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Abstract  

           Cisplatin is a potent first-line therapy for many solid malignancies such as breast, 

ovarian, lung, testicular and head and neck cancer. However, acute kidney injury (AKI) 

is a major dose-limiting toxicity in cisplatin therapy, which often hampers the 

continuation of cisplatin treatment. The endocannabinoid system, consisting of 

anandamide (AEA) and 2-arachidonoylglycerol and cannabinoid receptors, participates 

in different kidney diseases. Inhibition of fatty acid amide hydrolase (FAAH), the primary 

enzyme for the degradation of AEA and AEA-related N-acylethanolamines, elicits anti-

inflammatory effects; however, little is known about its role in cisplatin nephrotoxicity. 

The current study tested the hypothesis that genetic deletion of Faah mitigates cisplatin-

induced AKI. Male wild-type C57BL6 (WT) and Faah−/− mice were administered a single 

dose of intraperitoneal injection of cisplatin (30 mg/kg) and euthanatized 72 hours later. 

Faah−/− mice showed a reduction of cisplatin-induced blood urea nitrogen, plasma 

creatinine levels, kidney injury markers and tubular damage in comparison with WT 

mice. The renal protection from Faah deletion was associated with enhanced tone of 

AEA-related N-acylethanolamines (PEA and OEA), attenuated NF-κB/p65 activity, DNA 

damage markers p53, p21 and decreased expression of the inflammatory cytokine IL-1β 

as well as infiltration of macrophages and leukocytes in the kidneys. Notably, a 

selective FAAH inhibitor (PF-04457845) did not interfere with or perturb the antitumor 

effects of cisplatin in two head and neck squamous cell carcinoma cell lines, HN30 and 

HN12. Our work highlights that FAAH inactivation prevents cisplatin-induced 

nephrotoxicity in mice and that targeting FAAH could provide a novel strategy to 

mitigate cisplatin-induced nephrotoxicity.  
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Significance Statement  

Mice lacking the Faah gene are protected from cisplatin-induced inflammation, DNA 

damage response, tubular damages and kidney dysfunction. Inactivation of FAAH could 

be a potential strategy to mitigate cisplatin-induced nephrotoxicity. 
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Introduction 

       Cisplatin is a potent first-line chemotherapy for many solid cancers. Acute kidney 

injury (AKI), a key factor contributing to the development of chronic kidney disease 

(CKD), represents a serious complication of cisplatin administration, which could disrupt 

the course of anticancer therapy. It is, therefore, critical to manage the cisplatin-induced 

AKI as early as possible in treatment. Exposure of renal cells to cisplatin results in 

damage to nuclear and mitochondria DNA, oxidative stress, activation of inflammation, 

and cellular senescence (Galluzzi et al., 2014). Ultimately, injured tubular cells lead to 

kidney dysfunction. Current approaches to management of cisplatin nephrotoxicity are 

very limited (Chen et al., 2022b).  

         The endocannabinoid system, consisting of cannabinoids receptors (CB1 and 

CB2) and their major ligands, N-arachidonoylethanolamine (anandamide; AEA) and 2-

arachidonoylglycerol (2-AG), plays a role in different murine models of kidney disease 

(Moradi et al., 2016; Chen et al., 2022a).  However, the role of fatty acid amide 

hydrolase (FAAH), the primary catalyzing enzyme of AEA, and other AEA-related N-

acylethanolamides such as palmitoylethanolamide (PEA) and oleoylethanolamide 

(OEA), in cisplatin-induced AKI remains unspecified.          

         The Human Protein Atlas database and literature (Uhlen et al., 2015; Schlosser, 

2017; Chen et al., 2022a) describe a high abundance of FAAH protein in the kidneys, 

suggesting that FAAH may play a role in renal modulation. Interestingly, mice with 

FAAH inhibitor treatment or genetic deletion of FAAH show protection from inflammation, 

hypertension and renal fibrogenesis (Ahn et al., 2009; Ahmad et al., 2018; Chen et al., 
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2022a). Specifically, FAAH inactivation leads to reduced proinflammatory factors such 

as IL-1β, oxidative/nitrative stress and apoptosis (Bátkai et al., 2007; Greco et al., 2020; 

Chen et al., 2022a). Additionally, a growing body of research shows that FAAH 

blockade or an injection of FAAH substrates reduces NF-κB activation (Bátkai et al., 

2007; Di Paola et al., 2012; Sayd et al., 2015; Genovese et al., 2022). In particular, we 

recently also reported that deletion of the Faah gene attenuated kidney damage in a 

mouse model of post ischemia/reperfusion renal fibrosis (Chen et al., 2022a).This study 

also demonstrated that both pharmacological and genetic inactivation of FAAH inhibited 

transforming growth factor-β1 (TGF-β1) -induced proinflammatory and profibrotic effects, 

indicative of the beneficial role of FAAH inhibition in the kidneys. Therefore, the purpose 

of this study was to test whether FAAH blockade also provides protection in the 

cisplatin-induced AKI mouse model. 
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Materials and Methods  

Animals  

All animal studies have been carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes 

of Health. The Faah (+/+) and (−/−) mice used in this study were littermates from a 

colony maintained in the Transgenic/Knock-Out Mouse Shared Resource at Virginia 

Commonwealth University on a C57BL/6 background. The colony was initially 

established from 129SvJ embryonic stem cell clones and intercrosses of 129SvJ-

C57BL/6 FAAH+/− mice (Cravatt et al., 2001; Lichtman et al., 2002). Mice used in the 

current study backcrossed for more than 20 generations onto a C57BL/6J background. 

Four-month-old male littermate wild-type (WT, Faah +/+) and Faah knockout (KO) mice 

(Faah-/-). Mice were bred in the animal facility and housed in temperature-controlled 

(20−22°C) polycarbonate cages with corn cob bedding. Mice were housed 2-5 per 

cages in a 12:12 light/dark cycle and provided with standard rodent chow and water 

(Wise et al., 2009; Lyu et al., 2020). Housing, husbandry and experiments were 

approved by the Institutional Animal Care and Use Committee at Virginia 

Commonwealth University. 

 

Mouse model of cisplatin-induced AKI 

The cisplatin-induced acute kidney injury model was generated as described previously 

(Faubel et al., 2004; Li et al., 2020; Sears and Siskind, 2021). Mice (25 ± 5 g) were 

randomly divided into three groups: wild type + vehicle (WT-saline), wild type + Cisplatin 

(WT-Cis), and Faah KO + cisplatin (Faah-/- Cis). Cisplatin (cis-diamminedichloro-
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platinum (II), Sigma-Aldrich, MO) was freshly prepared in sterile in 0.9% normal saline 

at a concentration of 1 mg/ml. To induce cisplatin nephrotoxicity, mice were treated with 

one dose of cisplatin (30 mg/kg, intraperitoneal injection). Control mice were given 0.9% 

normal saline (Mitazaki et al., 2011). Single high dose of cisplatin is the most commonly 

used model for studying cisplatin-induced AKI in rodents (Mitazaki et al., 2011; Zhang et 

al., 2014; Liu et al., 2018). This model results in sharp declines in renal function which 

mirrors patients with severe AKI. All mice were monitored daily for body weight loss until 

euthanasia 72 hrs post-cisplatin injection. Mice underwent deep isoflurane anesthesia 

for blood and renal tissue collection. Blood was collected via cardiac puncture. Fresh 

kidneys were flash frozen in liquid nitrogen or fixed in 4% paraformaldehyde. 

Renal function analysis 

Renal function was determined by the levels of plasma creatinine and BUN by using 

LabAssay Creatinine kit (Fujifilm, Japan) and Vet Axcel Chemistry Analyzer (Alfa 

Wassermann, NJ) with Urea Nitrogen Reagent Kit, respectively (Xie et al., 2021; Chen 

et al., 2022a). 

Western blot 

Western blot analysis was performed as previously described (Hu et al., 2021; Chen et 

al., 2022a). Mouse renal cortex was homogenized in Tris-lysis buffer containing 

protease and phosphatase inhibitors (Sigmafast™ Protease Inhibitor Cocktail Tablet, 

Sigma Aldrich, MO) followed by sonication, centrifuge and boiled at 100°C for 10 

minutes in 4X protein loading buffer. Total protein (15μg) was loaded into 12% 

polyacrylamide gel and then transferred onto a PVDF membrane by electroblotting. 
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Membranes were blocked with 5% nonfat dry milk (BioRad Laboratories, CA) in Tris-

buffered saline with 0.1% Tween® 20 detergent and incubated with rabbit primary 

antibodies against kidney injury molecule-1 (KIM-1, PA1-86790, Cell Signaling 

Technology, MA), cleaved caspase-1 (NBP1-45433, Novus biologicals, CO) or mouse 

primary antibodies against IL-1β (12242, Cell Signaling Technology, MA), p53 (OP03T-

10UG, Oncogene, CA) or p21 (sc-6246, Santa Cruz, CA) in a dilution of 1:1000 

overnight at 4°C. GAPDH (60004-1-Ig, 1:5000, Proteintech, IL) was used as internal 

control. Blot signals were amplified by HRP-conjugated anti-rabbit or mouse secondary 

antibodies (Cell Signaling Technology, MA) in a concentration of 1:5000 for one hour 

and incubated with SuperSignal™ Western Blot Substrate Bundle (Thermo Fisher 

Scientific, MA). Protein bands were detected with Odyssey@ Fc imaging system and 

intensity of bands was determined using ImageJ software (NIH, http://rsbweb.nih.gov/ij/). 

All ratios of band intensities over GAPDH were obtained from each single sample and 

normalized to the mean value of the WT-saline group.  

 

Immunohistochemical (IHC) staining in kidney tissues 

Immunohistochemistry on paraffin-embedded kidney sections was performed as 

previously reported (Xie et al., 2021; Chen et al., 2022a). In brief, paraffin-embedded 

sections were deparaffinized and followed by subsequent antigen retrieval, endogenous 

peroxidase blocking with 3% H2O2, and nonspecific sites blocking in 10% serum. Rabbit 

primary antibodies against p65 (A19653, 1:100, ABclonal, MA), CD68 (250294, 1:300, 

ABBiotch Cruz, CA), CD43 (LS-C334703, 1:400, LSBio, WA) were incubated overnight 

at 4 °C. After incubating with rabbit secondary antibody for 1 hour at room temperature, 
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sections were proceeded to streptavidin HRP incubation, DAB staining, and 

counterstained with hematoxylin. At least 10 fields were obtained from high power 

microscope (400-fold magnification) for each sample (Yu et al., 2004; Yan and Ren, 

2012). Positive cells were then calculated using ImageJ (NIH, http://rsbweb.nih.gov/ij/).  

 

Histological examination by Periodic-Acid Schiff staining 

Periodic-Acid Schiff staining (395B-1KT, Sigma Aldrich, MO) was utilized to assess 

histology of the kidneys. Kidney sections were incubated with periodic acid solution for 5 

minutes and then placed in Schiff reagent for 15 minutes. Tubular damage is defined as 

tubular dilation, tubular atrophy, loss of brush border in proximal tubules, damage of 

tubular epithelial cells, vacuolization, and formation of tubular cast. The extent and 

scores of tubular injuries were determined on a scale of 0–4, as follows: 0 = no injury; 

1 = 1–25% injured area; 2 = 26–50% injured area; 3 = 51–75% injured area; 4 > 75% 

injured area. Scoring of tubular injuries was semi-quantitatively assessed by two blinded 

evaluators blinded to treatment. At least 10 fields were obtained from a microscope 

(200-fold magnification) for the measurement of kidney tubular cast area by using 

ImageJ (Xie et al., 2021; Chen et al., 2022a). 

 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) for measurement 

of lipids 

The extraction and measurement of lipids were performed as we previously reported 

(Ritter et al., 2012; Chen et al., 2022a). AEA, 2AG, arachidonic acid (AA), PEA and 

OEA of mouse kidney cortex were measured by the Sciex 6500+ LC-MS/MS. The 
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weighed tissues were homogenized in 2 ml of chloroform/methanol (2:1 v/v containing 2 

pmol AEA-d8, 5 nmol 2-AG-d8, 5 nmol AA-d11, 0.625 nmol PEA-d4 and OEA-d4 as 

deuterated internal standards). Samples were added with 0.4ml of 0.73% sodium 

chloride mixture and vortexed for 2 mins. The organic phase was collected after 

centrifuged at 3000 rpm at 4°C for 5 minutes. The organic phases from the three 

extractions with 1ml of chloroform were pooled and dried under nitrogen gas. The dried 

residue was reconstituted in 0.1 ml of chloroform and mixed with 1 ml of cold acetone 

(Pharmco, Fisher Scientific, PA). After centrifugation for 10 min at 10000 rpm at 4°C, 

the upper layer was collected and dried under nitrogen gas. The extracts were 

reconstituted with 0.1 ml of methanol and transferred in an auto-sampler vials for 

analysis. The ultra-performance LC-MS/MS analysis was performed on a Sciex 6500 

QTRAP system with an IonDrive Turbo V source for TurbolonSpray® (Sciex, Ontario, 

Canada) attached to a Shimadzu UPLC system (Kyoto, Japan) controlled by Analyst 

software (Sciex, Ontario, Canada). The following ion transitions (m/z) with collision 

energies (eV) in parentheses were monitored in positive ion mode: AEA: 348>62 (13) 

and 348>91 (60); AEA-d8: 356 >63 (13); 2-AG: 379>287 (25) and 279 > 269 (29); 2-AG-

d8: 387>96 (25); PEA: 300>62 (28) and 300>283 (19); PEA-d4: 304 > 62 (28); OEA: 326 

> 62 (30) and 326 > 309 (20); OEA-d4: 330 > 66 (30); and in negative mode: AA: 303 > 

59 (-25) and 303 > 259 (-60); and AA-d11: 314 > 59 (-60). Calibration curves were 

constructed for each assay based on peak area ratios for the calibrators and internal 

standards.  

 

Cell culture and drug treatment 
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Two human papillomavirus-negative human head and neck squamous cell carcinoma 

(HNSCC) cell lines, HN30 (p53 wild-type) and HN12 (p53 mutant) were provided by Dr. 

Andrew Yeudall (Augusta University, GA). Cells were cultured in DMEM (Thermo Fisher 

Scientific, MA) supplemented with 10% (v/v) fetal bovine serum (GeminiBio, CA), 100 

U/ml penicillin G sodium and 100 µg/ml streptomycin sulfate (Thermo Fisher Scientific, 

MA) at the 37°C incubator with 5% CO2 (Ahmadinejad et al., 2022). 

 

The inhibitory effects of FAAH inhibition and cisplatin in cancer cell lines by MTS 

assay 

The sensitivity of HNSCC cell lines, HN30 (p53 wild-type) and HN12 (p53 mutant) to 

different doses of cisplatin, FAAH inhibitor (PF-04457845, Cayman Chemicals, MI) and 

the combination of the two drugs were tested by 3-(4,5-Dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (Abcam, UK) MTS assay. 

Cancer cells were cultured in 96-well plates and pretreated with different concentrations 

of PF-04457845 (1 µM and 2 µM, Cayman, MI) 30 mins before cisplatin treatment (0 µM 

to 20 µM). On Day 3 and Day 6, 10% MTS was then added to the culture medium and 

incubated at 37°C for 4 hours. The absorbance was measured at the wavelengths 490 

nm (Xie et al., 2022). 

 

Toxicity of cisplatin and FAAH inhibition on cancer cells by clonogenic survival 

assay  

Clonogenic survival assay was performed as previously described (Ahmadinejad et al., 

2022; Xie et al., 2022). Cells were seeded at a low density (1 x 102 HN12 in 6-well 
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plates or 5 x 102 HN30 in 10 cm dishes), and exposed to 5 µM cisplatin in the absence 

and presence of 1 µM PF-04457845. Colony formation was observed over time, and at 

the experiment end point (when the vehicle-treated condition formed distinct colonies 

with more than 50 cells), colonies were fixed with 100% methanol, air-dried, and stained 

with 0.05% crystal violet and counted using a colony counter (COLOCOUNT Discovery 

Technology Intl, FL).  

 

Statistical analysis  

Data are presented as mean ± standard deviation (SD). GraphPad Prism 9.0 software 

was used for statistical analysis. The significance of differences in mean values 

between groups: WT-saline vs WT-cisplatin, WT-cisplatin vs Faah -/- cisplatin was 

evaluated using one-way ANOVA, followed by a Bonferroni’s post hoc test (WT-saline 

vs. WT-Cis, WT-Cis vs. Faah-/-Cis). P < 0.05 was considered statistically significant.  

 

Results 

1. Genetic deletion of Faah improves cisplatin-induced renal dysfunction and 

kidney injury in mice. 

To investigate the role of Faah in cisplatin-induced kidney injury, we assessed renal 

function and kidney injury markers in WT and Faah -/- mice after cisplatin treatment. 

Cisplatin increased plasma creatinine (0.6 ± 0.2 mg/dL in WT-saline vs. 3.0 ± 0.9 mg/dL 

in WT-Cis , 95% CI : 1.2 to 3.7; P = 0.0006) and blood urea nitrogen (BUN) (23.8 ± 2.7 

mg/dL in WT-saline vs. 156.6 ± 29.2 mg/dL in WT-Cis, 95% CI: 95.2 to 170.3; P < 

0.0001) in WT mice (Figure 1A-B), whereas these effects were attenuated in Faah -/- 
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mice (3.0 ± 0.9 vs. 1.4 ± 0.9 mg/dL in creatinine, 95% CI: 0.4 to 2.9; P = 0.0127 and 

156.6 ± 29.2 vs. 81.8 ± 27.4 mg/dL in BUN, 95% CI: 37.27 to 112.3; P = 0.0005). 

Western blot analysis showed that cisplatin-induced upregulation of a kidney injury 

marker, kidney injury molecule-1 (KIM-1) in WT-cisplatin mice (increased by 3-fold, 95% 

CI: 1.9 to 4.4; P = 0.0005) was reduced in Faah -/- mice (WT-Cis vs. Faah -/- Cis: 3.1 

vs.0.9 -fold, 95%: 1.1 to 3.3, P = 0.0004) (Figure 1C-D). These data suggest that 

genetic knockout of Faah may protect mice from cisplatin-induced renal dysfunction and 

kidney damage. 

 

2. Faah deficiency reduces cisplatin-induced body weight loss, renal 

hypertrophy and tubular injuries. 

We next examined the effects of cisplatin on the body weight and pathophysiological 

changes in the kidneys of Faah-/- mice. Cisplatin-induced body weight loss was reduced 

by approximately 20 % in Faah-/- mice (-19.5 vs. -14.3 % of body weight loss in WT-Cis 

vs. Faah-/- Cis, 95% CI: 2.8 to 7.7; P = 0.0003) (Figure 2A). Moreover, fresh kidneys 

following cisplatin treatment appeared larger and paler in WT mice than in Faah-/- mice 

(Figure 2B), suggesting that FAAH inactivation offers some protection from cisplatin-

induced renal hypertrophy. Histological evaluation by Periodic-Acid Schiff (PAS) 

staining further showed that Faah deletion resulted in reductions of cisplatin-induced 

vacuolar degeneration, tubular atrophy, brush border loss and cast formation in tubules 

compared with WT group (3.6 vs. 2.4  points in WT-Cis vs. Faah-/- Cis, 95% CI: 0.8 to 

1.6; P < 0.0001) (Figure 2C-D). Quantification of cast formation in kidneys revealed that 

Faah deletion decreased cast formation by about 50% in the presence of cisplatin 
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(13.18 ± 2.6 vs. 6.28 ± 1.4 % of cast area in WT-Cis vs. Faah -/- Cis, respectively, 95% 

CI: 4.1 to 9.7; P < 0.0001) (Figure 2E). These studies suggest that genetic deletion of 

Faah provides protection against cisplatin-associated body weight loss, kidney 

hypertrophy and tubular injuries. 

 

3. Levels of two fatty acid ethanolamides, PEA and OEA but not 

endocannabinoids are increased in Faah KO cisplatin mice. 

Furthermore, we questioned whether levels of substrates for FAAH including 

endocannabinoids (AEA and 2-AG) and other fatty acid ethanolamides PEA and OEA or 

the major metabolite of FAAH, arachidonic acid (AA) were changed in Faah-/- mice 

exposed to cisplatin. LC-MS/MS analysis demonstrated that there were no changes in 

AEA, 2-AG and AA between WT and Faah-/- mice after cisplatin treatment (WT-Cis vs. 

Faah -/- Cis: 0.2 vs. 0.3-fold in AEA, 95% CI: -0.3 to 0.6; P > 0.99, 0.9 vs. 0.8-fold in 2-

AG, 95% CI: -0.4 to 0.2; P = 0.84, 0.8 vs. 0.5-fold in AA, 95% CI: -0.05 to 0.7, P = 0.09) 

(Figure 3A-C), suggesting that the renal protection against cisplatin in Faah-/- mice may 

not be related to the levels of AEA, 2-AG and AA. Instead, compared with renal cortex 

of WT cisplatin mice, Faah-/- Cis mice showed 1.45-fold increase of PEA levels (WT-Cis 

vs. Faah -/- Cis: 0.6 vs. 1-fold, 95% CI: 0.1 to 0.8; P = 0.0109) and 3-fold increase of 

OEA levels (0.9 vs. 2.9-fold, 95% CI: 1.5 to 2.5; P < 0.0001) (Figure 4A-D). These data 

indicated that the protection of Faah-/- mice against cisplatin-induced kidney injuries 

could be associated with enhanced PEA and OEA tone. 
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4. Faah knockout mice are protected from cisplatin-induced nuclear NF-κB/p65 

translocation. 

Nuclear factor-κB (NF-κB) p65 subunit is a key transcription factor that regulates 

inflammasome activation (Lawrence, 2009). Cisplatin is known to induce nuclear 

translocation of NF-κB p65 from the cytoplasm (Yeh et al., 2004; Xie et al., 2022), which 

is a critical step in producing many inflammatory cytokines as well as caspase-1-

Interleukin (IL)-1β inflammasome activation (Lawrence, 2009; Lamkanfi and Dixit, 2014). 

We therefore tested the effect of Faah inhibition on cisplatin-induced NF-κB activation. 

Immunochemistry showed that cisplatin induced more nucleus translocation of the NF-

κB subunit p65 in WT mice compared with saline-treated WT mice (increased 

approximately 45 positive cells/power field, 95% CI: 25.9 to 65.2; P = 0.0001). This 

cisplatin-induced activation/nucleus translocation was attenuated in Faah-/- cisplatin 

mice (decreased approximately 33 positive cells/power field compared with WT-Cis, 

95% CI: 13.3 to 52.5; P = 0.0021) (Figure 5A-B). These results suggest that genetic 

knockout of Faah ameliorates cisplatin-induced activity and nuclear translocation of NF-

κB subunit p65. 

 

5. Cisplatin-induced activation of caspase-1 and interleukin-1β and infiltration of 

macrophages and leukocytes are ameliorated in Faah KO mice. 

Caspase-1 activation promotes inflammatory cytokine interleukin-1 β (IL-1β) secretion; 

this process is predominantly regulated by NF-κB (Fujisawa et al., 2011; Mangali et al., 

2019) and contributes to cisplatin-induced kidney injury (Aranda-Rivera et al., 2022). 

Western blot analysis demonstrated that cisplatin-induced activation of caspase-1 
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(cleaved form) was markedly increased in the renal cortex of WT mice (2.5-fold increase, 

95% CI: 2.2 to 2.8; P < 0.0001), which was inhibited in Faah-/- mice (WT-Cis vs. Faah -/- 

Cis: 2.5 vs. 0.99 -fold increase, 95% CI: 0.34 to 1.6; P < 0.0001) (Figure 6A-B). 

Correspondingly, the increased generation of cleaved or activated form of IL-1β by 

cisplatin in WT mice was inhibited in Faah-/- mice as well (WT-Cis vs. Faah -/- Cis: 6.9 vs. 

2.5-fold increase; 95% CI: 1.3 to 7.4; P = 0.0067) (Figure 6C-D).  

Infiltration of macrophages and leukocytes is also a major mediator for cisplatin-induced 

nephrotoxicity (Sears and Siskind, 2021). Levels of inflammatory cell infiltration were 

determined by the expression of a macrophage marker, CD68 and a leukocyte marker, 

CD43 in the kidneys. Immunochemistry showed that cisplatin increased the expression 

of CD68 and CD43 in WT kidneys (Figure 6E, F, G), whereas deficiency of Faah gene 

reduced the upregulation of CD68 and CD43 in the kidneys (WT-Cis vs. Faah -/- Cis: 9.5 

vs. 4.2-fold increase in CD68; P = 0.0073, 13.3 vs. 6.7 -fold increase in CD43; P = 

0.001). Taken together, these results suggest that Faah-/- mice display attenuated renal 

inflammatory responses induced by cisplatin. 

 

6. Cisplatin-induced DNA damage markers in the kidneys are decreased in Faah-

/- mice. 

Activation of p53/p21 pathway is an important indicator for cisplatin-induced DNA 

damage, which not only causes cell cycle arrest but also activates NF-κB and 

downstream proinflammatory factors (Mowla et al., 2013). Cell cycle arrest of tubular 

cells ultimately results in maladaptive repair of injured renal cells. Therefore, cisplatin-

induced DNA damage response and the consequent tubular cell injury play early central 
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roles in the initial stage of AKI and the progression of kidney damage (Zhu et al., 2015). 

We therefore examined whether inactivation of FAAH would also interfere with the 

induction of DNA damage response in the kidneys. Western blot analysis showed that 

cisplatin treatment upregulated p53, which can activate the cell cycle inhibitor p21 in 

G2/M phase, in WT mouse kidneys (increased 6.5-fold, 95% CI: 1.1 to 12, P = 0.01) 

(Figure 7A-B). The cell cycle inhibitor p21 was also increased in WT-cisplatin mice 

(increased 22 -fold; 95% CI: 15.4 to 30.3; P <0.0001) (Figure 7C-D). On the other hand, 

Faah-/- mice showed a dampened cisplatin-induced upregulated expression of these 

proteins (WT-Cis vs. Faah -/- Cis: 6.4 vs. 2.4-fold in p53, 95% CI: 0.01 to 8.45; P = 0.049, 

22 vs. 5.1-fold in p21; 95% CI: 11.8 to 23.5, P <0.0001) (Figure 7A-D). These data 

indicate that deletion of Faah also dampens cisplatin-induced DNA damage response in 

the kidneys. 

 

6. Inhibition of FAAH does not interfere with the antitumor effects of cisplatin.   

To evaluate whether inhibition of FAAH might perturb the anti-tumor effect of cisplatin, 

we tested the effect of pre-treatment of the FAAH inhibitor (PF-04457845, PF) on head 

and neck squamous cell carcinoma cell lines (HNSCC), HN30 (p53 wild-type) and HN12 

(p53 mutant) followed by cisplatin treatment. The results from the MTS assay showed 

that different doses of the FAAH inhibitor did not diminish the effectiveness of cisplatin 

on HNSCC cell lines, HN12 and HN30 (Figure 8A-B), suggesting that inactivation of 

FAAH would not interfere with the antitumorigenic effects of cisplatin. Additionally, there 

was no difference in toxicity between the cisplatin alone group and Combo ( cisplatin + 

PF ) in these tumor cells by a clonogenic survival assay (Figure 8C-D). Overall, these 
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results suggest that inhibition of FAAH does not reduce or influence the anticancer 

effects of cisplatin.  
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Discussion 

        The current studies reveal that genetic deletion of Faah, the primary enzyme for 

the degradation of AEA and related fatty acid amides, alleviates cisplatin-induced AKI. 

This renal protection is associated with amelioration of renal kidney dysfunction, NF-κB 

activation, inflammatory factors and DNA damage responses in cisplatin nephrotoxicity. 

Hence, inactivation of FAAH could be a promising strategy for treating cisplatin-induced 

AKI.  

         Our current findings are consistent with literature showing the protective effects of 

FAAH inhibition in different kidney disease models and other organs (Bátkai et al., 2007; 

Chen et al., 2022a). Faah knockout mice were found to be protected from post ischemia 

reperfusion injury, inflammation and renal fibrogenesis in our previous report (Chen et 

al., 2022a). FAAH inhibition elicits diuretic and blood pressure-lowering effects in mice 

(Ahmad et al., 2018). In addition, a study showed that aging Faah-/- mice exhibited 

improved age-related cardiac dysfunction, and reduced myocardial nitrative stress and 

inflammation compared with wild-type littermates (Bátkai et al., 2007).  

          Inflammation and DNA damage response critically contribute to cisplatin 

nephrotoxicity (Ozkok and Edelstein, 2014; Zhu et al., 2015). It has been shown that an 

acute administration of cisplatin largely increases pro-inflammatory factors including 

caspase 1 and IL-1β (Ozkok et al., 2016). In addition, cisplatin plays a critical role in the 

induction of a DNA damage response, inhibition of injured renal tubular cells entering 

into G1/S cell cycle via the increased expression of p53 (Ryan et al., 2001) and the 

cyclin-dependent kinase inhibitor, p21CIP1/WAF1/SDI (Miyaji et al., 2001). Our results 

that genetic deletion of Faah attenuates the cisplatin-induced activation of NF-κB/p65 
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and the upregulation of inflammatory factors caspase-1, cleaved IL-1β (Figure 5-6) 

suggest that Faah inhibition may play roles in preventing cisplatin-induced nucleus 

translocation of NF-κB/p65 and inflammatory downstream effectors. Indeed, nuclear 

NF-κB/p65 translocation plays central roles in NLRP3/caspase-1 inflammasome 

activation, production of proinflammatory cytokines, and thereby a causal role in renal 

injury and DNA damage (Chien et al., 2011; Salminen et al., 2012; Hamad et al., 2015; 

Zhao and Wen, 2018). NLRP3/caspase-1 inflammasome activation has been suggested 

to induce pro-inflammatory cytokine IL-1β secretion which can trigger DNA damage (Yin 

et al., 2017; Romero et al., 2022). Previous studies have shown that IL-1β is able to 

induce the upregulation of DNA damage response markers p53/p21 (Dai et al., 2006; 

Yin et al., 2017; Shi et al., 2019). Subsequently, cells with DNA damage may become 

senescent and produce secretome which is enriched with chemokines, pro-

inflammatory cytokines, growth factors (Rovillain et al., 2011; Salminen et al., 2012; 

Gorgoulis et al., 2019; Lopes-Paciencia et al., 2019; Shi et al., 2019). It is also shown 

that p53 and NF-κB co-regulate pro-inflammatory gene expression in macrophages 

(Lowe et al., 2014). Consistent with our findings, Jin et al (2019) reported that cisplatin 

treatment led to a induction of cellular senescence/ DNA damage response three days 

later (Jin et al., 2019). These findings are in agreement with the results from the present 

study demonstrating the protection of Faah-/- mice against cisplatin nephrotoxicity may 

involve in the attenuation of the positive feedback loop of increased p53/p21 DNA 

damage response pathway and the kidney inflammation (Sheekey and Narita, 2021).   

            FAAH is the primary catabolic enzyme for fatty acid amide family of endogenous 

lipids including anandamide (AEA), palmitoylethanolamide (PEA) and 
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oleoylethanolamide (OEA), and other lipid signaling molecules. Increased AEA levels in 

Faah-/- mice is associated with alleviation of renal inflammation after post ischemia 

reperfusion injury (Chen et al., 2022a). Interestingly, we found here that the renal 

protection from Faah-/- mice against cisplatin nephrotoxicity may be regulated by 

enhanced levels of AEA-related N-acylethanolamides (PEA and OEA) but not 

endocannabinoids AEA and 2-AG. In contrast to a previous study by Mukhopadhyay et 

al (Mukhopadhyay et al., 2010), we did not notice the increment of AEA in our WT-Cis 

mice. We speculated that the discrepancy would be due to susceptibility of different 

mouse strain to cisplatin treatment and the dose (25 mg/Kg vs. 30 mg/Kg). Furthermore, 

the decreased levels of AEA that were not recovered in Faah-/- Cis mice in our study 

may indicate the potential inhibitory effects of cisplatin on AEA-synthesizing enzyme.  

           Several reports have revealed that PEA and OEA possess anti-inflammatory 

effects and act as agonists for peroxisome proliferator-activated receptor alpha (PPAR-

α) to inhibit NF-κB/p65 activation through cannabinoid receptors independent pathway 

(Lo Verme et al., 2005; Di Paola et al., 2012; Antón et al., 2017; Decara et al., 2020). It 

has been demonstrated that inhibition of NF-κB/p65 ameliorates cisplatin-induced AKI, 

pro-inflammatory mediators including caspase 1 and IL-1β (Ozkok et al., 2016). NF-κB 

pathway is known to activate many of the cytokines including interleukin-1, 4, 6, TNF-α, 

TGF-β1 and monocyte chemotactic protein-1 (MCP-1) (Peres and da Cunha, 2013). 

FAAH inhibition has been shown to reduce colitis-induced levels of proinflammatory 

factor such as IL-6, IL-1β, monocyte chemotactic protein-1 (MCP-1) as well as NF-κB 

(Winkler et al., 2016; Shamran et al., 2017; Genovese et al., 2022). We showed that 

NF-κB activation was inhibited in Faah-/-Cis mice, suggesting FAAH inhibition may 
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reduce downstream cytokine productions. Shamran et al also demonstrated that FAAH 

inhibition reduces macrophage, neutrophil, NKT/NK and dendritic cell infiltration 

(Shamran et al., 2017), which is consistent with our finding that FAAH inhibition reduces 

infiltration of macrophages (CD68) and leukocytes (CD43). Consequently, we speculate 

that the mechanism of the protective actions of FAAH inactivation against cisplatin-

induced AKI may be mediated by the enhancement of PEA ad OEA, which would inhibit 

the activation of NF-κB/p65 and the vicious cycle between DNA damage and 

inflammatory secretome. Further studies are needed to delineate the underlying 

mechanisms of the protective roles of endogenous fatty acid amides in cisplatin 

nephrotoxicity. 

   It is noteworthy that FAAH inhibition also provides protection against lung cancer 

cell metastasis and invasion, diffuse large B-cell lymphoma and in-vivo breast tumor 

growth (Winkler et al., 2016; Doan et al., 2018). Additionally, administration of a FAAH 

inhibitor mitigates cisplatin-induced vomiting in shrews (Parker et al., 2009) as well as 

hyper-nociception in mice (Uhelski et al., 2015). Furthermore, anticancer drugs-induced 

DNA damage response and consequent senescent cells are implicated to promote 

tumor growth and contribute to/exacerbate many adverse effects of chemotherapy 

(Demaria et al., 2017). It is possible that FAAH inhibition might also enhance the anti-

tumor effects of cisplatin. However, we found that there was no interference of FAAH 

inhibition in cisplatin-treated head and neck cancer cells in our study (Figure 8). Thus, 

FAAH inhibition may provide a therapeutic strategy to prevent cisplatin toxicity without 

altering the effects of cisplatin.  
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  It should be noted that the current study was performed in male mice. It is 

important to use female rodents as well in the current study. However, in vivo animal 

studies have shown a much higher sensitivity of cisplatin-induced kidney damage in 

males than in females (Eshraghi-Jazi et al., 2011) and that cisplatin produces >3 times 

increases of plasma creatinine and kidney KIM-1 levels in male mice than female mice 

(Boddu et al., 2017). To mix the male and female mice may complicate data 

interpretation. A separated study to investigate the renoprotective role of FAAH 

inhibition in females is required in future studies.  

  In summary, this study raises the possibility that inhibition of FAAH represents a 

viable strategy to mitigate cisplatin-induced nephrotoxicity, by reducing the activation of 

NF-κB/p65 and expression of DNA damage markers p53 and p21 as well as renal 

inflammation. The consequent reduction in the expression of inflammatory and DNA 

damage markers by FAAH inactivation ameliorates cisplatin nephrotoxicity (Figure 9).  
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Figure legends 

 

Figure 1. Effects of cisplatin and Faah KO on renal function in mice. (A) Cisplatin 

(Cis) induced-concentrations of plasma creatinine and (B) blood urea nitrogen (BUN) in 

WT mice were reduced in Faah-/- mice (WT-Cis vs. Faah-/-Cis: 3.0 ± 0.9 vs. 1.4 ± 0.9 

mg/dL creatinine, P < 0.05; 156.6 ± 29.2 vs. 81.8 ± 27.4 mg/dL BUN, P < 0.001) at 72 h 

post exposure to cisplatin (30mg/kg). (C-D) Representative immunoblots and 

summarized data showing that Faah-/- mice had lower protein expression of kidney 

injury marker-1 (KIM-1) than WT-Cis mice (WT-Cis vs. Faah-/- Cis: 3.1 vs. 0.9 -fold 

change, P < 0.0001; no statistical difference between WT-saline and Faah-/-Cis-). All 

ratios of band intensities over GAPDH were obtained from each single sample and 

normalized to the mean value of the WT-saline group. *P < 0.05, ***P < 0.001, **** P < 

0.0001 by one-way ANOVA with Bonferroni's post hoc test determining the differences 

between two groups (WT-saline vs. WT-Cis, WT-Cis vs. Faah-/- Cis). Data are shown as 

mean± SD (n = 5 mice/group). Cis: cisplatin. 

 

Figure 2. Effects of cisplatin and Faah KO on cisplatin-induced body weight loss 

and renal pathology. (A) Change of the body weight (%) in WT and Faah-/- mice after 

cisplatin treatment (30mg/kg) (3.1 ± 1.8, -19.5 ± 1.5, -14.3 ± 1.1 % in WT-saline, WT- 

Cis and Faah-/- Cis, respectively; WT-saline vs. WT-Cis, P < 0.0001; WT-Cis vs. Faah-/- 
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Cis, P < 0.001). (B) Representative kidney images of the fresh kidneys from WT and 

Faah-/- mice. Black bar = 50mm. (C) Representative photomicrographs and (D) semi-

quantification of tubular injury scores of Periodic-Acid Schiff (PAS) staining as indicated 

by tubular atrophy, vacuolar degeneration, loss of brush border and cast formation in 

mice (WT-Cis vs. Faah-/- Cis: 3.6 ± 0.3 vs. 2.4 ± 0.2 points, P < 0.0001). (E) Percentage 

of positive area of cast formation in kidney tubules (WT-Cis vs. Faah-/- Cis: 13.18 ± 2.6 

vs. 6.28 ± 1.4 %, P < 0.0001). Black bar = 100μm. ***P < 0.001, **** P < 0.0001 by one-

way ANOVA with Bonferroni's post hoc test determining the differences between two 

groups (WT-saline vs. WT-Cis, WT-Cis vs. Faah-/- Cis). Data are shown as mean± SD. 

 

Figure 3. Levels of endogenous endocannabinoids AEA, 2AG and arachidonic 

acid (AA) in mouse renal cortex. (A-B) Quantitative data of liquid 

chromatography/tandem mass spectrometry (LC-MS/MS) showing no difference in the 

levels of AEA, 2-AG and AA extracted from renal cortex of WT and Faah-/- mice. Values 

were normalized to tissue weight of mouse cortex. Data are presented as the relative 

fold change of AEA, 2-AG and AA in the experimental groups compared to the mean of 

the WT- saline group. ** P < 0.01, ns: not significant by one-way ANOVA with 

Bonferroni's post hoc test determining the differences between two groups (WT-saline 

vs. WT-Cis, WT-Cis vs. Faah-/- Cis). Data are shown as mean± SD. 

 

Figure 4. Levels of two fatty acid ethanolamides, PEA and OEA in mouse renal 

cortex. (A-B) Representative liquid chromatography/tandem mass spectrometry (LC-

MS/MS) chromatograms of PEA and OEA extracted from mouse renal cortex. PEA/OEA 
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(blue) & PEA-d8/OEA-d8 (red, internal standard) from renal cortex extracts. Y-axis 

(intensity of PEA or OEA, CPS, count/s per second) and X-axis (retention time of PEA 

or OEA). (C-D) Quantitative data of LC-MS/MS showing levels of PEA (C) and OEA (D) 

were higher in Faah-/- Cis than those in WT-Cis mice (WT-Cis vs. Faah-/- Cis: 0.6 vs. 1 -

fold change in PEA levels, P = 0.0109; 0.9 vs. 2.9-fold change in OEA levels, P < 

0.0001). Values were normalized to tissue weight of mouse cortex. Data are presented 

as the relative fold change of PEA and OEA in the experimental groups compared to the 

mean of the WT- saline group. *P < 0.05, **** P < 0.0001, ns: not significant by one-way 

ANOVA Bonferroni's post hoc test determining the differences between two groups 

(WT-saline vs. WT-Cis, WT-Cis vs. Faah-/- Cis). Data are shown as mean± SD. 

 

Figure 5. Effect of Faah KO on cisplatin-induced nuclear translocation of NF-

κB/p65 in mouse kidneys. (A) Representative immunohistochemical staining showing 

the nuclear translocation of nuclear NF-κB/p65 (red arrows) in mouse kidney tissue. At 

least 10 fields for each sample were assessed for all results. Black bar = 50μm. (B) The 

average number of cells with NF-κB/p65 positive stained nuclei (brown) in mouse 

kidneys were calculated per high power field (x 400). Results showed that Faah-/- 

cisplatin mice exhibited lower cisplatin-induced nuclear expression of NF-κB/p65 than 

those in WT-Cis mice (WT-Cis vs. Faah-/- Cis: 51 vs. 18 positive cells/power field, P = 

0.0021). **P < 0.01, *** P < 0.001 by one-way ANOVA Bonferroni's post hoc test 

determining the differences between two groups (WT-saline vs. WT-Cis, WT-Cis vs. 

Faah-/- Cis). Data are shown as mean± SD. 
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Figure 6. Effect of Faah KO on inflammatory factors in renal cortex. (A-D) 

Representative immunoblots and quantitative data showing the levels of inflammasome-

mediated caspase-1 and IL-1β activation. Cisplatin-induced protein expression of 

cleaved caspase-1 (A, B) and mature IL-1β (C, D) in WT mice were decreased in Faah-/- 

Cis mice (2.5 vs. 0.99 -fold change in cleaved caspase-1, P < 0.0001; 6.9 vs. 2.5-fold 

change in IL-1β, P = 0.0067). All ratios of band intensities over loading control (GAPDH) 

were obtained from each single sample and normalized to the mean value of the WT-

saline group. (E) Representative immunohistochemical staining showing the expression 

of (F) CD68 (9.5 vs. 4.2-fold, WT-Cis vs. Faah-/- Cis, P = 0.0073) and (F) CD43 (13.3 vs. 

6.7 -fold change, WT-Cis vs. Faah-/- Cis, P = 0.001). Black bar = 100mm. ** P < 0.01, 

***P < 0.001, **** P < 0.0001 by one-way ANOVA Bonferroni's post hoc test determining 

the differences between two groups (WT-saline vs. WT-Cis, WT-Cis vs. Faah-/- Cis). 

Data are shown as mean± SD.  

 

Figure 7. Effect of Faah KO on the expression of DNA damage markers in mouse 

renal cortex.  (A-D) Representative immunoblots and quantitative data showing that the 

increased levels of DNA damage markers p53 (A, B) and p21 (C, D) in WT-Cis mice 

were reduced in Faah-/- mice (6.4 vs. 2.4 -fold change in p53, P = 0.049; 22 vs. 5.1 -fold 

change in p21, P <0.0001). All ratios of band intensities over loading control (GAPDH) 

were obtained from each single sample and normalized to the mean value of the WT-

saline group. *P < 0.05, **** P < 0.0001 by one-way ANOVA Bonferroni's post hoc test 

determining the differences between two groups (WT-saline vs. WT-Cis, WT-Cis vs. 

Faah-/- Cis). Data are shown as mean± SD. 
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Figure 8. Effect of the FAAH inhibitor on cisplatin-induced toxicity in human head 

and neck squamous cell carcinoma cell lines, HN30 and HN12. (A) MTS assay 

showing that there was no difference between the cell viability of HN30 (p53 wild-type) 

and (B) HN12 (p53 mutant) following difference doses of cisplatin (0 µM to 20 µM) with 

or without the FAAH inhibitor (PF), PF-04457845, (1 µM and 2 µM) treatment on Day 3 

and Day 6. (C) Clonogenic survival assay showing no difference in toxicity (colony 

formation) between the cisplatin alone group and Combo (5 µM Cis + 1 µM PF) when 

HN30 and HN12 cells were subjected to cisplatin in the absence and presence of PF-

04457845. All graphs are presented as mean ± SD and obtained from as at least three 

independent experiments (biological replicates), all of which were conducted in 

triplicates or duplicates (technical replicates). D: day. PF: PF-04457845. Cis: cisplatin. 

ns: not significant by one-way ANOVA with Bonferroni's post hoc test determining the 

differences between two groups.  

 

Figure 9. Proposed mechanism of FAAH inactivation in preventing cisplatin- 

induced DNA damage response, inflammation, and nephrotoxicity. FAAH inhibition 

is proposed to reduce the activation of NF-κB/p65, decrease the expression of DNA 

damage markers p53, p21, cleaved caspase-1 and IL-1β and infiltration of 

macrophages and leukocytes. The consequent inhibition of the positive loop of 

inflammation and DNA damage response by FAAH inactivation leads to the attenuation 

of cisplatin-induced nephrotoxicity.  
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Figure 5

WT-saline WT-Cisplatin Faah-/-Cisplatin

p6
5

A

B

W
T-

sa
lin

e

W
T-

Cis

Fa
ah
-/-

Cis
0

20

40

60

80

N
Fk

B
/p

65
 

(p
os

iti
ve

 c
el

ls
/p

ow
er

 fi
el

d 
)

✱✱✱ ✱✱

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 26, 2023 as DOI: 10.1124/molpharm.122.000618

 at A
SPE

T
 Journals on M

arch 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Figure 6
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Figure 7
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Figure 8
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