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Abstract: Although epoxyeicosatrienoic acid (EET) analogs have performed well in several acute
and chronic kidney disease models, targeted delivery of EET analogs to the kidney can be reasonably
expected to reduce the level of drug needed to achieve a therapeutic effect and obviate possible side
effects. For EET analog kidney-targeted delivery, we conjugated a stable EET analog to folic acid via a
PEG-diamine linker. Next, we compared the kidney targeted EET analog, EET-F01, to a well-studied
EET analog, EET-A. EET-A or EET-F01 was infused i.v. and plasma and kidney tissue collected. EET-A
was detected in the plasma but was undetectable in the kidney. On the other hand, EET-F01 was
detected in the plasma and kidney. Experiments were conducted to compare the efficacy of EET-F01
and EET-A for decreasing cisplatin nephrotoxicity. Cisplatin was administered to WKY rats treated
with vehicle, EET-A (10 mg/kg i.p.) or EET-F01 (20 mg/kg or 2 mg/kg i.p.). Cisplatin increased
kidney injury markers, viz., blood urea nitrogen (BUN), N-acetyl-β-(D)-glucosaminidase (NAG),
kidney injury molecule-1 (KIM-1), and thiobarbituric acid reactive substances (TBARS). EET-F01 was
as effective as EET-A in decreasing BUN, NAG, KIM-1, TBARS, and renal histological injury caused
by cisplatin. Despite its almost 2×-greater molecular weight compared with EET-A, EET-F01 was
comparably effective in decreasing renal injury at a 10-fold w/w lower dose. EET-F01 decreased
cisplatin nephrotoxicity by reducing oxidative stress and inflammation. These data demonstrate that
EET-F01 targets the kidney, allows for a lower effective dose, and combats cisplatin nephrotoxicity. In
conclusion, we have developed a kidney targeted EET analog, EET-F01, that demonstrates excellent
potential as a therapeutic for kidney diseases.

Keywords: kidney-targeted; chemotherapy; nephrotoxicity; novel therapy; epoxyeicosatrienoic acid

1. Introduction

Renal disease in cancer patients and survivors has emerged as a major healthcare
issue and continues to escalate sharply [1–3]. Newer cancer therapies have increased cure
rates and survival times, but therapy-associated fluid and electrolyte abnormalities and
acute kidney injury progressing to chronic kidney disease are common sequelae [3–5].
Anti-cancer drugs, vascular endothelial growth factor receptor tyrosine kinase inhibitors
(VEGFRI) and platinum derivatives can also cause severe renal injury that significantly
compromises their effective and safe use [3–5]. There is a significant clinical need for novel
therapies to effectively treat and stop kidney disease in cancer patients. This healthcare
issue has led to the development, evolution, and emergence of a subspecialty, Onco-
Nephrology [5]. Current treatments only slow the loss of kidney function, or have no benefit
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at all [2,5,6]. New approaches are urgently needed. Our ongoing research is attacking this
emerging cancer arena and we are focused on developing epoxyeicosatrienoic acid (EET)
analogs to protect the kidney from cancer therapy-associated toxicity.

EET analogs are based on the pharmacophoric moiety of EETs and designed with
improved solubility and resistance to auto-oxidation and metabolism by soluble epoxide
hydrolase (sEH) [7,8]. Previous studies have demonstrated that synthetic EET analogs
are kidney protective in several pathological conditions like hypertension, drug-induced
nephrotoxicity, and lupus nephritis [9–13]. EET analogs decrease kidney damage in these
disease states through vasodilator, diuretic, anti-inflammatory, anti-oxidative, and anti-
apoptotic activities [10–13]. These studies clearly demonstrated that an EET-based approach
combats kidney damage in pathological situations of different etiologies. Recently, attempts
have been made to develop EET analogs that possess the unique property to target the
kidney. A novel form of kidney targeted EET analog was designed and synthesized by
conjugating the EET pharmacophore with folic acid (EET-F01). In the present study, we
investigated the ability for EET-F01 to target the kidney when compared to the EET analog,
EET-A. EET-F01 and EET-A were compared for their ability to decrease cisplatin-induced
kidney injury. Lastly, this study further delineated the kidney protective anti-inflammatory
and anti-oxidative actions of EET-F01.

2. Results
2.1. EET-F01 Targets Kidney Tissue

Chemical structures for EET-A and EET-F01 are provided in Figure 1. Purity for EET-A
and EET-F01 was >95% as determined by NMR. In the acute animal study, equal doses by
weight of EET-A and EET-F01 were administered intravenously for 6 h followed by plasma
and kidney tissue collection. We demonstrated 5-fold higher plasma level of EET-F01
compared to EET-A after 6-h continuous administration (Figure 1). Interestingly, we also
demonstrated that after 6-h continuous administration the kidney content of EET-A was
almost un-detectable compared to EET-F01 content in the kidney (Figure 1). These data
demonstrate that EET-F01 targets the kidney.

Figure 1. Comparison of plasma and kidney EET-F01 and EET-A following i.v. administration for 6 h.
Top panel: Chemical structures for EET-A and EET-F01. Left panel: Plasma concentration of EET-F01
and EET-A. Right panel: Kidney levels of EET-F01 and EET-A. Data expressed as mean ± SEM,
n = 3/group.

2.2. EET-F01 Protects against Cisplatin Nephrotoxicity

In a separate set of experiments, groups of rats were pre-treated with EET-F01 and
EET-A for two days prior to induction of cisplatin nephropathy and then further treated
with the test compounds for another 5 days. The kidney protective actions of EET-F01
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and EET-A were determined from BUN levels, urinary NAG content, and urinary KIM-
1 levels. EET-F01 was as effective as EET-A in decreasing BUN, NAG, KIM-1 and renal
histological injury five days following induction of cisplatin nephrotoxicity (Figure 2). Next,
histological examination was conducted to further assess cisplatin nephrotoxicity. Cisplatin
administration resulted in tubular injury manifested by vacuolation and desquamation
of the renal epithelial cells along with severe intra-tubular proteinaceous cast formation
in both cortical and medullary regions of the kidney. EET-A and EET-F01 treatment
protected the kidney from cisplatin nephrotoxicity in rats (Figure 2). EET-F01 was effective
at 20 mg/kg/d and at a 10-fold lower dose of 2 mg/kg/d despite its almost 2×-greater
molecular weight due to the folate compared with EET-A. These data clearly demonstrate
that EET-F01 targets the kidney and facilitates a lower, yet still efficacious dose. Thus,
we have developed a kidney targeted EET analog, EET-F01, that demonstrates excellent
potential as a therapeutic for kidney diseases.

Figure 2. Kidney injury induced by cisplatin is reduced by EET-F01 and EET-A treatments. Left panel: blood urea nitrogen
(BUN), Middle panel: urinary N-acetyl-β-(D)-glucosaminidase (NAG), Right panel: kidney injury molecule-1 (KIM-1) in
cisplatin administered rats treated with vehicle, EET-F01, or EET-A. Bottom panel: Representative photomicrographs of
Periodic acid-Schiff (PAS) Staining depicting vacuolation and desquamation of the renal epithelial cells along with severe
intra-tubular proteinaceous cast tubular cast formation in the renal sections of different experimental groups. * p < 0.05 vs.
control–vehicle group; † p < 0.05 vs. cisplatin–vehicle group. Data expressed as mean ± SEM, n = 6/group.

2.3. EET-F01 and EET-A Reduce Renal Inflammation and Oxidative Stress in
Cisplatin Nephrotoxicity

Renal IL-6 and TNFα mRNA expression levels revealed a 4 to 5-fold increase in
cisplatin-induced nephrotoxicity. EET-F01 and EET-A treatment reduced renal inflamma-
tory genes IL-6 and TNFα by 30–50% in cisplatin nephrotoxicity (Figure 3). Increased renal
expression of the oxidative marker genes NADPH oxidase subunits p47phox, p67phox,
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gp91phox, and NOX4 is observed in cisplatin administered rats. Kidney tissue TBARS
levels were increased during cisplatin-induced nephrotoxicity. These cisplatin-induced
increases in oxidative stress were attenuated 60–100% by EET-F01 and EET-A treatment
(Figures 4 and 5). These data demonstrate that kidney targeted EET-F01 is as effective as
EET-A in reducing inflammation and oxidative stress in cisplatin nephrotoxicity.

Figure 3. Renal inflammation in cisplatin nephrotoxicity is reduced by EET-F01 and EET-A treatments. RT-PCR analysis
for mRNA expressions of IL-6 (left panel) and TNFα (right panel). * p < 0.05 vs. control–vehicle group; † p < 0.05 vs.
cisplatin–vehicle group. Data expressed as mean ± SEM, n = 6/group.

2.4. EET-A Does Not Enhance Tumor Growth

The use of EET analogs might promote cancer metastasis when administered for long
periods of time [14,15]. Although the current therapeutic approach would administer
EET analogs for a short period of time to prevent cisplatin-induced nephrotoxicity, we
evaluated the long-term effects of EET-A on tumor growth of a human breast cancer cell
line, MBA-MB-231, in athymic mice. Tumor volume and weight increased at the same
rate in vehicle or EET-A treated mice over a three-week period (Figure 6). Histological
evaluation of the tumors failed to demonstrate any changes in cellular hyperplasia or
proliferation in EET-A treated mice. These data demonstrate that EET-A does not enhance
tumor growth.
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Figure 4. Renal oxidative stress in cisplatin nephrotoxicity is reduced by EET-F01 and EET-A treatments. RT-PCR analysis
for mRNA expressions of (a) p47phox, (b) p67phox, (c) gp91phox, (d) NOX4. * p < 0.05 vs. control–vehicle group; † p < 0.05
vs. cisplatin–vehicle group. Data expressed as mean ± SEM, n = 6/group.

Figure 5. Kidney thiobarbituric acid reactive substances (TBARS) in cisplatin nephrotoxicity is
reduced by EET-F01 and EET-A treatments. * p < 0.05 vs. control–vehicle group; † p < 0.05 vs.
cisplatin–vehicle group. Data expressed as mean ± SEM, n = 6/group.
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Figure 6. Tumor growth of a human breast cancer cell line, MBA-MB-231, in athymic mice is not altered by EET-A treatment.
Left panel: tumor volume, Right panel: tumor weight in MBA-MB-231 tumor bearing mice treated with vehicle (control)
or EET-A. Bottom panel: Representative photomicrographs of Periodic acid-Schiff (PAS) Staining depicting similar tumor
hyperplasia and proliferation in human breast tumors. Data expressed as mean ± SEM, n = 5 mice and n = 10 tumors/group.

3. Discussion

Chemotherapeutic agents are extremely important in combating cancers; however,
organ /toxicities remain a significant adverse side-effect [4–6]. Cisplatin is a widely pre-
scribed chemotherapeutic agent for a variety of malignancies [1,2,16]. Nephrotoxicity that
involves acute kidney injury that progresses to chronic kidney disease is the most common
and severe organ toxicity associated with cisplatin therapy [4–6,17]. Cisplatin nephrotoxi-
city occurs because epithelial cells uptake cisplatin which results in renal inflammation,
oxidative stress, and tubular damage [4–6,17]. Previous studies have demonstrated that
EET analogs can attenuate renal damage [10,11]. In this study, we demonstrate that a
kidney targeted EET analog, EET-F01, decreases cisplatin induced renal inflammation,
oxidative stress, and tubular damage, but at a weighted and molar dose significantly lower
than EET-A.

Targeted delivery of drugs to the kidney has ample literature precedent and this strat-
egy can be reasonably expected to reduce the level of drug needed to achieve a therapeutic
effect in the target organ and ameliorate side effects, if any are detected [18,19]. For instance,
selective, kidney-targeted delivery of drugs can be achieved by conjugation to folic acid,
due to the high concentration of folate receptors in renal tissue [20,21]. The concept that
folate-conjugation of pharmaceuticals can target the kidney has been demonstrated for
rapamycin and tempol [18,19,22]. Folate is coupled to drugs to permit the cellular uptake
of the drug by folate receptor mediated endocytosis [23,24] Unlike the folate receptor,
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the folate carrier that is widely expressed in tissues does not uptake folate conjugated
drugs [24]. Fortunately, in the kidney the folate receptor-α (folbp1) is highly expressed
in the proximal tubule [25]. Folate-conjugated drugs have been successful targeted to
the kidney by taking advantage of this high level of folate receptor-α expression in the
proximal tubule [18,19,22]. We anticipated that EET analogs would behave similarly to
these other drugs when folate conjugated.

Our scientific research group has previously demonstrated that EET analogs have
great promise for treating acute and chronic kidney diseases [11,13,26,27]. EET analog
actions include vasodilation, inhibition of platelet adhesion, blood pressure lowering action
that takes days to weeks, and long-term anti-inflammatory, anti-oxidative, and anti-fibrotic
actions over the course of weeks to months [26–28]; thus, EET analogs are poised to treat
serious and life-threatening kidney diseases in patients. Kidney targeted EET analog
drugs would also be advantageous because they would allow a reduction in the drug level
needed to achieve efficacy, decrease side-effects, and prevent potential interference with
systemic cisplatin actions. As proof-of-principle, an EET analog backbone connected to
folic acid via an ethyleneoxydiamine linker, EET-F01, was synthesized and tested. EET-F01
demonstrated kidney targeting when compared to the EET analog, EET-A.

Next, EET-F01 was compared to EET-A for attenuation of cisplatin nephrotoxicity. In
the current study, we clearly demonstrate that EET-F01 decreases levels of renal injury
markers BUN, NAG and KIM-1 in cisplatin nephrotoxicity. Kidney histology also revealed
decreased tubular damage following cisplatin administration. More importantly, despite
an almost 2x-greater molecular weight compared with EET-A, EET-F01 was as effective in
decreasing cisplatin nephrotoxicity at a 10-fold lower weighted dose. These results provide
strong evidence that the kidney targeted EET analog, EET-F01, can achieve a therapeutic
kidney protective action at a reduced drug level that warrants further translational study
as a therapy and/or prophylactic for drug-induced nephrotoxicity.

One mechanism for kidney protective actions of EET analogs is through reduced
inflammation. Indeed, EET-A has previously been demonstrated to decrease renal inflam-
matory cell infiltration and levels of monocyte chemoattractant protein-1 (MCP-1), TNF-α,
IL-6, and IL-1β in acute and chronic kidney disease models [11,12,26]. EET analogs decrease
inflammation in unilateral ureter obstruction, lupus nephritis, and diabetic nephropathy
animal models [11,29,30]. These studies also provided evidence that EET analogs prevent
epithelial to mesenchymal transition and fibrosis that is responsible for progression of
acute kidney injury to chronic kidney disease [29,30]. Likewise, inflammation is a key
contributor to the acute to chronic kidney disease pathological changes during cisplatin
nephrotoxicity [26,31,32]. These studies found IL-6, TNF-α, and IL-10 to be involved in
progression of cisplatin nephrotoxicity [31–33]. Findings also demonstrated that EET-A did
not interfere with cisplatin-induced tumor cell death [26]. In the current study, cisplatin
induces increased renal expression of inflammatory biomarkers KIM-1, TNF-α and IL-6.
EET-A and EET-F01 significantly reduced renal inflammation in rats with cisplatin nephro-
toxicity. EET-F01 at 2 mg/kg/d was able to achieve an anti-inflammatory level similar to
EET-A at 10 mg/kg/d. This clearly demonstrates that EET-F01 at a reduced drug level had
comparable anti-inflammatory actions to combat cisplatin nephrotoxicity.

Oxidative stress is another contributing factor to renal injury following cisplatin
chemotherapy [26,31,33,34]. Cisplatin nephrotoxicity is accompanied by increased NADPH
oxidase (NOX) activity [33,34]. These previous studies have demonstrated increases in re-
nal NOX4, p47phox, and gp91phox in cisplatin nephrotoxicity [33–38]. We have previously
demonstrated that EET analogs can effectively decrease oxidative stress [10,13,26]. and
that EET-A decreased oxidative stress in cisplatin nephrotoxicity by reducing kidney MDA
and gp91phox levels [20]. In the present study, we evaluated the ability for the kidney
targeted EET analog, EET-F01, to decrease renal oxidative stress in cisplatin nephrotoxicity.
We demonstrated markedly increased expression of the oxidative stress genes p47phox,
p67phox, gp91phox and NOX4 in cisplatin nephrotoxicity. Interestingly, our study demon-
strated that EET analogs, EET-F01 and EET-A, markedly reduced renal oxidative stress
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expression to a similar level. This is in agreement with previous studies demonstrating
that EETs and EET analogs have anti-oxidative effects in several pathological states in-
cluding diabetic nephropathy [10,13,29]. Again, kidney-targeted EET-F01 had comparable
anti-oxidative actions when compared to EET-A.

EET and EET analogs have been demonstrated to enhance angiogenesis and there is
controversy as to whether or not EET analogs could promote tumor growth [14,15,35,36].
Our previous study demonstrated that EET-A does not enhance cancer cell prolifera-
tion [30]. In addition, anti-cancer actions for sEH inhibitors that results in increased EET
levels have been found in colon, pancreatic, and liver cancer animal models [35,37,38].
Findings in the current study demonstrate that EET-A failed to enhance human breast
cancer cell tumor growth in mice. There is also a potential concern with folate conjugation
of EET analogs because the folate receptor-α is highly expressed in epithelial, [39,40]. One
way to lessen this concern is to develop lysozyme conjugates or dendimers that target
the kidney [21,41]. However, our studies have demonstrated that EET analogs do not
stimulate tumor growth and that EET analogs did not compromise the anti-cancer effects
of cisplatin [26]. Taken together, these past findings and our current findings demonstrate
that EET analogs and kidney targeted folate conjugated EET analogs will protect the kid-
ney from cisplatin nephrotoxicity, fail to cause tumor growth, and will not interfere with
cisplatin anti-cancer actions.

In summary, the present study provides strong evidence that targeting EET analogs
to the kidney is effective in reducing cisplatin nephrotoxicity in rats. Comparison of the
kidney-targeted EET analog, EET-F01, to a non-targeted EET analog, EET-A, found that
EET-F01 at a significantly lower weighted and molar dose provided a similar reduction
in cisplatin nephrotoxicity. We have demonstrated that EET analogs provided kidney
protection by the inhibition of inflammatory and oxidative stress pathways that are critically
involved in the pathology of cisplatin nephrotoxicity. In conclusion, we have developed a
kidney targeted EET analog, EET-F01, that demonstrates excellent potential as a therapeutic
for kidney diseases.

4. Materials and Methods
4.1. Chemicals

All chemicals and assay kits were purchased from Sigma Aldrich (St. Louis, MO, USA)
unless otherwise mentioned. EET analogs were designed and synthesized in the laboratory
of John R. Falck, Department of Biochemistry, University of Texas Southwestern Medical
Center, Dallas, TX, USA.

4.2. EET-F01 Synthesis

Diisopropylethylamine (DIPEA, 1.18 mL, 6.78 mmol, 3.00 equiv) was added to a
mixture of N-hydroxysuccinimide (NHS) folate ester [42] (1) (11.44 g, 2.26 mmol) and
2-[2-(2-aminoethoxy)ethoxy]-N-tritylethan-1-amine [43] (2) (1.06 g, 2.71 mmol, 1.20 equiv)
in anhydrous DMSO (20 mL). After 18 h, the DMSO was evaporated (50 ◦C, 0.1 torr)
and the residue was triturated with acetone/ether (30/70, 2 × 50 mL) and then acetone
(2 × 50 mL). The residue was dried on high vacuum overnight to give 3 (orange solid,
2.00 g) which was carried on to the next step without further purification. Trifluoroacetic
acid (TFA, 5.36 mL) was added dropwise to a suspension of crude 3 (1.09 g, 1.34 mmol) in
CH2Cl2/H2O (5/1, 6 mL). After gently shaking for 2 h, the mixture was concentrated in
vacuo and the residue was azeotropically dried with dry toluene (10 mL). The residue was
triturated with CH2Cl2 (5 × 5 mL); the yellowish CH2Cl2 supernatant was removed each
time with a pipette and gradually became less yellow with each wash until nearly colorless.
The crude 4 (thick red oil) was used in the next step without further purification. DIPEA
(1.13 mL, 6.50 mmol, 5.00 equiv) was added dropwise to a suspension of crude 4 (0.891 g,
1.30 mmol) in anhydrous DMSO (6 mL). After 15 min, a solution of EET analog 5 [44].
(0.569 g, 1.30 mmol) in dry CH2Cl2 (6 mL) was added. After 24 h, the reaction mixture was
diluted with ice-cold 20% acetone/Et2O (50 mL). The supernatant was decanted away from
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the resulting precipitate and the residue was triturated sequentially with additional 20%
acetone/Et2O (50 mL), 50% acetone/Et2O (100 mL), 0.1 N HCl (20 mL), and then acetone
(2 × 50 mL). The residue was dried under high vacuum overnight to give EET-F01 (6) as
an orange solid (0.690 g, 59%) (Figure 7).

Figure 7. Synthesis of EET-F01.

1H NMR (500 MHz, DMSO-d6) δ 8.65 (s, 1H), 7.93–7.80 (m, 1H), 7.73–7.58 (m, 2H),
6.95 (s, 1H), 6.64 (dd, J = 8.7, 2.3 Hz, 2H), 5.79–5.69 (m, 2H), 5.38–5.28 (m, 2H), 4.49
(d, J = 6.1 Hz, 2H), 3.52–3.45 (m, 4H), 3.22–3.13 (m, 4H), 3.01–2.87 (m, 4H), 2.10–2.09
(m, 2H), 2.05 (t, J = 7.5 Hz, 2H), 2.01–1.93 (m, 4H), 1.51–1.40 (m, 2H), 1.40–1.14 (m, 18H),
0.86 (t, J = 7.0 Hz, 3H). LCMS (ES-APCI+) Calcd. for [C44H67N11O9]+ 894.1, Found 894.4.

4.3. Animals

All animal studies were approved and carried out according to guidelines of the
Institutional Animal Care and Use Committee, Medical College of Wisconsin (protocol
numbers AUA00001818, 9/5/2019 and AUA00000042, 10/11/2019). Animals were kept
in a temperature-controlled environment with a 12-h light/dark cycle and were allowed
free access to food and water. An acclimatization period of 6 days was allowed for the rats
before experimentation.

4.4. Kidney Targeting In Vivo Animal Studies

Overnight fasted 10 week old male Sprague Dawley rats (Charles River, MA, USA)
were anesthetized with sodium pentobarbital (60 mg/kg, i.p.). Following anesthesia, a
tracheostomy was performed, and the left jugular vein cannulated to continuously infuse
vehicle, EET-A, or EET-F01 at a rate of 6 mL/kg/hr for 6 h. Plasma and kidney samples
were collected at the end of the protocol, snap-frozen in liquid nitrogen and stored at
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−80 ◦C until analyzed by LC-ESI-MS. EET-A and EET-F01 solutions were prepared in 0.1%
DMSO and 1% PEG-400 in saline.

4.5. Mass Spectrometric Analysis

Plasma and kidney levels of EET-A and EET-F01 were measured by LC–ESI–MS.
Samples were prepared from 200 µL of plasma or kidney homogenate from EET-A or EET-
F01 treated rats using solid phase extraction with Varian Bond Elut® C18 column (Agilent
Technologies, Santa Clara, CA, USA). The extracted samples were stored at −80 ◦C before
analysis. Samples were warmed to room temperature, dried in a stream of nitrogen and
the residue reconstituted in 20 µL of acetonitrile of which 12 µL was injected. Components
were resolved on a 250 mm × 2.0 mm Kromasil C18-column packed with 5µ diameter
particles having 100 Å pores. Gradient elution from 80% A to 10%A was used with eluent
flow of 0.2 mL/min. Solvent A was water with 0.01% formic acid and solvent B was
acetonitrile with 0.01% formic acid using the following profile: 20%B to 30%B in 10 min,
30%B to 60%B in 17 min, 60%B to 90%B in 28 min, hold at 100%B for 7 min, then 7 min re-
equilibration. MS/MS analysis was performed on an Agilent 6460 triple quadrupole mass
spectrometer equipped with a Jet Stream™ interface (Agilent Technologies, Santa Clara, CA,
USA). Precursor ion, product ion, collision energy and fragmenter voltage were optimized
for each compound in negative polarity. Other parameters were as follows: drying gas
flow = 10 L/min at 325 ◦C, nebulizer = 20 psi, sheath gas flow = 11 L/min at 325 ◦C,
capillary = 3.5 kV, and nozzle = 1.0 kV. Results were acquired at unit-mass resolution.

4.6. Cisplatin-Induced Nephrotoxicity Animal Study

Male Wistar-Kyoto (WKY) rats weighing 180–200 g (Charles River, Wilmington, MA,
USA) were used. Rats were assigned into groups (n = 6 in each group). Treatments were
given i.p. in an osmotic pump (2ML, Alzet, Cupertino, CA, USA) starting two days prior
to cisplatin injection and included vehicle (20% DMSO in PEG-400 v/v), EET analog A
(EET-A in double distilled water, 10 mg/kg/d), or EET-F01 at 2 mg/kg/d and 20 mg/kg/d
doses (prepared in a mixture of 20% DMSO in PEG400), respectively. The control-vehicle
rat group received drinking water ad libitum and were administered the same DMSO
(300–500 µL i.p.) that was used to prepare cisplatin solutions. Rats in the treatment groups
were administered a single dose of cisplatin (7 mg/kg i.p.). One day prior to euthanasia, rat
urine was collected over a 24 h period. Five days after cisplatin or vehicle administration,
rats were anesthetized for blood and kidney sample collection followed by euthanasia.

4.7. Biochemical Analysis

The levels of blood urea nitrogen (BUN) (BioAssay Systems, Hayward, CA, USA),
urinary kidney injury molecule-1 (KIM-1) from R&D Systems (Minneapolis, MN, USA),
thiobarbituric acid reactive substances (TBARS) from Cayman Chemical Co. (Ann Arbor,
MI, USA), and the activity of urinary N-acetyl-β-(D)-glucosaminidase (NAG) in the urine
was measured by a kit (Diazyme Laboratories, Poway, CA, USA).

4.8. Histopathology

A histopathological study was conducted after fixation of the kidneys with 10%
buffered formalin. Renal tissues were sectioned and stained with periodic acid-Schiff (PAS)
for histological examination. Histological injury was determined in stained tissue sections
at magnification of ×200 using image analysis software by NIS Elements AR version 3.0
(Nikon instruments Inc., Melville, NY, USA). To minimize observer bias, histopathological
evaluations were conducted by two observers in a masked fashion without knowledge of
the treatment group from which the tissues originated.

4.9. Real-Time PCR Analyses

Real-Time PCR (RT-PCR) analyses were carried out to assess renal mRNA expression
of the inflammatory gene interleukin-6 (IL-6), tumour necrosis factor α (TNFα) and oxida-
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tive stress genes p47phox, gp91phox, Nox4 and p67phox. RNA was extracted from rat
kidney tissue using RNeasy Mini Kit (QIAGEN, Germantown, MD, USA). Synthesis of
cDNA was carried out from mRNA samples with the iScriptTM Select cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). RT-PCR was performed on the cDNA using the iScript
1-step RT-PCR kit with SYBR Green (Bio-Rad, USA) in CXF384 Touch Real-Time PCR
Detection System (Bio-Rad, USA). All RT-PCR analyses were performed in triplicate using
384-well plates. Primer sequences are listed in Table 1. The mRNA expression data of
target genes were normalized to the expression of a house-keeping gene, expression levels
were calculated using the 2 −∆∆Ct method and expressed as fold change vs. normal
control group.

Table 1. Primer sequences of the target genes used in RT PCR analysis.

TNFα F- CGAGTGACAAGCCTGTAGCC
R- GAGAACCTGGGAGTAGACAAGG

IL-6 F- GAGACTTCCAGCCAGTTGCC
R- TGAAGTCTCCTCTCCGGACTT

p47phox F- TCGAGAAACGCTTCGTCCC
R- GTAGACCACCTTCTCCGACA

gp91phox F- GGCCCAACTGGGATAACGAG
R- TTTTAGCCAAGGCTTCGGGG

Nox4 F- GGCCCAACTGGGATAACGAG
R- TTTTAGCCAAGGCTTCGGGG

p67phox F- GCTTCGGAACATGGTGTCTAAGA
R- AGAGTCAGGCAGTAGTTTTTCACTTG

Gpdh F- AGTGCCAGCCTCGTCTCATA
R- GGTAACCAGGCGTCCGATAC

4.10. Tumor Bearing Studies

We evaluated EET-A on the growth of human breast cancer cell line (MBA-MB-231,
basal-like breast cancer cells) in female athymic nude mice (Envigo, Indianapolis, IN,
USA). Briefly, 2 × 106 cells in 50 mL of cold phosphate buffered saline was subcutaneously
inoculated into 6–8 weeks female athymic mice on both front sides. When tumor growth
reached a size of 1000 mm3, mice were randomly divided into vehicle or EET-A treated
groups with each group consisting of 10 tumors (5 mice) [45]. EET-A (10 mg/kg, p.o.) was
given daily for three weeks and tumor volumes were measured every other day. Moreover,
tumors at the end of the experiment were weighed and compared between control and the
treated group. Mice were euthanized and tumors were collected for histological evaluation.
After fixation of the tumors with 10% buffered formalin, tumors were sectioned and stained
with periodic Acid-Schiff (PAS) for histological examination. Histological evaluation of the
tumors was conducted to determine changes in tumor cellular proliferation.

4.11. Statistical Analysis

Results are reported as mean ± S.E.M. Statistical significance between two measure-
ments was determined by the two-tailed unpaired Student’s t test (and among groups it was
determined by repeated measure one-way analysis of variance followed by Tukey’s post
hoc test) using GraphPad Prism® Version 4.0 software (GraphPad Software Inc., La Jolla,
CA, USA). Probability values of p < 0.05 were considered significant where the critical
value of P was two-sided.
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12. Khan, A.H.; Pavlov, T.S.; Christain, S.V.; Neckář, J.; Staruschenko, A.; Gauthier, K.M.; Capdevila, J.H.; Falck, J.R.; Campbell, W.B.;
Imig, J.D. Epoxyeicosatrienoic acid analogue lowers blood pressure through vasodilation and sodium channel inhibition. Clin.
Sci. 2014, 127, 463–474. [CrossRef]

13. Yeboah, M.M.; Khan, A.H.; Chesnik, M.A.; Sharma, A.; Paudyal, M.P.; Falck, J.R.; Imig, J.D. The epoxyeicosatrienoic acid analog
PVPA ameliorates cyclosporine-induced hypertension and renal injury in rats. Am. J. Physiol. Physiol. 2016, 311, F576–F585.
[CrossRef]

14. Panigrahy, D.; Edin, M.L.; Lee, C.R.; Huang, S.; Bielenberg, D.R.; Butterfield, C.E.; Barnés, C.M.; Mammoto, A.; Mammoto, T.;
Luria, A.; et al. Epoxyeicosanoids stimulate multiorgan metastasis and tumor dormancy escape in mice. J. Clin. Investig. 2012,
122, 178–191. [CrossRef]

15. Pozzi, A.; Popescu, V.; Yang, S.; Mei, S.; Shi, M.; Puolitaival, S.M.; Caprioli, R.M.; Capdevila, J.H. The Anti-tumorigenic
Properties of Peroxisomal Proliferator-activated Receptor α Are Arachidonic Acid Epoxygenase-mediated. J. Biol. Chem. 2010,
285, 12840–12850. [CrossRef]

16. Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584. [CrossRef] [PubMed]
17. Al Za’Abi, M.; Al Salam, S.; Al Suleimani, Y.; Ashique, M.; Manoj, P.; Nemmar, A.; Ali, B.H. Effects of repeated increasing doses

of cisplatin as models of acute kidney injury and chronic kidney disease in rats. Naunyn-Schmiedebergs Arch. Pharmacol. 2020,
394, 249–259. [CrossRef] [PubMed]

18. Knight, S.F.; Kundu, K.; Joseph, G.; Dikalov, S.; Weiss, D.; Murthy, N.; Taylor, W.R. Folate Receptor–Targeted Antioxidant Therapy
Ameliorates Renal Ischemia–Reperfusion Injury. J. Am. Soc. Nephrol. 2012, 23, 793–800. [CrossRef] [PubMed]

19. Shillingford, J.M.; Leamon, C.P.; Vlahov, I.R.; Weimbs, T. Folate-Conjugated Rapamycin Slows Progression of Polycystic Kidney
Disease. J. Am. Soc. Nephrol. 2012, 23, 1674–1681. [CrossRef] [PubMed]

20. Zhou, P.; Sun, X.; Zhang, Z. Kidney–targeted drug delivery systems. Acta Pharm. Sin. B 2014, 4, 37–42. [CrossRef]

www.diacomp.org
http://doi.org/10.2165/11595000-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22201521
http://doi.org/10.1038/nrd1691
http://doi.org/10.2165/00002018-200124010-00003
http://www.ncbi.nlm.nih.gov/pubmed/11219485
http://doi.org/10.3390/toxins2112490
http://www.ncbi.nlm.nih.gov/pubmed/22069563
http://doi.org/10.1016/j.semnephrol.2010.09.005
http://doi.org/10.3109/10408444.2011.602662
http://www.ncbi.nlm.nih.gov/pubmed/21838551
http://doi.org/10.1097/FJC.0000000000000523
http://www.ncbi.nlm.nih.gov/pubmed/28937442
http://doi.org/10.1161/HYPERTENSIONAHA.120.13898
http://doi.org/10.3389/fphys.2010.00157
http://doi.org/10.1161/HYPERTENSIONAHA.113.01949
http://www.ncbi.nlm.nih.gov/pubmed/23980070
http://doi.org/10.3389/fphar.2019.00512
http://doi.org/10.1042/CS20130479
http://doi.org/10.1152/ajprenal.00288.2016
http://doi.org/10.1172/JCI58128
http://doi.org/10.1074/jbc.M109.081554
http://doi.org/10.1038/nrc2167
http://www.ncbi.nlm.nih.gov/pubmed/17625587
http://doi.org/10.1007/s00210-020-01976-1
http://www.ncbi.nlm.nih.gov/pubmed/32936352
http://doi.org/10.1681/ASN.2011070711
http://www.ncbi.nlm.nih.gov/pubmed/22282594
http://doi.org/10.1681/ASN.2012040367
http://www.ncbi.nlm.nih.gov/pubmed/22859856
http://doi.org/10.1016/j.apsb.2013.12.005


Int. J. Mol. Sci. 2021, 22, 2793 13 of 13

21. Chen, Z.; Peng, H.; Zhang, C. Advances in kidney-targeted drug delivery systems. Int. J. Pharm. 2020, 587, 119679. [CrossRef]
22. Kipp, K.R.; Kruger, S.L.; Schimmel, M.F.; Parker, N.; Shillingford, J.M.; Leamon, C.P.; Weimbs, T. Comparison of folate-conjugated

rapamycin versus unconjugated rapamycin in an orthologous mouse model of polycystic kidney disease. Am. J. Physiol. Physiol.
2018, 315, F395–F405. [CrossRef] [PubMed]

23. Leamon, C.P. Folate-targeted drug strategies for the treatment of cancer. Curr. Opin. Investig. Drugs 2008, 9, 19037834.
24. Leamon, C.P.; Jackman, A.L. Chapter 7 Exploitation of the Folate Receptor in the Management of Cancer and Inflammatory

Disease. Vitam. Horm. 2008, 79, 203–233. [CrossRef]
25. Birn, H.; Spiegelstein, O.; Christensen, E.I.; Finnell, R.H. Renal Tubular Reabsorption of Folate Mediated by Folate Binding

Protein 1. J. Am. Soc. Nephrol. 2005, 16, 608–615. [CrossRef] [PubMed]
26. Khan, A.H.; Liu, J.; Kumar, G.; Skapek, S.X.; Falck, J.R.; Imig, J.D. Novel orally active epoxyeicosatrienoic acid (EET) analogs

attenuate cisplatin nephrotoxicity. FASEB J. 2014, 27, 2946–2956, Erratum in 2014, 28, 520. [CrossRef] [PubMed]
27. Khan, A.H.; Fish, B.; Wahl, G.; Sharma, A.; Falck, J.R.; Paudyal, M.P.; Moulder, J.E.; Imig, J.D.; Cohen, E.P. Epoxyeicosatrienoic

acid analogue mitigates kidney injury in a rat model of radiation nephropathy. Clin. Sci. 2016, 130, 587–599. [CrossRef] [PubMed]
28. Imig, J.D. Prospective for cytochrome P450 epoxygenase cardiovascular and renal therapeutics. Pharmacol. Ther. 2018, 192, 1–19.

[CrossRef]
29. Sodhi, K.; Inoue, K.; Gotlinger, K.H.; Canestraro, M.; Vanella, L.; Kim, D.H.; Manthati, V.L.; Koduru, S.R.; Falck, J.R.; Schwartzman,

M.L.; et al. Epoxyeicosatrienoic Acid Agonist Rescues the Metabolic Syndrome Phenotype of HO-2-Null Mice. J. Pharmacol. Exp.
Ther. 2009, 331, 906–916. [CrossRef] [PubMed]

30. Skibba, M.; Khan, A.H.; Kolb, L.L.; Yeboah, M.M.; Falck, J.R.; Amaradhi, R.; Imig, J.D. Epoxyeicosatrienoic Acid Analog Decreases
Renal Fibrosis by Reducing Epithelial-to-Mesenchymal Transition. Front. Pharmacol. 2017, 8, 406. [CrossRef] [PubMed]

31. Un, H.; Ugan, R.A.; Gurbuz, M.A.; Bayir, Y.; Kahramanlar, A.; Kaya, G.; Cadirci, E.; Halici, Z. Phloretin and phloridzin guard
against cisplatin-induced nephrotoxicity in mice through inhibiting oxidative stress and inflammation. Life Sci. 2021, 266, 118869.
[CrossRef]

32. Aljuhani, N.; Ismail, R.S.; El-Awady, M.S.; Hassan, M.H. Modulatory effects of perindopril on cisplatin-induced nephrotoxicity in
mice: Implication of inflammatory cytokines and caspase-3 mediated apoptosis. Acta Pharm. 2020, 70, 515–525. [CrossRef]

33. Younis, N.N.; Elsherbiny, N.M.; Shaheen, M.A.; Elseweidy, M.M. Modulation of NADPH oxidase and Nrf2/HO-1 pathway by
vanillin in cisplatin-induced nephrotoxicity in rats. J. Pharm. Pharmacol. 2020, 72, 1546–1555. [CrossRef]

34. Trujillo, J.; Molina-Jijón, E.; Medina-Campos, O.N.; Rodríguez-Muñoz, R.; Reyes, J.L.; Barrera, D.; Pedraza-Chaverri, J. Superoxide
Anion Production and Expression of gp91phoxand p47phoxAre Increased in Glomeruli and Proximal Tubules of Cisplatin-Treated
Rats. J. Biochem. Mol. Toxicol. 2014, 29, 149–156. [CrossRef] [PubMed]

35. Fishbein, A.; Wang, W.; Yang, H.; Yang, J.; Hallisey, V.M.; Deng, J.; Verheul, S.M.L.; Hwang, S.H.; Gartung, A.; Wang, Y.; et al.
Resolution of eicosanoid/cytokine storm prevents carcinogen and inflammation-initiated hepatocellular cancer progression. Proc.
Natl. Acad. Sci. USA 2020, 117, 21576–21587. [CrossRef]

36. Jones, R.D.; Liao, J.; Tong, X.; Xu, D.; Sun, L.; Li, H.; Yang, G.-Y. Epoxy-Oxylipins and Soluble Epoxide Hydrolase Metabolic
Pathway as Targets for NSAID-Induced Gastroenteropathy and Inflammation-Associated Carcinogenesis. Front. Pharmacol. 2019,
10, 731. [CrossRef] [PubMed]

37. Xia, R.; Sun, L.; Liao, J.; Li, H.; You, X.; Xu, D.; Yang, J.; Hwang, S.H.; Jones, R.D.; Hammock, B.; et al. Inhibition of Pancreatic
Carcinoma Growth Through Enhancingω-3 Epoxy Polyunsaturated Fatty Acid Profile by Inhibition of Soluble Epoxide Hydrolase.
Anticancer. Res. 2019, 39, 3651–3660. [CrossRef] [PubMed]

38. Zhang, W.; Li, H.; Dong, H.; Liao, J.; Hammock, B.D.; Yang, G.Y. Soluble epoxide hydrolase deficiency inhibits dextran sulfate
so-dium-induced colitis and carcinogenesis in mice. Anticancer Res. 2013, 33, 5261–5271. [PubMed]

39. Holm, J.; Hansen, S.I. Characterization of soluble folate receptors (folate binding proteins) in humans. Biological roles and clinical
potentials in infection and malignancy. Biochim. Biophys. Acta Proteins Proteom. 2020, 1868, 140466. [CrossRef] [PubMed]

40. Scaranti, M.; Cojocaru, E.; Banerjee, S.; Banerji, U. Exploiting the folate receptor α in oncology. Nat. Rev. Clin. Oncol. 2020,
17, 349–359. [CrossRef]

41. Dolman, M.; Harmsen, S.; Storm, G.; Hennink, W.; Kok, R. Drug targeting to the kidney: Advances in the active targeting of
therapeutics to proximal tubular cells. Adv. Drug Deliv. Rev. 2010, 62, 1344–1357. [CrossRef]

42. Trindade, A.F.; Frade, R.F.M.; Maçôas, E.M.S.; Graça, C.; Rodrigues, C.A.B.; Martinho, J.M.G.; Afonso, C.A.M. “Click and go”:
Simple and fast folic acid conjugation. Org. Biomol. Chem. 2014, 12, 3181–3190. [CrossRef]

43. Pasc, A.; Gizzi, P.; Dupuy, N.; Parant, S.; Ghanbaja, J.; Gérardin, C. Microscopic and macroscopic anisotropy in supramolecular
hydrogels of histidine-based surfactants. Tetrahedron Lett. 2009, 50, 6183–6186. [CrossRef]

44. Falck, J.R.; Kodela, R.; Manne, R.; Atcha, K.R.; Puli, N.; Dubasi, N.; Manthati, V.L.; Capdevila, J.H.; Yi, X.-Y.; Goldman,
D.H.; et al. 14,15-Epoxyeicosa-5,8,11-trienoic Acid (14,15-EET) Surrogates Containing Epoxide Bioisosteres: Influence upon
Vascular Relaxation and Soluble Epoxide Hydrolase Inhibition. J. Med. Chem. 2009, 52, 5069–5075. [CrossRef] [PubMed]

45. Qi, X.; Borowicz, S.; Pramanik, R.; Schultz, R.M.; Han, J.; Chen, G. Estrogen Receptor Inhibits c-Jun-dependent Stress-induced Cell
Death by Binding and Modifying c-Jun Activity in Human Breast Cancer Cells. J. Biol. Chem. 2004, 279, 6769–6777. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.ijpharm.2020.119679
http://doi.org/10.1152/ajprenal.00057.2018
http://www.ncbi.nlm.nih.gov/pubmed/29717938
http://doi.org/10.1016/s0083-6729(08)00407-x
http://doi.org/10.1681/ASN.2004080711
http://www.ncbi.nlm.nih.gov/pubmed/15703271
http://doi.org/10.1096/fj.12-218040
http://www.ncbi.nlm.nih.gov/pubmed/23603837
http://doi.org/10.1042/CS20150778
http://www.ncbi.nlm.nih.gov/pubmed/26772189
http://doi.org/10.1016/j.pharmthera.2018.06.015
http://doi.org/10.1124/jpet.109.157545
http://www.ncbi.nlm.nih.gov/pubmed/19717790
http://doi.org/10.3389/fphar.2017.00406
http://www.ncbi.nlm.nih.gov/pubmed/28713267
http://doi.org/10.1016/j.lfs.2020.118869
http://doi.org/10.2478/acph-2020-0033
http://doi.org/10.1111/jphp.13340
http://doi.org/10.1002/jbt.21679
http://www.ncbi.nlm.nih.gov/pubmed/25388649
http://doi.org/10.1073/pnas.2007412117
http://doi.org/10.3389/fphar.2019.00731
http://www.ncbi.nlm.nih.gov/pubmed/31293429
http://doi.org/10.21873/anticanres.13513
http://www.ncbi.nlm.nih.gov/pubmed/31262891
http://www.ncbi.nlm.nih.gov/pubmed/24324059
http://doi.org/10.1016/j.bbapap.2020.140466
http://www.ncbi.nlm.nih.gov/pubmed/32526472
http://doi.org/10.1038/s41571-020-0339-5
http://doi.org/10.1016/j.addr.2010.07.011
http://doi.org/10.1039/C4OB00150H
http://doi.org/10.1016/j.tetlet.2009.08.093
http://doi.org/10.1021/jm900634w
http://www.ncbi.nlm.nih.gov/pubmed/19653681
http://doi.org/10.1074/jbc.M311492200
http://www.ncbi.nlm.nih.gov/pubmed/14638681

	Introduction 
	Results 
	EET-F01 Targets Kidney Tissue 
	EET-F01 Protects against Cisplatin Nephrotoxicity 
	EET-F01 and EET-A Reduce Renal Inflammation and Oxidative Stress in Cisplatin Nephrotoxicity 
	EET-A Does Not Enhance Tumor Growth 

	Discussion 
	Materials and Methods 
	Chemicals 
	EET-F01 Synthesis 
	Animals 
	Kidney Targeting In Vivo Animal Studies 
	Mass Spectrometric Analysis 
	Cisplatin-Induced Nephrotoxicity Animal Study 
	Biochemical Analysis 
	Histopathology 
	Real-Time PCR Analyses 
	Tumor Bearing Studies 
	Statistical Analysis 

	References

