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Abstract

Chemotherapy-induced cognitive impairment (CICI) is a novel clinical condition characterized by 

memory, learning, and motor function deficits. Oxidative stress and inflammation are potential 

factors contributing to chemotherapy's adverse effects on the brain. Inhibition of soluble epoxide 

hydrolase (sEH) has been proven effective and beneficial in neuroinflammation and reversal 

of memory impairment. The research aims to evaluate the memory protective effect of sEH 

inhibitor and dual inhibitor of sEH and COX and compare its impact with herbal extracts with 

known nootropic activity in an animal model of CICI. In vitro sEH, the inhibitory activity of 

hydroalcoholic extracts of Sizygium aromaticum, Nigella sativa, and Mesua ferrea was tested on 

murine and human sEH enzyme as per the protocol, and IC50 was determined. Cyclophosphamide 

(50 mg/kg), methotrexate (5 mg/kg), and fluorouracil (5 mg/kg) combination (CMF) were 

administered intraperitoneally to induce CICI. The known herbal sEH inhibitor, Lepidium meyenii 
and the dual inhibitor of COX and sEH (PTUPB) were tested for their protective effect in the 

CICI model. The herbal formulation with known nootropic activity viz Bacopa monnieri and 

commercial formulation (Mentat) were also used to compare the efficacy in the CICI model. 

Behavioral parameter such cognitive function was assessed by Morris Water Maze besides 

investigating oxidative stress (GSH and LPO) and inflammatory (TNFα, IL-6, BDNF and COX-2) 
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markers in the brain. CMF induced CICI, which was associated with increased oxidative stress 

and inflammation in the brain. However, treatment with PTUPB or herbal extracts inhibiting sEH 

preserved spatial memory via ameliorating oxidative stress and inflammation. S. aromaticum and 

N. sativa inhibited COX2, but M. Ferrea did not affect COX2 activity. Lepidium meyenii was the 

least effective, and mentat showed superior activity over Bacopa monnieri in preserving memory. 

Compared to untreated animals, the mice treated with PTUPB or hydroalcoholic extracts showed a 

discernible improvement in cognitive function in CICI.

Keywords

Chemotherapy-induced cognitive impairments; sEH; Sizygium aromaticum ; Nigella sativa ; 
Mesua ferrea ; Lepidium meyenii 

1. Introduction

Cancer is a critical global health issue; chemotherapy extends cancer patients' lives. As 

more people survive cancer, there is a growing need for more research on the long-term 

effects of chemotherapy and other medical procedures and how they affect patients' quality 

of life. Chemotherapy-induced cognitive impairment (CICI), also referred to as "chemo-

brain" or "brain fog", can be a significant obstacle that survivors must overcome after 

treatment. Cognitive impairments caused by chemotherapy include temporary or permanent 

difficulties with learning, memory, attention, processing speed, and executive function [1,2]. 

In addition to surgery and radiation therapy, chemotherapy is still considered a first-line 

treatment for both primary and secondary malignancies. Nonetheless, neurotoxicity resulting 

to memory impairment is a common adverse effect of cancer chemotherapy [3]. Memory, 

learning, attention, processing speed, and visuospatial skills negatively impact patients 

with CICI [4]. Evidence from animal studies suggests that changes in oxidative stress, 

long-term potentiation, plasma membrane pump activity in the CNS, a lack of blood flow, 

weakened immune system, and apolipoprotein E gene expression may have a role in causing 

chemobrain [5]. An estimated 10 million cancer survivors in the US experience cognitive 

impairment due to chemotherapy. According to data from all cancer cases, about 30% of 

survivors experience cognitive impairment before therapy, more than 70% during treatment, 

and more than 30% may have CICI for up to 20 years after treatment [6]. Memory loss, 

trouble retaining new information, difficulty switching gears, an inability to think critically 

and an inability to establish meaningful associations are all symptoms of chemobrain [7]. 

Epoxide hydrolases are enzymes that catalyse the conversion of epoxides 1,2 or dihydrodiols 

[8]. Epoxyeicosatrienoic acid (EETs) are produced when soluble epoxide hydrolase (sEH) 

is inhibited, leading to a class of EpFA with anti-inflammatory properties [9]. These 

EpFA alleviate inflammation and cellular ageing by rebalancing cellular components 

via the endoplasmic reticulum stress pathway [10]. EpFA have neuroprotective effects 

contributing to the reversal of cognitive impairment [11]. Inhibition of the COX, including 

COX-2 enzyme reduces inflammation [12] and angiogenesis associated with cancer [13], 

but may impair memory [14]. Earlier studies have reported that soluble sEHI preserve 

memory in diabetes-induced memory impairment [11,15] and a dual inhibitor of sEH and 

the cyclooxygenase enzyme, COX-2, potentiates the anti-tumour activity of anti-cancer 
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medicines by inhibiting angiogenesis and tumour growth [16] and anti-tumour activity 

of anti-cancer medicines [17]. Numerous studies have shown that inhibiting sEH reduces 

the side effects of NSAIDs and COXIBs. The combination is dramatically synergistic in 

reducing inflammation and pain as well as the side effects of chemotherapeutic agents [18]. 

We hypothesize that inhibiting sEH would protect memory in CICI or be considered a 

potential pathway in treating CICI [19].

2. Materials and Methods

2.1. Chemicals

Cyclophosphamide, methotrexate, and 5-fluorouracil combination is used to treat cancers 

[19]. CMF-induced cognitive impairment in mice was used as a model to study effect 

of treatments, including 4-(5-phenyl-3-{3-[3-(4-trifluoromethyl-phenyl)-ureido]-propyl}-

pyrazol-1-yl) benzene sulfonamide (PTUPB) on CICI, chronic neuro-inflammation and 

oxidative [20,21]. CMF treatment regimen includes cyclophosphamide- 50 mg/kg, 

methotrexate- 5mg/kg, and 5-fluorouracil-50 mg/kg and was administered intraperitoneally 

[22] to induce chemo brain. PTUPB was prepared at the laboratory of Professor Bruce 

Hammock, University of California, Davis [23].

2.2. Herbal extracts and formulation.

The hydroalcoholic extracts of Syzygium aromaticum buds, Nigella sativa seeds and Mesua 
ferrea seeds were chosen for the study based on their reported neuroprotective and memory 

enhancement activities [24,25,26]. Syzygium aromaticum, Nigella sativa and Mesua ferrea 
are called Lavanga, Kalonji and Nagakesar, respectively, were procured from the JSS 

Ayurveda College, Mysuru, Karnataka, India. Lepidium meyenii, known to inhibit she 

[27] was prepared at Hammock laboratory and administered to compare its effect with 

the other herbal extracts in CICI. Similarly, Bacopa monnieri [28] and herbal formulation, 

Mentat [29] which are known to improve memory were collected from Himalaya Wellness 

Company, Makali, Bengaluru, and were used to compare the effectiveness of test herbal 

extracts in CICI

2.3. Animals

Eight week male Swiss albino mice weighing 30-40g were procured from the animal house 

of The Himalaya Wellness Company. The animals were kept in an environment with a 

constant light/dark cycle (12h each), temperature (24 ± 2 °C), and humidity (about 60%). 

Before experimentation, they were given seven days for acclimatization to the laboratory 

conditions. The Himalaya Wellness Company's study (Protocol no. 206/20) was approved 

by the institution's animal ethics committee, and experiment was conducted in accordance 

with the Committee for The Purpose of Control and Supervision of Experiments on Animals 

guidelines for laboratory animals and ethics, Department of animal welfare, Government of 

India.

2.4. Induction of chemobrain by CMF [30]

The intraperitoneal dose of CMF was 10 ml/kg and was formulated in saline [31,32]. 

5-fluorouracil and methotrexate were administered with a gap of 4h between both the 
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treatments to all groups except standard control. Cyclophosphamide was administered to 

all treatment groups after two days except for normal control. Animals were subjected to 

the Morris Water Maze experiment after the acclimatization period. The randomization 

was based on a five-day acquisition trial followed by a one-day retention trial. After 

randomization, the animals were divided into nine groups of seven each (see Table 1).

2.5. Preparation Of Extract

The crude drugs viz. Syzygium aromaticum, Nigella sativa and Mesua ferrea were procured 

from the JSS Ayurveda College, Mysuru, Karnataka, India. The drugs were coarsely 

powdered and around 100g of seeds of Nagakesar and kalonji and buds of clove were 

macerated with 500 mL of absolute ethanol for 4h. The product obtained was refluxed for 

90min at 90°C then filtered using Whatman filter paper. The filtered solution was reduced 

in volume with a rotary evaporator, and the volatile gas was discarded. The resulting viscous 

oil end product was transferred to a Petri plate and dried on a Ringer water bath at 100°C. 

Subsequently, the semi-dried products were dried in a vacuum chamber at 450mmHg of 

pressure at room temperature. The dried extracts were weighed and transferred to an air-tight 

container. The % yield of extract calculated was approximately 25% for both Lavanga and 

Kalonji and 15% for Nagakesar.

2.6. Procedure For sEH inhibition assay

The in vitro sEH assay to evaluate the inhibitory potential of herbal extracts was performed 

as per Jones et al. protocol [32]. Activities of human and murine sEH were studied using 

[3H]t-DPPO as a substrate. The efficacy of the hydroalcoholic extracts of the S. aromaticum, 
N. sativa and M. ferrea to inhibit hydrolysis of the substrate was evaluated at multiple 

concentrations and IC50 were determined.

2.7. Procedure to evaluate memory function

The mice were trained in the Morris water maze for five days after acclimatization [33]. The 

retention time, swim latency and escape latency were recorded. Animals were randomized 

into nine groups based on their performance in the Morris water maze. The animals which 

could not be trained in the Morris water maze were excluded from the study. The selected 

trained animals were grouped as given above and treated as per schedule for 21 days. A 

behavioral assessment was carried out on the 22nd day after the end of the dosing schedule 

[34]. Under anesthesia, blood samples were collected on the 22nd day post-dosing, and 

immediately the animals were euthanized using a high dose of anesthesia, and brain samples 

were collected. Samples of the brains were rapidly isolated, and stored at −80 °C until 

further estimations were performed [35]. (Fig. 1)

2.8. Body weight measurement

The body weights of the animals in each group were monitored every day from week 1 to 

week 4 as chemotherapy leads to weight loss and weakness.
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2.9. Hematological parameters

An automatic blood cell counter (PCE210 Fully Automatic Blood Cell Counter, ERMA 

Inc., Tokyo, Japan [36] was used to assess and estimate hematological parameters in 

order to examine therapy efficacy. White blood cell count (103 /μl), numerous monocytes 

(103 /μl), lymphocytes (103 /μl), granulocytes (103 /μl), and platelet count (103 /μl) were 

also measured.

2.10. Effect of treatment on brain biochemistry

Blood samples were collected before sacrificing the animals by cervical dislocation. Scissors 

were used to separate the head, and the scalpel was used to envision the skull. In the midline 

of the skull, an anterior post-cut was made, followed by a mediolateral cut above the eyes. 

Finally, the brain was isolated with the help of a spatula by cutting the meninges and cranial 

nerve with utmost care [37]. Right after removal, the brain was washed with saline and 

frozen in phosphate buffer (pH 7) at −20 degrees Celsius for later analysis.

2.11. Effect of treatment on brain oxidative stress

Glutathione(GSH) and lipid peroxidase (LPO) levels in brain tissues were measured to 

assess the impact of therapy on oxidative stress.

2.11.1. GSH—500μl of tissue homogenate and TCA reagent were spun at 5000 

revolutions per minute for 10min, For 10min, 50μl both supernatant and DTNB solution 

were incubated in an ELISA plate. The absorbance was measured at 412 nm. The blank 

control was composed of a 50:50 mixture of distilled water and DTNB solution. GSH 

concentration was calculated using a standard curve and reported in units of μmoles/mg of 

total protein. Multiple tests were performed.

2.11.2. LPO—100 μl of tissue homogenates were prepared, and then 500 μl of TBA-

TCA-HCl reagent was added. For 10min, the solution was heated to 90 degrees Celsius, 

or until it turned pink. In order to separate the supernatant, we centrifuged the sample at 

2000 rpm for 5 min. The absorbance at 525nm was measured after collecting 300 μl of 

supernatant. 300 μl of TBA-TCA-HCl reagent were used as a blank. LPO concentration was 

calculated by comparing the measured value to a standard curve and is reported in terms of 

nanomoles per milligram of total protein. Multiple tests were performed.

2.12. Effect of treatment on brain inflammation—Following the manufacturer's 

instructions, we measured the concentrations of TNF-, IL-6, and BDNF in the brain tissue 

samples using the mouse TNF-α GENLISATM ELISA kit, the mouse IL-6 Development 

GenBulkTM ELISA kit, and the mouse BDNF GENLISATM ELISA kit, respectively.

2.13. Statistical analysis—The data was analyzed by one-way ANOVA followed by 

Dunnett’s post hoc test and presented as Mean ± SEM of 3-7 observations.
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3. Results

3.1 Evaluated herbal extracts inhibit sEH

The hydroalcoholic extracts showed promising inhibitory effects on human and murine sEH 

enzyme in the invitro assay. The hydroalcoholic extracts of Nigella sativa, Mesua ferrea 
and Syzygium aromaticum inhibited half of the human sEH enzyme activity at 5.23 μg/mL, 

11.57 μg/mL and 9.22 μg/mL, respectively. Similarly, the hydroalcoholic extracts of Nigella 
sativa, Mesua ferrea and Syzygium aromaticum inhibited half of the murine sEH enzyme 

activity at 19.14 μg/mL, 18.58 μg/mL, and 29.32 g/mL, respectively.

3.2. Inhibition of sEH protects against loss in body weight (Figure 2)

3.3. Inhibition of sEH protects cognition in CICI (Figure 3)

3.4. Inhibition of sEH protects against CICD-induced hematological alteration (Figure 4)

3.11. Inhibition of sEH maintains brain homeostasis (Figure 5)

4. Discussion

Mice in this study were subjected to a CMF chemotherapeutic challenge. The ‘chemo-

brain’ typically manifests as cognitive dysfunction, increased proinflammatory cytokines, 

increased neuronal cell death, and a substantial decrease in neurogenesis. These 

pathological conditions were achieved by CMF treatment three times in 21-day cycle, 

proving the efficacy of the model. PTUPB, Mentat, and extracts of Mesua ferrea, and 

Syzygium aromaticum protected against CMF-induced weight loss, cognitive impairment, 

hematological abnormalities, oxidative stress, and inflammation.

In behaviour study by Morris water maze CMF- treated animals took longer time to reach 

the platform compared to the normal control suggesting the impairment of recalling power. 

The mice that were administered PTUPB, herbal extracts, or Mentat showed better spatial 

memory compared to CMF alone treated disease control group. The extracts' potential 

protective effect on memory function may be attributable, in part, to their ability to block 

sEH, as these extracts (Nigella sativa, Mesua ferrea, and Syzygium aromaticum) showed in-

vitro sEH inhibitory activity in the present study. Nigella sativa and Syzygium aromaticum 

hydroalcoholic extracts reduced inflammatory cytokine (COX-2) production in the brains 

of CMF-treated mice. Inhibition of cyclooxygenase-2 (COX-2) activity has been linked to 

impaired memory performance following exercise, although the impact of COX-2 inhibition 

on memory function in CICI is unknown. Inhibition of COX-2 by Mentat, S. aromaticum, 

and N. sativa did not diminish their protective impact on memory in CICI, as shown in 

our trial. To establish a link between the behavioral data and biochemical and hematologic 

markers, a battery of assays and estimations was carried out.

Because chemotherapy kills rapidly dividing cells like blood cells, anemia is indicated by 

a drop in RBC and hemoglobin levels in CMF-treated mice. In comparison to the CMF 

group, the standard and test groups had significantly higher levels of red blood cells and 

hemoglobin. The immune response appeared to normalize in the therapy groups despite 

the lack of myelosuppression. The increased RBC and hemoglobin levels observed in the 

therapy groups may have been caused, in part, by a decrease in oxidative stress. After CMF 
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therapy, platelet counts rose significantly, a sign of acute immunological responses. A rise 

in platelet levels by CMF may be to blame for the death of cells, including neurons, which 

leads to memory impairment because of apoptosis [39]. Our results on platelet counts in the 

CMF group also confirm those of a prior study by Mills et al., which found an uptick in 

inflammatory markers such vascular endothelial and platelet activation after chemotherapy 

[40]. PTUPB, herbal extracts, and Mentat may have a protective effect because they reduce 

the platelet increase caused by CMF. Treatments for CMF may be protective since they 

reduce inflammation, just as platelets can cause it [41]. CMF also increases brain oxidative 

stress, whereas PTUPB and herbal medicines reduce this stress, suggesting they have a 

protective effect.

Antioxidant activity in the brain was evaluated by measuring levels of GSH and LPO. 

Treatment with CMF significantly reduced GSH levels but increased LPO levels in the 

brain in comparison to a conventional control, indicating oxidative stress generated by 

chemotherapy. Treatments with PTUPB and herbal items (with the exception of Mesua 

ferrea) reduced the level of LPO in CMF-treated rats, indicating that they had an antioxidant 

effect. However, these treatments had no effect on CMF-induced alterations in GSH.

High amounts of inflammatory markers including TNF- α and IL-6 were found in the brains 

of those who were treated with CMF. The CMF group showed a statistically significant 

elevation in BDNF over the normative control. This rise was consistent with a previous study 

that found prolonged microglial cell stimulation leading to BDNF secretion [22]. Microglia 

activation was observed to be persistent in the CMF model [42]. Inflammation was reduced 

after treatment with PTUPB, herbal extracts, or mentat due to a decrease in TNF-, IL-6, or 

BDNF.

Since sEHI have been shown to have antioxidant and anti-inflammatory effects [11,15] 

they were investigated in this work. sEH is the enzyme responsible for converting the 

EETs to the equivalent vicinal diols. Blocking sEH in animal models of brain with 

deletion or pharmacological inhibitors increases in vivo levels of epoxyeicosanoids, which 

provide substantial protection. Pharmacological inhibition of sEH results in decreased 

neuroinflammation and higher EET. Improvements in spatial learning and memory have 

been linked to sEHI. There are a number of sEHI known, but none of them have been 

developed with CNS application in mind. Maca increased the expression of proteins 

involved in autophagy in the cerebral cortex of middle-aged mice [43]. It also enhanced 

the animals' cognitive abilities, motor skills, and stamina. B. monnieri extract has many 

pharmacological effects, such as neuroprotection, improvement of cognitive impairment, 

increased cerebral blood flow, enhancement of antioxidant enzyme activity and intracellular 

signaling pathways [44]. PTUPB, a synthetic dual inhibitor of sEH and COX employed in 

the study, was found to improve memory in the treated mice. In this scenario, where COX-2 

activity was elevated by CMF, the plant-derived sEH inhibitor maca extract had no effect on 

COX in the brain. Overall, the antioxidant and anti-inflammatory impact of PTUPB, herbal 

extracts, and Mentat were linked to their protective effect.
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5. Conclusion

According to the findings of the current study, the cognitive dysfunction measured by 

the Morris water maze test was significantly reduced after treatment with hydroalcoholic 

extracts of Syzygium aromaticum, Nigella sativa and Mesua ferrea. The reference 

medications Mentat and Bacopa both performed better than expected. When compared to 

the CMF group, the therapy groups lost less weight overall. Understanding the complex 

mechanisms of pathogenesis and the pathways responsible for the treatment medications' 

ability to restore cognition requires extensive research. Isolating the active chemicals in 

Lavanga, Kalonji, and Nagakesar that are important for memory enhancement is essential for 

understanding and determining the mechanistic pathways. In conclusion, much more study 

and research are needed to find a cure for this illness.
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Abbreviations:

BDNF brain-derived neurotrophic factor

CICI chemotherapy-induced cognitive impairment

CMF a combination of Cyclophosphamide, Methotrexate and 5-

Fluorouracil

CNS central nervous system

COX-2 cyclooxygenase-2

EETs epoxyeicosatrienoic acids

EpFA epoxy fatty acids

GSH glutathione

IL-6 interleukin-6

LPO lipid peroxidase

PTUPB 4-(5-phenyl-3-{3-[3-(4-trifluoromethyl-phenyl)-ureido]-propyl}-

pyrazol-1-yl) benzenesulfonamide

RBC red blood cells

sEH soluble epoxide hydrolase
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sEHI soluble Epoxide Hydrolase: inhibitors

TNF tumour necrosis factor

WBC white blood cells

References

[1]. Dietrich J, Prust M, Kaiser J, Chemotherapy, cognitive impairment and hippocampal toxicity, 
Neuroscience. 309 (2015) 224–232. 10.1016/j.neuroscience.2015.06.016. [PubMed: 26086545] 

[2]. Jean-Pierre P, McDonald BC, Neuroepidemiology of cancer and treatment-related neurocognitive 
dysfunction in adult-onset cancer patients and survivors, in: Handbook of Clinical Neurology, 
Elsevier, 2016: pp. 297–309. 10.1016/B978-0-12-802973-2.00017-3.

[3]. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, Stein KD, Alteri R, Jemal 
A, Cancer treatment and survivorship statistics, 2016, CA: A Cancer Journal for Clinicians. 66 
(2016) 271–289. 10.3322/caac.21349. [PubMed: 27253694] 

[4]. Mounier NM, Abdel-Maged AE-S, Wahdan SA, Gad AM, Azab SS, Chemotherapy-induced 
cognitive impairment (CICI): An overview of etiology and pathogenesis, Life Sciences. 258 
(2020) 118071. 10.1016/j.lfs.2020.118071. [PubMed: 32673664] 

[5]. Ren X, Boriero D, Chaiswing L, Bondada S, St. Clair DK, Butterfield DA, Plausible biochemical 
mechanisms of chemotherapy-induced cognitive impairment (“chemobrain”), a condition that 
significantly impairs the quality of life of many cancer survivors, Biochimica et Biophysica Acta 
(BBA) - Molecular Basis of Disease. 1865 (2019) 1088–1097. 10.1016/j.bbadis.2019.02.007. 
[PubMed: 30759363] 

[6]. Kotb MG, Soliman AER, Ibrahim RI, Said RMM, El Din MMW, Chemotherapy-induced cognitive 
impairment in hematological malignancies, Egypt J Neurol Psychiatry Neurosurg. 55 (2019) 56. 
10.1186/s41983-019-0104-9.

[7]. Henderson FM, Cross AJ, Baraniak AR, ‘A new normal with chemobrain’: Experiences of the 
impact of chemotherapy-related cognitive deficits in long-term breast cancer survivors, Health 
Psychology Open. 6 (2019) 205510291983223. 10.1177/2055102919832234.

[8]. Morisseau C, Hammock BD, Measurement of Soluble Epoxide Hydrolase (sEH) Activity, Current 
Protocols in Toxicology. 33 (2007). 10.1002/0471140856.tx0423s33.

[9]. Goswami SK, Inceoglu B, Yang J, Wan D, Kodani SD, da Silva CAT, Morisseau C, Hammock 
BD, Omeprazole increases the efficacy of a soluble epoxide hydrolase inhibitor in a PGE2 
induced pain model, Toxicology and Applied Pharmacology. 289 (2015) 419–427. 10.1016/
j.taap.2015.10.018. [PubMed: 26522832] 

[10]. Inceoglu B, Bettaieb A, Trindade da Silva CA, Lee KSS, Haj FG, Hammock BD, Endoplasmic 
reticulum stress in the peripheral nervous system is a significant driver of neuropathic pain, Proc. 
Natl. Acad. Sci. U.S.A 112 (2015) 9082–9087. 10.1073/pnas.1510137112. [PubMed: 26150506] 

[11]. Minaz N, Razdan R, Hammock BD, Goswami SK, An inhibitor of soluble epoxide hydrolase 
ameliorates diabetes-induced learning and memory impairment in rats, Prostaglandins & Other 
Lipid Mediators. 136 (2018) 84–89. 10.1016/j.prostaglandins.2018.05.004. [PubMed: 29751149] 

[12]. Ferrer MD, Busquets-Cortés C, Capó X, Tejada S, Tur JA, Pons A, Sureda A, Cyclooxygenase-2 
Inhibitors as a Therapeutic Target in Inflammatory Diseases, CMC. 26 (2019) 3225–3241. 
10.2174/0929867325666180514112124.

[13]. Sawaoka H, Tsuji S, Tsujii M, Gunawan ES, Sasaki Y, Kawano S, Hori M, Cyclooxygenase 
inhibitors suppress angiogenesis and reduce tumor growth in vivo, Lab Invest. 79 (1999) 1469–
1477. [PubMed: 10616198] 

[14]. Teather LA, Packard MG, Bazan NG, Post-Training Cyclooxygenase-2 (COX-2) Inhibition 
Impairs Memory Consolidation, Learn. Mem 9 (2002) 41–47. 10.1101/lm.43602. [PubMed: 
11917005] 

[15]. Pardeshi R, Bolshette N, Gadhave K, Arfeen M, Ahmed S, Jamwal R, Hammock BD, Lahkar 
M, Goswami SK, Docosahexaenoic Acid Increases the Potency of Soluble Epoxide Hydrolase 

Kulkarni et al. Page 9

Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Inhibitor in Alleviating Streptozotocin-Induced Alzheimer’s Disease-Like Complications of 
Diabetes, Front. Pharmacol 10 (2019) 288. 10.3389/fphar.2019.00288. [PubMed: 31068802] 

[16]. Zhang G, Panigrahy D, Hwang SH, Yang J, Mahakian LM, Wettersten HI, Liu J-Y, Wang 
Y, Ingham ES, Tam S, Kieran MW, Weiss RH, Ferrara KW, Hammock BD, Dual inhibition 
of cyclooxygenase-2 and soluble epoxide hydrolase synergistically suppresses primary tumor 
growth and metastasis, Proc. Natl. Acad. Sci. U.S.A 111 (2014) 11127–11132. 10.1073/
pnas.1410432111. [PubMed: 25024195] 

[17]. Wang F, Zhang H, Ma A-H, Yu W, Zimmermann M, Yang J, Hwang SH, Zhu D, Lin T, 
Malfatti M, Turteltaub KW, Henderson PT, Airhart S, Hammock BD, Yuan J, de Vere White RW, 
Pan C-X, COX-2/sEH Dual Inhibitor PTUPB Potentiates the Antitumor Efficacy of Cisplatin, 
Molecular Cancer Therapeutics. 17 (2018) 474–483. 10.1158/1535-7163.MCT-16-0818. 
[PubMed: 29284644] 

[18]. Schmelzer KR, Inceoglu B, Kubala L, Kim I-H, Jinks SL, Eiserich JP, Hammock BD, 
Enhancement of antinociception by coadministration of nonsteroidal anti-inflammatory drugs 
and soluble epoxide hydrolase inhibitors, Proc. Natl. Acad. Sci. U.S.A 103 (2006) 13646–13651. 
10.1073/pnas.0605908103. [PubMed: 16950874] 

[19]. Ahles TA, Saykin AJ, Candidate mechanisms for chemotherapy-induced cognitive changes, Nat 
Rev Cancer. 7 (2007) 192–201. 10.1038/nrc2073. [PubMed: 17318212] 

[20]. Bagnall-Moreau C, Chaudhry S, Salas-Ramirez K, Ahles T, Hubbard K, Chemotherapy-induced 
cognitive impairment is associated with increased inflammation and oxidative damage in 
the Hippocampus, Mol. Neurobiol, 56 (2019), pp. 7159–7172, 10.1007/s12035-019-1589-z 
[PubMed: 30989632] 

[21]. Briones TL, Woods J, Dysregulation in myelination mediated by persistent neuroinflammation: 
Possible mechanisms in chemotherapy-related cognitive impairment, Brain, Behavior, and 
Immunity. 35 (2014) 23–32. 10.1016/j.bbi.2013.07.175. [PubMed: 23916895] 

[22]. Kovalchuk A, Kolb B, Chemo brain: From discerning mechanisms to lifting the brain fog
—An aging connection, Cell Cycle. 16 (2017) 1345–1349. 10.1080/15384101.2017.1334022. 
[PubMed: 28657421] 

[23]. Hwang SH, Wagner KM, Morisseau C, Liu J-Y, Dong H, Wecksler AT, Hammock BD, Synthesis 
and Structure–Activity Relationship Studies of Urea-Containing Pyrazoles as Dual Inhibitors 
of Cyclooxygenase-2 and Soluble Epoxide Hydrolase, J. Med. Chem 54 (2011) 3037–3050. 
10.1021/jm2001376. [PubMed: 21434686] 

[24]. Ahmad I, Salman M, Islam M, Neuroprotective effects of Nigella sativa extracts during 
germination on central nervous system, Phcog Mag. 11 (2015) 182. 10.4103/0973-1296.157729.

[25]. Shekhar S, Yadav Y, Singh AP, Pradhan R, Desai GR, Dey AB, Dey S, Neuroprotection by 
ethanolic extract of Syzygium aromaticum in Alzheimer’s disease like pathology via maintaining 
oxidative balance through SIRT1 pathway, Experimental Gerontology. 110 (2018) 277–283. 
10.1016/j.exger.2018.06.026. [PubMed: 29959974] 

[26]. Shirsat-John P, Saldanha T, Kolhe S, Ziyaurrahman AR, Antiamnesic effect of Mesua ferrea (L.) 
flowers on scopolamine-induced memory impairment and oxidative stress in rats, ADV TRADIT 
MED (ADTM). (2022). 10.1007/s13596-022-00654-2.

[27]. Singh N, Barnych B, Morisseau C, Wagner KM, Wan D, Takeshita A, Pham H, Xu T, Dandekar 
A, Liu J-Y, Hammock BD, N -Benzyl-linoleamide, a Constituent of Lepidium meyenii (Maca), Is 
an Orally Bioavailable Soluble Epoxide Hydrolase Inhibitor That Alleviates Inflammatory Pain, 
J. Nat. Prod 83 (2020) 3689–3697. 10.1021/acs.jnatprod.0c00938. [PubMed: 33320645] 

[28]. Morgan A, Stevens J, Does Bacopa monnieri Improve Memory Performance in Older 
Persons? Results of a Randomized, Placebo-Controlled, Double-Blind Trial, The Journal 
of Alternative and Complementary Medicine. 16 (2010) 753–759. 10.1089/acm.2009.0342. 
[PubMed: 20590480] 

[29]. Kulkarni SK, Verma A, Evidence for nootropic effect of BR-16A (Mentat), a herbal psychotropic 
preparation, in mice, Indian J Physiol Pharmacol. 36 (1992) 29–34. [PubMed: 1597339] 

[30]. Wang X-M, Walitt B, Saligan L, Tiwari AF, Cheung CW, Zhang Z-J, Chemobrain: A 
critical review and causal hypothesis of link between cytokines and epigenetic reprogramming 
associated with chemotherapy, Cytokine. 72 (2015) 86–96. 10.1016/j.cyto.2014.12.006. 
[PubMed: 25573802] 

Kulkarni et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[31]. Long JM, Lee GD, Kelley-Bell B, Spangler EL, Perez EJ, Longo DL, de Cabo R, Zou S, Rapp 
PR, Preserved learning and memory following 5-fluorouracil and cyclophosphamide treatment in 
rats, Pharmacology Biochemistry and Behavior. 100 (2011) 205–211. 10.1016/j.pbb.2011.08.012. 
[PubMed: 21875615] 

[32]. Jones PD, Wolf NM, Morisseau C, Whetstone P, Hock B, Hammock BD, Fluorescent substrates 
for soluble epoxide hydrolase and application to inhibition studies, Analytical Biochemistry. 343 
(2005) 66–75. 10.1016/j.ab.2005.03.041. [PubMed: 15963942] 

[33]. Syed H, Ikram MF, Yaqinuddin A, Ahmed T, Cyclooxygenase I and II inhibitors distinctly 
enhance hippocampal- and cortex-dependent cognitive functions in mice, Molecular Medicine 
Reports. 12 (2015) 7649–7656. 10.3892/mmr.2015.4351. [PubMed: 26398269] 

[34]. Marusak HA, Iadipaolo AS, Harper FW, Elrahal F, Taub JW, Goldberg E, Rabinak 
CA, Neurodevelopmental consequences of pediatric cancer and its treatment: applying an 
early adversity framework to understanding cognitive, behavioral, and emotional outcomes, 
Neuropsychol Rev. 28 (2018) 123–175. 10.1007/s11065-017-9365-1. [PubMed: 29270773] 

[35]. Shang JL, Cheng Q, Yang WF, Zhang M, Cui Y, Wang YF, Possible roles of COX-1 in learning 
and memory impairment induced by traumatic brain injury in mice, Braz J Med Biol Res. 47 
(2014) 1050–1056. 10.1590/1414-431X20143601. [PubMed: 25387671] 

[46]. Kakel SJ, The evaluation of traditional and automatic Coulter method in estimation of 
haematological parameters in adult rats, Beni-Suef University Journal of Basic and Applied 
Sciences. 2 (2013) 31–35. 10.1016/j.bjbas.2013.09.004.

[37]. Shukla P, Mathur V, Kumar A, Khedgikar V, Teja BV, Chaudhary D, Kushwaha P, Bora HK, 
Konwar R, Trivedi R, Mishra PR, Nanoemulsion Based Concomitant Delivery of Curcumin 
and Etoposide: Impact on Cross Talk Between Prostate Cancer Cells and Osteoblast During 
Metastasis, J Biomed Nanotechnol. 10 (2014) 3381–3391. 10.1166/jbn.2014.1912. [PubMed: 
26000396] 

[38]. Pritchett-Corning KR, Hashway S, Suckow MA, The Laboratory Mouse, 3rd ed., CRC Press, 
Boca Raton, 2022. 10.1201/9780429353086.

[39]. Schleicher RI, Reichenbach F, Kraft P, Kumar A, Lescan M, Todt F, Göbel K, Hilgendorf 
I, Geisler T, Bauer A, Olbrich M, Schaller M, Wesselborg S, O’Reilly L, Meuth SG, Schulze-
Osthoff K, Gawaz M, Li X, Kleinschnitz C, Edlich F, Langer HF, Platelets induce apoptosis 
via membrane-bound FasL, Blood. 126 (2015) 1483–1493. 10.1182/blood-2013-12-544445. 
[PubMed: 26232171] 

[40]. Mills PJ, Ancoli-Israel S, Parker B, Natarajan L, Hong S, Jain S, Sadler GR, von Känel 
R, Predictors of inflammation in response to anthracycline-based chemotherapy for breast 
cancer, Brain, Behavior, and Immunity. 22 (2008) 98–104. 10.1016/j.bbi.2007.07.001. [PubMed: 
17706918] 

[41]. Chen Y, Zhong H, Zhao Y, Luo X, Gao W, Role of platelet biomarkers in inflammatory response, 
Biomark Res. 8 (2020) 28. 10.1186/s40364-020-00207-2. [PubMed: 32774856] 

[42]. Kinra M, Ranadive N, Gourishetti K, Nayak P, Jagdale R, Ahmed S, Raghavendra K, Mudgal 
J, Nandakumar K, Neuroprotective effect of Mulmina&trade; against chemotherapy-induced 
cognitive decline in normal rats, Biomed Rep. 14 (2020) 1–1. 10.3892/br.2020.1377. [PubMed: 
33235718] 

[43]. Guo S-S, Gao X-F, Gu Y-R, Wan Z-X, Lu A-M, Qin Z-H, Luo L, Preservation of 
Cognitive Function by Lepidium meyenii (Maca) Is Associated with Improvement of 
Mitochondrial Activity and Upregulation of Autophagy-Related Proteins in Middle-Aged 
Mouse Cortex, Evidence-Based Complementary and Alternative Medicine. 2016 (2016) 1–9. 
10.1155/2016/4394261.

[44]. Sireeratawong S, Jaijoy K, Khonsung P, Lertprasertsuk N, Ingkaninan K, Acute and chronic 
toxicities of Bacopa monnieri extract in Sprague-Dawley rats, BMC Complement Altern Med. 16 
(2016) 249. 10.1186/s12906-016-1236-4. [PubMed: 27460904] 

Kulkarni et al. Page 11

Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Soluble epoxide hydrolase converts neuroprotective Epoxyeicosatrienoic acid 

(EET) to less active trans-dihydro diols.

• EETs alleviate inflammation, and cellular ageing by rebalancing cellular 

components via the ER stress pathway.

• Inhibition of EH results in increased levels of EET, which has a 

neuroprotective effect conferring the reversal of cognitive impairment.
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Fig. 1. Experimental Study Design-
The animals were trained on the Morris water maze and successful mice were randomized 

into different groups. CMF treatment was started on day 1. CMF was treated 3 times during 

the 14 days of the study period. Herbal extracts and chemicals inhibiting sEH were treated 

for 21 days and at the end of the study memory function was evaluated using a Morris water 

maze. Blood and brain samples were collected for biochemical, hematological and brain 

endogenous antioxidant enzymes respectively.
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Figure 2. Effect of treatment on body weight-
A significant decrease in body weight was observed in CMF treated group after 21 days of 

treatment compared to the normal control group. # p < 0.05. Treatment with PTUPB, herbal 

extract or herbal formulation prevented loss of body weight at the end of the treatment 

period. The data was analyzed by one-way ANOVA followed by Dunnett’s post hoc test and 

presented as Mean ± SEM of 7 observations.
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Figure 3. Effect of sEH inhibition on cognition-
(A) Escape latency of the CMF-treated mice were significantly increased compared to 

normal control mice (###p<0.001) suggesting loss in cognition, whereas the escape latency 

of the animals belonging to group 3- 9 was significantly decreased compared to CMF-

treated mice (* p< 0.05 & **p<0.01). (B) The distance travelled by CMF-treated mice in 

water before finding an escape platform was increased compared to normal control mice, 

suggesting memory impairment. However, the distance travelled by animals belonging to 

groups 3- 9 was less compared to CMF-treated mice, suggesting protection of memory. The 

data was analyzed by one-way ANOVA followed by Dunnett’s post hoc test and presented 

as Mean ± SEM of 7 observations.
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Figure 4. Effect of treatment on hematological parameters-
(A) A significant reduction in the level of the RBC (normal range of RBC 9.17-12.1 

x106/μl [38]) was observed in the CMF-treated mice compared to normal control mice. 

#p < 0.05. Treatment with PTUPB, herbal extracts or formulation significantly increased 

the total RBC count when compared to the CMF group. *p < 0.05. This data confers 

that the standard and test drugs were able to protect the RBC count of animals against 

the administration of chemotherapeutic drugs. (B) A significant reduction in the level of 

WBC (normal range of WBC- 3.63–16.7 x103/μl [38]) was observed in the CMF-treated 

mice compared to normal control mice. #p < 0.05. Treatment with PTUPB, herbal extracts 

or formulation did not alter total WBC count when compared to the CMF group. (C) A 

significant reduction in the level of hemoglobin (normal range of hemoglobin 13.1–17.9 
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g/dL [38]) was observed in the CMF-treated mice compared to normal control mice. #p 

< 0.05. Treatment with PTUPB, herbal extracts or formulation significantly minimized a 

reduction in the total Hb count when compared to the CMF group. *p < 0.05. One can 

infer from these data that the CMF administered animals were prone to anemia, whereas, the 

animals treated with PTUPB, herbal extracts or formulations were able to effectively combat 

this condition, thereby, maintaining the levels of hemoglobin significantly higher than those 

in the pathological control group. (D) A significant increase in the level of platelets (normal 

range of platelets 445–1815 x103/μl [38]) was observed in the CMF-treated mice compared 

to normal control mice. #p < 0.05. Treatment with PTUPB, herbal extracts or formulations 

significantly decreased the platelet count when compared to the CMF group. *p < 0.05. This 

infers that the treatment with CMF may increase the chances of clotting and immunological 

reaction, whereas treatment with PTUPB, herbal extracts or formulations would minimize 

the increase in platelets by CMF. The data was analyzed by one-way ANOVA followed by 

Dunnett’s post hoc test and presented as Mean ± SEM of 3–7 observations.
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Figure 5. Effect of treatment on brain biochemistry-
A significant decrease in the level of (A) GSH, but an increase in the level of (B) LPO was 

observed in the brain of CMF-treated mice compared to normal control mice. ##p < 0.01. 

Treatment with PTUPB, herbal extracts (except M. ferrea) or Mentat significantly decreased 

oxidative stress compared to the CMF group. *p < 0.05. **p < 0.01. A significant increase in 

the levels of (C) TNFα, (D) IL-6, (E) BDNF was observed in the brain of CMF-treated mice 

compared to normal mice suggesting an increase in the level of inflammation. ##p < 0.01. 

Treatment with PTUPB, herbal extract or mentat decreased the level of inflammation either 

by decreasing the level of TNFα, IL-6 or BDNF. *p < 0.05. **p < 0.01. (F) It seems the 

COX-activity was increased in the CMF-treated group compared to normal control group. 

Inhibition of the activity of COX-2 with herbal extract (Lavanga and Kalonji) or mentat 

alleviated the inflammatory effects of the combined chemotherapy. ##p < 0.01* p < 0.05. 

**p < 0.01 The data was analyzed by one-way ANOVA followed by Dunnett’s post hoc test 

and presented as Mean ± SEM of 3–7 observations.
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Table 1

Grouping of animals

Group number Treatment and dose

1. Healthy control mice receiving Saline (10 ml/kg)

2. Pathological control receiving CMF (50 mg/kg, 5 mg/kg, 50 mg/kg, intraperitoneally)

3. Mice receiving both CMF and PTUPB (100 mg/kg, oral)

4. Mice receiving both CMF and Lepidium meyenii or Maca extract (100 mg/kg, oral)

5. Mice receiving both CMF and Bacopa monnieri or Bacopa extract (500 mg/kg, oral)

6. Mice receiving both CMF and solution of crushed Mentat tablet (500 mg/kg, oral)

7. Mice receiving both CMF and Sizygium aromaticum or Lavanga extract (200 mg/kg, oral)

8. Mice receiving both CMF and Nigella sativa or Kalonji extract (3 ml/kg)

9. Mice receiving both CMF and Mesua ferrea or Nagakesar extract (200 mg/kg, oral)

Abbreviations: CMF: Cyclophosphamide, Methotrexate and 5-Fluorouracil combination.
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