitor, Tocris Bioscience) [34], 1 μM Rimonabant (CB1 antagonist, 

Cayman) [18], 1 μM SR144528 (SR, CB2 antagonist, Cayman) [35], 10 μM arachidonic 

acid (AA, Cayman) [36], 30 nM LM-4131 (Indomethacin Morpholiny-lamide, substrate-

selective AEA-COX-2 inhibitor, Cayman) [37,38] or 100 nM Prostamide E2 (Cayman) [39] 

30 min prior to the incubation of 5 ng/ml TGF-β1 (PeproTech) for 48 h [40].

2.5. Primary culture of mouse kidney proximal tubular cells

Isolation and culture of primary proximal tubule cells was performed using collagenase 

digestion and sieving of renal cortex as previously reported with modifications [41–43]. 
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Tubules were collected and cultured in hormonally defined serum-free DMEM/F12 (Gibco) 

medium supplemented with epidermal growth factor (EGF, 10 ng/ml), triiodothyronine (T3, 

5 × 10–12 M), selenium (50 nM), transferrin (5 μg/ml), insulin (5 μg/ml), hydrocortisone (50 

nM) and streptomycin (100μg/ml) /penicillin (100 IU/ml, Gibco). Identification of proximal 

tubular cells was confirmed by immunostaining of a proximal tubule marker, megalin 

(1:200, Santa Cruz). Cells were then treated with PF and/or TGF-β1 as described above.

2.6. Western blot

Western blot analysis was performed as previously described [44]. Total protein (15 μg) of 

cells or renal cortex was loaded into polyacrylamide gel followed by electroblotting onto 

a PVDF membrane. Primary antibodies used are listed in the Supplementary Methods. 

Blot signals were amplified by HRP-conjugated secondary antibodies (Cell Signaling 

Technology) in a concentration of 1:5000 for 1 h and incubated with SuperSignal™ West 

Pico PLUS Substrate (Thermo Fisher Scientific). Protein bands were detected with Odyssey 

Fc imaging system and intensity of bands was determined by ImageJ software (NIH).

2.7. Histological examinations

Mouse kidneys were cut longitudinally and fixed in 4 % paraformaldehyde for at least 24 h 

and then switched to 70 % ethanol. The fixed tissues were embedded in paraffin and cut into 

5 μm sections. Paraffin-embedded kidney sections were stained with Periodic-Acid Schiff 

(PAS, Sigma), picrosirius red (Abcam) [45,46], and Masson’s trichrome (Polysciences) 

[19,20].

2.8. Immunohistochemical (IHC) staining in kidney tissues

In brief, paraffin-embedded sections were deparaffinized and processed to subsequent 

antigen retrieval, endogenous peroxidase blocking with 3 % H2O2, and nonspecific sites 

blocking in 10 % serum. Primary antibodies used are listed in the Supplementary Methods. 

Primary antibodies were incubated overnight at 4 °C. Rabbit secondary antibody was then 

incubated for 1 h at room temperature followed by streptavidin HRP incubation, DAB 

developing, and counterstained with hematoxylin. At least 10 fields for each sample were 

evaluated for all results. Staining area was calculated by using ImageJ (NIH) [46].

2.9. Immunocytochemical staining in cultured cells

Cells were cultured on glass coverslips, fixed in 4 % paraformaldehyde, incubated with 

primary antibody at 4°C overnight, and then fluorescence conjugated-secondary antibody for 

1 h at room temperature. Positive areas were calculated by ImageJ [47].

2.10. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) for measurement of 
lipids

AEA of mouse kidney cortex and HK-2 cells were extracted three times with chloroform/

methanol (2:1, v/v) and a 0.73 % sodium chloride mixture. The chloroform was collected 

and pooled. Dried residues were reconstituted in 0.1 ml of chloroform followed by 1 ml 

of cold acetone (Pharmco, Fisher Scientific). After centrifugation for 5 min at 10000 rpm 

at 4 °C, the upper layer was collected and dried under nitrogen gas. The extracts were 
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reconstituted with 0.1 ml of methanol and placed in auto-sampler vials for analysis. The 

LC-MS/MS was performed by the Sciex 6500+ LC-MS/MS as we previously reported [28].

2.11. siRNA transfection

HK-2 cells were grown to 90 % confluence in normal medium before transfection of 

FAAH or CB2 siRNA (Thermo Fisher) using Lipofect-amine 3000 transfection reagent 

(Thermo Fisher) according to the manufacturer’s guidance. For a six-well plate, each well 

was transfected with 75 pmol of siRNA in Opti-MEM medium (Gibco). Following 5 h 

incubation, cells were then maintained in normal medium overnight and subjected to TGF-

β1 stimulation. A negative control siRNA (Silencer, Ambion, Thermo Fisher Scientific) was 

employed to reflect a baseline for target gene knockdown.

2.12. Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). The significance of 

differences in mean values within and between multiple groups was evaluated using one-

way ANOVA by a Bonferroni’s multiple comparisons test or two-way ANOVA followed 

by a Tukey’s multiple comparisons test. Student’s t-test was used to evaluate statistical 

significance of differences between two groups. P < 0.05 was considered statistically 

significant.

3. Results

3.1. Post-ischemia-reperfusion renal injury model causes kidney injury and fibrogenesis, 
as well as increased FAAH protein expression

To study in vivo renal fibrogenesis, we utilized a mouse model of renal post-ischemia-

reperfusion (PIR), which produced a progression of AKI to CKD [19,29,30]. PIR-induced 

kidney damages were confirmed by the significant increases in biomarkers of kidney injury, 

neutrophil gelatinase-associated lipocalin (NGAL), and profibrogenic marker, α-SMA in 

WT mice (Fig. 1A–C). Immunofluorescence double-staining revealed that FAAH was 

primarily expressed in proximal tubular marker megalin-stained tubules in the cortex (Fig. 

1D). Furthermore, PIR resulted in increased FAAH expression, especially in proximal 

tubules (Fig. 1E, upper panel), which was associated with a concomitant increased 

expression of PIR-induced α-SMA (Fig. 1C). These findings suggest that FAAH may play 

a role in the process of renal fibrogenesis. PIR also increased TGF-β1 (Fig. 1E, lower 

panel), which replicated the findings by Li et al. [29]. Therefore, we used TGF-β1 as a 

profibrogenic inducer of PTECs in subsequent in vitro studies.

3.2. PIR injury stimulates FAAH activity and concomitantly decreases AEA levels

We further measured the content of AEA, the major substrate of FAAH, in the renal cortex 

from WT and Faah−/− mice. Firstly, the protein expression of Faah deletion was validated 

in mice (Fig. 2A). FAAH activity was determined by measuring levels of AEA using 

LC-MS/MS. As expected, Faah−/− sham mice showed significantly elevated levels of AEA 

compared with WT-sham (Fig. 2B, C). Surprisingly, PIR led to significant decreases of 

AEA, which was recovered in Faah−/− mice (Fig. 2B, C). These results demonstrate that 
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profibrotic stimulus in kidneys leads to downregulation of AEA and this endocannabinoid 

imbalance could be ameliorated by inactivation of FAAH.

3.3. Genetic deletion of FAAH improves kidney function and renal tubulointerstitial 
fibrosis following post-ischemia-reperfusion renal injury

To study in vivo contribution of FAAH to the pathogenesis of AKI to CKD, we compared 

renal functional markers including plasma creatinine and blood urea nitrogen (BUN), levels 

of profibrotic proteins and histological assessments between WT and Faah−/− mice 13 days 

after PIR. Faah−/− PIR mice showed reduced plasma creatinine and blood urea nitrogen 

(BUN) compared with WT-PIR mice, whose levels remained high (Fig. 3A, B). Moreover, 

Faah−/− PIR mice exhibited pronounced reductions in expression of the kidney injury 

marker NGAL and profibrogenic marker α-SMA compared with WT-PIR mice (Fig. 3C, 

D). Histological evaluation by PAS staining showed that WT-PIR mice exhibited significant 

tubular damages in proximal tubules as indicated by tubular atrophy, vacuolar degeneration, 

loss of brush border and cast formation in proximal tubules compared with WT-sham mice 

(Fig. 3E, F). Faah deletion protected kidneys from PIR-induced proximal tubular damages, 

which occurred in WT mice (Fig. 3E, F). The extent of renal fibrosis was measured 

by picrosirius red and Masson’s trichrome staining, demonstrating significant collagen 

deposition in tubulointerstitial area of WT-PIR mice, but reduced fibrotic area in Faah−/− 

PIR cortex (Fig. 3E, G, H). Taken together, these results indicate that FAAH is essential 

for mediating PIR-induced renal fibrogenesis, and that genetic deletion of FAAH improves 

kidney function and renal fibrogenesis following PIR.

3.4. Genetic knockout of Faah also attenuates inflammatory responses after post-
ischemia-reperfusion renal injury

Infiltration of inflammatory cells plays important roles in the initiation and pathogenesis 

of AKI and progression to CKD [48]. A macrophage marker CD68+ and a T-cell 

marker CD43+ were used to assess immune cell infiltration. Immunohistochemistry showed 

significant lower renal infiltrations of CD68+ and CD43+ cells (Fig. 4A–C) in Faah−/− mice 

than WT mice in response to PIR injury. In addition, PIR resulted in a remarkably increased 

proinflammatory marker, pro-IL1β in WT mice but much lower expression in Faah−/− mice 

(Fig. 4D, E), suggesting that inactivation of FAAH could also reduce inflammation triggered 

by PIR injury.

3.5. TGF-β1 enhances the expression and activity of FAAH in cultured proximal tubular 
epithelial cells

Based on the PIR-induced FAAH upregulation in renal proximal tubular epithelial cells 

(PTECs), we employed a human PTEC cell line (HK-2) to investigate the molecular 

mechanism underlying the protective effects of FAAH deletion against PIR. TGF-β1, 

the prominent mediator in CKD [49–51], caused considerably increased expression of 

FAAH in HK-2 cells (Fig. 5A, B) in accord with the in vivo upregulation of FAAH in 

proximal tubules. FAAH activity of HK-2 cells was then inhibited by a FAAH inhibitor 

(PF-04457845, PF, 1 μM) with or without TGF-β1. As expected, LC-MS/MS assay showed 

that PF increased levels of AEA in HK-2 cells compared to control cells (Fig. 5C, D). 

Notably, TGF-β1 led to a significant reduction in cellular AEA and that this effect was 
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counteracted by PF (Fig. 5C, D). These data strongly indicate that TGF-β1 is an important 

stimulator that facilitates AEA metabolism by FAAH, leading to an endocannabinoid 

dysregulation.

3.6. Pharmacological or genetic inhibition of FAAH abrogates TGF-β1–induced 
expression of profibrogenic proteins in renal PTECs

As the data presented above demonstrate the importance of TGF-β1 in FAAH-AEA 

regulation, we next sought to clarify the underlying mechanism of the protective effects 

by FAAH inhibition on in vitro TGF-β1–induced profibrotic effects. Western blot analysis 

showed that TGF-β1 increased expression of the proinflammatory marker pro-IL1β (Fig. 

6A, B), profibrogenic markers α-SMA and collagen I/III (Fig. 6C, D), while PF abolished 

these effects in HK-2 cells (Fig. 6A–D). PF also attenuated TGF-β1-induced loss of 

epithelial marker E-cadherin (Fig. 6E, F). Immunocytochemistry revealed that TGF-β1 

caused a significant decrease in ZO-1 expression by 40 % and disarrangement of proximal 

tubular epithelial cells, which were significantly recovered by PF (Fig. 6G, H). In addition, 

TGF-β1 induced morphology changes from an epithelial phenotype to a more profibrogenic 

phenotype, a spindle shape in HK-2 cells, whereas cells treated with PF maintained a 

classical cobblestone morphology even in the presence of TGFβ1 (Fig. 6I). These data 

suggest that pharmacological inactivation of FAAH effectively abrogates TGF-β1-induced 

profibrogenic effects in renal proximal epithelial cells.

We used siRNA as a complementary approach to inhibit FAAH (Fig. 6J) and showed that 

silencing of FAAH significantly mitigated TGFβ1-induced upregulation of profibrogenic 

markers α-SMA and collagen I/III (Fig. 6K, L). These findings demonstrate that genetic 

knockdown of FAAH elicits comparable anti-profibrogenic effects as pharmacological 

inactivation of FAAH.

3.7. FAAH inhibition also abrogates TGF-β1–induced profibrogenic responses in mouse 
primary PTECs

We next isolated mouse primary proximal tubular epithelial cells (PPTECs) to validate 

the findings in immortalized HK-2 cells. Immunostaining for megalin, a PTEC marker 

demonstrated the identification of PPTECs (Fig. 7A, right). M1 cells (mouse collecting duct 

cells) were used as negative control (Fig. 7A, left). Similar to HK-2 cells, PPTECs exposed 

to TGF-β1 had significantly increased expression of FAAH (Fig. 7B, C). TGF-β1 also 

increased expressions of pro-IL1β, α-SMA (Fig. 7D, E), whereas PF inhibited these effects. 

Immunocytochemistry showed that compared with control cells, TGF-β1 upregulated α-

SMA (green) expression in megalin-positive stained PPTECs (red), which also presented a 

profibrogenic phenotype (Fig. 7F). These outcomes were reversed by PF treatment.

We further isolated PPTECs from Faah−/− mice and confirmed their effect against TGF-β1. 

Western blot verified the genetic knockout of Faah and showed that Faah−/− PPTECs had 

a significant reduction in α-SMA compared with WT PPTECs after exposure to TGF-β1 

(Fig. 7G, H). These data suggest that the PF exerts comparable protections in both PPTECs 
and HK-2 cell line in response to TGF-β1. In addition, PPTECs isolated from Faah−/− mice 

further validated the protection against TGF-β1-induced profibrogenesis.
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3.8. The protective effects of FAAH inhibition on TGF-β1 induced-profibrogenesis are 
independent of CB1 and CB2 receptors in PTECs

Because FAAH inhibition increases its substrate AEA, which would possibly activate CB1 

and CB2, we next investigated whether cannabinoid receptors mediate the protective effects 

of FAAH inhibition against TGF-β1 induced-profibrogenesis. Although CB1 receptor has 

been shown to mediate renal damages [16,18,52,53], its role in the current experimental 

setting needs to be validated. Immunoblots revealed that CB1 antagonist (Rimonabant, 1 

μM) did not revert the protection of PF against TGF-β1-induced α-SMA and collagen 

I/III (Fig. 8A–C), indicating that the protective effects of PF in PTECs were not via CB1 

receptor. Because of controversies on the role of CB2 receptor in kidney diseases, we used 

both CB2 antagonist (SR, SR144528, 1 μM) and CB2 siRNA to test the role of CB2 receptor 

in FAAH activation. Immunoblots showed that upon TGF-β1 stimulation, co-treatment of 

PF and the SR had no significant changes in α-SMA and collagen I/III compared with PF 

treated-cells (Fig. 8D, E). In addition to the pharmacological method, simultaneous genetic 

knockdown of both CB2 and FAAH in HK-2 cells was conducted. Silencing of CB2 (Fig. 

8F) did not reverse the anti-profibrogenic effects of FAAH siRNA (Fig. 8G, H), which was 

consistent with the lack of an effect by the CB2 receptor antagonist (Fig. 8D, E). These data 

indicate that the protective effects of FAAH inhibition are independent of the CB1 and CB2 

receptors in HK-2 cells.

3.9. The AEA-COX-2 pathway mediates the anti-profibrogenic effects of FAAH inactivation 
on TGF-β1-treated HK-2 cells

Arachidonic acid (AA) is one of the major metabolites of AEA produced by FAAH. To 

ascertain whether potentially reduced AA contributed to the protection by FAAH inhibition, 

we tested if supplement of exogenous AA would eliminate the protection by FAAH 

inactivation. As seen in Fig. 9A–B, HK-2 cells treated with exogenous AA (10 μM) did 

not reverse the protective outcome of PF on TGF-β1-induced α-SMA expression (Fig. 

9A, B). Conversely, the other leg of AEA metabolism (i.e., the AEA-COX-2-pathway) 

may mediate the protective effects of FAAH inhibition. We discovered that the substrate-

selective COX-2 inhibitor (LM-4131, 30 nM), which inhibits AEA-COX-2 but not AA-

COX-2 pathway [37,38], profoundly diminished the anti-profibrogenic effects of PF under 

TGF-β1 stimulation (Fig. 9C, D). Specifically, LM-4131 annihilated the attenuation of 

TGF-β1-induced α-SMA and collagen I/III expression by PF. Furthermore, prostamide E2, 

the major metabolite of AEA-COX-2, mitigated TGF-β1-induced α-SMA expression (Fig. 

9E, F), which mimicked the effect of FAAH inhibition. Overall, these results suggest that 

the protective effects of FAAH inhibition on TGF-β1-induced profibrogenic responses are 

not mediated by reduction of AA levels and can be realized through enhanced AEA-COX-2 

pathway in PTECs.

4. Discussion

The present study demonstrates that inactivating FAAH, the rate-limiting enzyme for 

the degradation of AEA [22], offers protection from PIR-induced renal fibrogenesis and 

mitigates TGF-β1-induced profibrogenic responses in renal proximal tubular epithelial cells 

(PTECs). These protective effects are associated with recovery of PIR-induced reductions 
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in AEA levels but not due to either CB receptors activation or decreased metabolites of 

AEA caused by FAAH inhibition. Instead, the results of the present study suggest that 

the mechanism underlying this protection may result from increased metabolites of AEA 

through the AEA-COX-2 pathway when FAAH is inactivated. These results reveal a novel 

mechanism contributing to the PIR-induced renal fibrogenesis.

The present study used a clinically relevant mouse ischemic AKI to CKD model, PIR, to 

test the role of FAAH in renal fibrogenesis. Based on Human Protein Atlas database [54] 

and one report [55], human kidney samples show the highest expression levels of FAAH in 

proximal tubules but lower levels of FAAH in other segments, which are consistent with that 

in mouse kidneys in our findings (Fig. 1D). Furthermore, PIR-induced expression of FAAH 

in proximal tubules (Fig. 1E) was accompanied with notable decreased AEA, suggesting 

that FAAH may participate in regulating the pathophysiology of proximal tubules during 

the transition of AKI to CKD. It is worth noting that literature reports different changes 

in AEA and/or 2-AG in different kidney disease models as well as in acute and chronic 

phases of kidney injury. For instance, AEA was not altered in 24 h of the renal post-ischemia 

reperfusion injury (IRI)-induced AKI model [56]. On the other hand, the UUO model 

decreased AEA levels but increased 2-AG levels [18]. Notably, we did not observe renal 

protection of Faah−/− mice in the acute phase of 48 h IRI-AKI and the UUO model (data not 

shown). The above evidence indicates the diverse actions of endocannabinoids in different 

kidney diseases and that FAAH plays a key role in the progression of ischemic AKI to CKD.

The TGF-β1 signaling pathway has been shown to mediate renal tubular damage, 

particularly in proximal tubules [49]. Injured tubular epithelial cells per se are also described 

to initiate the release of TGF-β1, which further triggers the progression of acute tubular 

injury toward tubular atrophy and is associated with the progression to CKD [49–51]. Here 

we demonstrate that PIR increases the expression of TGF-β1 in proximal tubules (Fig. 1E), 

which is consistent with a previous report that also shows in vivo upregulation of TGF-β1 

in the PIR model [29]. TGF-β1 is a key mediator that may hinder the repair process of 

damaged tubules after AKI and can induce profibrotic epithelial phenotype of tubules [50]. 

These results suggest that PIR-induced TGF-β1 expression plays a role in fibrogenesis in the 

in vivo model and allow for the utilization of TGF-β1 to investigate mechanisms in in vitro 
study.

In the present study, Faah−/− mice exerted protection against PIR-induced kidney damage, 

inflammation and fibrogenesis. These anti-inflammatory and anti-fibrogenic effects by 

enhancing the AEA in the current PIR model are supported by the literature showing 

antioxidant effects of FAAH inhibition and/or AEA, given that the oxidative stress critically 

contributes to the inflammatory processes and fibrogenesis. For example, inhibition of 

FAAH has been shown to activate Nrf2/antioxidant signaling [57], reduce the activity of 

reactive oxygen species (ROS)-generating enzymes [58], and prevent the increase of lipid 

peroxidation in the membranes of erythrocytes from hypertensive rats [59]. The above 

evidence suggests that anti-inflammatory properties of enhanced AEA by FAAH inhibition 

[24–26] may be closely related to the antioxidant effects.

Chen et al. Page 9

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Consistent with in vivo data, FAAH inhibition corrected the TGF-β1-downregulated AEA 

tone in HK-2 cells. However, there were differences in the recovery of AEA levels by FAAH 

inhibition in the kidneys and cultured cells. The decrease in AEA levels in vivo could result 

from reduced production and/or enhanced degradation in WT-PIR mice. The AEA levels 

were only partially recovered in Faah KO-PIR mice compared with the Faah KO-sham mice, 

indicating that PIR might also trigger the inhibition of AEA synthesis in addition to the 

enhancement of AEA degradation. Interestingly, in vitro data showed that FAAH inhibitor 

totally recovered the decrease in AEA levels when cells were exposed to TGF-β1 (Fig. 5C, 

D). These data indicate that TGF-β1 is an important regulator for FAAH expression and 

activity as well as the AEA metabolism in renal proximal tubules, whereas in the in vivo 
setting PIR injury might not only activate TGF-β1 pathway, but also trigger other profibrotic 

factors and inflammatory factors to reduce AEA biosynthesis. The role of reduced AEA 

biosynthesis in PIR injury requires further investigation in the future.

The protective effects of FAAH blockade against TGF-β1-induced profibrotic markers were 

impervious to the abolishment of CB1 or CB2 receptor activation in HK-2 cells in the 

current study (Fig. 8). Indeed, several studies have reported that CB1 and CB2 receptors 

contribute to renal fibrosis and CKD [16,18–20,52,53,60]. The lack of involvement of 

CB receptors in the effects of FAAH inhibition could be explained by the findings that 

pharmacological effects of AEA mediated by CB receptors are of short duration [61] and 

that unlike THC or stable analogues of AEA, the pharmacological effects of AEA are 

preserved in CB1−/− or CB1 antagonist-treated mice or CB2−/− mice [62–64]. The above 

information indicates that unknown receptors for AEA or AEA metabolites, may elicit 

effects of AEA that are distinct from the effects of CB receptors. We then explored the 

possible roles of AEA metabolites in TGF-β1-induced fibrogenesis.

Our observations that exogenous AA failed to reverse the protection argue AA in playing 

a relevant role in facilitating profibrogenic responses of PTECs by FAAH activation. 

Consistently, AA-derived mediators have been shown to play protective roles in kidney 

pathology [65]. Specifically, the eicosanoid metabolites of AA from the cPLA2-α/P450/EET 

pathway were shown to prevent the renal profibrotic responses caused by UUO and display 

positive regulatory effects on renal proximal tubules [66,67]. Interestingly, we demonstrated 

that a substrate-selective AEA-COX-2 inhibitor [37,38,68], which inhibits AEA-COX-2 but 

not AA-COX-2 pathway, blocked the protection by FAAH inhibition (Fig. 9C, D), revealing 

that AEA-COX-2 pathway mediates the anti-fibrogenesis effects of FAAH inhibition, 

which leads to an enhancement of endogenous AEA tone and augmented alternative AEA-

COX-2 metabolites. Indeed, several reports have demonstrated the biological effects of 

AEA-COX-2 pathway [27,28,39,69]. For example, AEA-COX-2 pathway and its major 

metabolite, prostamide E2 are involved in mitigating renal-associated hypertension [27,28] 

and homocysteine-induced podocyte injury [39]. Therefore, it is likely that transient high 

intracellular AEA concentrations might be sufficient to stimulate AEA-COX-2 activity 

when FAAH is inactivated and that active metabolites produced from the AEA-COX-2 

consequently exert physiological actions [70,71].

While our findings suggest that the renal protection of FAAH inhibition is through AEA-

COX-2 mediated metabolites, we cannot rule out the possibility that other mechanisms 
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might be involved. Exogenous AEA and its lipoxygenases (LOX) metabolites have been 

found to activate transient receptor potential vanilloid type I channels (TRPV1) [72]. 

However, we speculate that TRPV1 may not be involved in the current study given that 

much higher concentrations of AEA are needed to activate TRPV1 [72] and that COX-2 

metabolites of AEA-prostamides have very low potency for TRPV1 receptor [73]. It has 

also been suggested that prostamides have their unique receptors called prostamide receptors 

which have different actions from those prostanoid receptors for prostaglandins [70]. It 

is, therefore, important to examine the effects of the prostamide receptors when FAAH is 

inactivated in models of renal fibrogenesis in future studies.

Our findings suggest that FAAH is a downstream effector of TGF-β1 but not a 

feedback regulator of TGF-β1, because the TGF-β1-induced FAAH levels can lead to the 

downregulation of AEA, a substrate of FAAH, and thereafter the deficiency of AEA-COX-2-

mediated anti-inflammatory and antiprofibrogenic actions. AEA and its metabolites have 

been reported to inhibit nuclear factor-kappaB (NF-kB) activation [74,75]. Moreover, AEA 

can influence IL-1β synthesis and IL-1 system gene expressions during lipopolysaccharide 

(LPS)-induced inflammation [76]. The above studies indicate that inhibitions of signaling 

pathways downstream of TGF-β1 are the possible mechanisms underlying the protection of 

increased AEA and its metabolites in FAAH KO mice against PIR injury.

In summary, the present study demonstrates that FAAH inactivation, which recovers the 

reduced levels of AEA, protects against PIR injury or TGF-β1–induced profibrogenic effects 

through the AEA-COX-2 metabolism pathway. The key findings of the present study include 

the following: (i) FAAH is a key metabolizing enzyme that participates in the pathogenesis 

of AKI to CKD; (ii) Decreases in endogenous AEA induced by PIR and TGF-β1 plays an 

important role in renal fibrogenesis, and (iii) inhibition of FAAH offsets the dysregulation of 

AEA tone and prevents renal fibrogenesis via the AEA-COX-2 pathway, which represents a 

novel protective pathway against fibrogenesis in renal cells.
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Fig. 1. 
PIR increases levels of NGAL, α-SMA and FAAH in mouse kidneys. (A-C) Representative 

immunoblots and quantitative data for NGAL and α-SMA by Western blot analysis (n 
= 3). All values were normalized to the average of WT-sham. **P <0.01 by Student’s 

t-test. (D) Immunostaining of WT kidney cortex showing megalin (red, a proximal tubule 

marker), FAAH (green) and the merged image of megalin and FAAH. White bar = 100 μm. 

(E) Representative immunohistochemical staining showing FAAH and TGF-β1 in mouse 

kidneys. Blank: absence of anti-FAAH or anti- TGF-β1 antibody. Black bar = 100 μm.

Chen et al. Page 16

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Effects of PIR and FAAH KO on levels of AEA in mouse kidneys. (A) Representative 

immunoblots validating the Faah deletion in mouse kidneys. (B) Representative liquid 

chromatography/tandem mass spectrometry (LC-MS/MS) chromatograms of tissue AEA 

extracted from renal cortex. AEA (blue) & AEA-d 8 (red, internal standard) from renal 

cortex extracts. Y-axis (intensity of AEA, CPS, counts per second) and X-axis (retention 

time of AEA). (C) Quantitative data (n = 6) showing the relative fold change of AEA. 

All values were normalized to tissue weight of mouse cortex. *** P < 0.001 by two-way 

ANOVA Tukey’s multiple comparisons test.
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Fig. 3. 
Effect of FAAH KO on renal dysfunction, kidney injury and profibrogenic markers in 

response to PIR. (A-B) Plasma creatinine and BUN (mg/dL) in WT and Faah−/− mice. 

(C–D) Gel documents and quantitative data (n = 6) showing levels of NGAL and α-SMA 

in WT and Faah−/− mice. All values were normalized to WT-sham. (E-H) Representative 

photomicrographs and quantitative data of Periodic-Acid Schiff (PAS) staining, picrosirius 

red staining and Masson’s trichrome. (F) Semi-quantification of tubular injury scores of 

PAS staining. (G) Percentage of positive picrosirius red staining area. (H) Percentage of 

positive Masson’s trichrome staining area. *P < 0.05, **P < 0.01, **** P < 0.0001 by 
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two-way ANOVA Tukey’s multiple comparisons test. At least 10 fields for each sample were 

evaluated for all results. Black bar = 100 μm.

Chen et al. Page 19

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Effect of FAAH KO on PIR-induced inflammatory responses in kidneys. (A) Representative 

immunohistochemical staining showing CD68 (a macrophage marker) and CD43 (a T-cell 

marker) in kidney tissues. (B) Percentage of positive area of CD68 and (C) CD43. At 

least 10 fields for each sample were evaluated for all results. Black bar = 100 μm. 

(D-E) Representative immunoblots and quantitative data (n = 6) showing the level of 

proinflammatory marker, pro-IL1β in WT and Faah−/− mice. All values were normalized 

to WT-sham. *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001 by two-way ANOVA 

Tukey’s multiple comparisons test.
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Fig. 5. 
Effect of TGF-β1 on FAAH expression and AEA levels in cultured renal proximal tubular 

epithelial cells (HK-2 cells). (A-B) Representative immunoblots and quantitative data 

showing FAAH levels in HK-2 cells by Western blot analysis. Values were normalized to 

Ctrl (mean ± SEM). **P < 0.01 versus Ctrl group by Student’s t-test. (C) Representative 

LC-MS/MS chromatograms of cellular AEA extracted from HK-2 cells with different 

treatments, AEA (blue) and AEA–d 8 (red, internal standard). Y-axis (intensity of AEA, 

CPS, counts per second) and X-axis (retention time of AEA). (D) Quantitative data showing 

the relative fold change of AEA. All values were factored to total protein (n = 4–6) and 

normalized to Ctrl group and shown as mean ± SEM. *P < 0.05, **** P < 0.0001 by 

two-way ANOVA Tukey’s multiple comparisons test. Ctrl: control. PF: PF-04457845.
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Fig. 6. 
Effect of FAAH inactivation by a selective FAAH inhibitor and siRNA on TGF-β1-induced 

profibrogenic effects in HK-2 cells. (A-D) Representative immunoblots and summarized 

data showing pro-IL1β (A & B), α-SMA, collagen I/III (C & D) and E-cadherin expressions 

(E & F) in TGF-β1-treated HK-2 cells with/without a selective FAAH inhibitor (PF, 

PF-04457845, 1 μM). (G) Representative immunocytochemistry and (H) summarized 

integrated intensity of ZO-1 (n = 3). Yellow bar = 75 μm. (I) Representative micrographs 

of HK-2 cells showing morphological change under different treatments. Yellow bar = 100 

μm. (J) Immunoblot verification of siRNA-mediated FAAH knockdown in HK-2 cells. (K-L) 

Representative immunoblots and summarized data showing the effects of FAAH knockdown 

on TGF-β1-induced α-SMA and collagen I/III expressions. All values were normalized to 

Ctrl or siCtrl group and shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 

**** P < 0.0001 by two-way ANOVA Tukey’s multiple comparisons test. Ctrl: control, PF: 

PF-04457845.
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Fig. 7. 
Effect of FAAH inactivation on TGF-β1-induced profibrogenic effects in primary cultured 

mouse proximal tubular epithelial cells (PPTECs). (A) Immunocytochemistry of mouse 

primary culture for proximal tubular maker megalin (red) with DAPI nuclear staining (blue). 

(Left) negative control: M-1 cells, mouse cortical collecting duct. (Right) primary mouse 

renal proximal tubular cells. Yellow bar =100 μm. (BE–) Representative immunoblots and 

quantitative data showing FAAH expression (B–C), the effects of PF (FAAH inhibitor, 

PF-04457845, 1 μM) on proIL-1β and α-SMA expressions (D-E) in the presence of TGF-β1 

(5 ng/ml, 48 h). All values were normalized to Ctrl average and shown as mean ± SEM. 

*P < 0.05, ***P < 0.001 by one-way ANOVA Bonferroni’s multiple comparisons test. (F) 

Immunocytochemistry showing staining of α-SMA (green) and megalin (red) with DAPI 

nuclear staining (blue) in PPTECs under different treatments. Yellow bar = 20 μm. (G-H) 

Representative immunoblots and quantitative data showing α-SMA expression in isolated 

primary cultures from WT and Faah−/− mice in the presence of TGF-β1. All values were 

normalized to WT-TGF-β1 average and shown as mean ± SEM. **** P < 0.0001 by 

Student’s t-test. Ctrl: control, PF: PF-04457845.
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Fig. 8. 
Effect of CB1 or CB2 receptor inactivation on FAAH inhibition-mediated repression of 

TGF-β1-induced α-SMA and collagen I/III expression in HK-2 cells. (A-E) Representative 

immunoblots and quantitative data showing α-SMA and collagen I/III expression in 

HK-2 cells with different combinations of treatments with TGF-β1, FAAH inhibitor (PF, 

PF-04457845, 1 μM), CB1 receptor antagonist (Rimonabant, 1 μM) (A-C) or CB2 receptor 

antagonist (SR; SR144528, 1 μM) (D-E). (F) Immunoblots verification of siRNA-mediated 

CB2 knockdown in HK-2 cells. (G-H) Representative immunoblots and quantitative data 

showing the effects of simultaneous siRNA silencing of CB2 and/or FAAH on α-SMA and 

collagen I/III expressions in TGF-β1-treated HK-2 cells. All values were normalized to Ctrl 

or siCtrl and shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001 

by one-way ANOVA Bonferroni’s multiple comparisons test. Ctrl: control; siCtrl: control 

siRNA. ns: not significant.
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Fig. 9. 
Effects of arachidonic acid (AA) or AEA-COX-2 substrate-selective inhibitor on protective 

effects of FAAH inactivation on TGF-β1 induced-fibrogenesis in HK-2 cells. (A-B) 

Representative immunoblots and quantitative data of α-SMA in HK-2 cells with different 

combinations of treatments with TGF-β1, arachidonic acid (AA, 10 μM) and FAAH 

inhibitor PF-04457845 (PF, 1 μM). (C–D) Representative immunoblots and quantitative 

data of α-SMA and collagen I/III expressions in HK-2 cells with different combinations of 

treatments with TGF-β1, AEA-COX-2 pathway substrate-selective inhibitor (LM-4131, 30 

nM), and PF. (E-F) Representative immunoblots and quantitative data of α-SMA expression 

in HK-2 cells with prostamide E2 (100nM) and TGF-β1. All values were normalized to Ctrl 

group and shown as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 by one-way 

ANOVA Bonferroni’s multiple comparisons test. Ctrl: control. ns: not significant.
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