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Abstract
Background: Endoplasmic reticulum (ER) is the chief organelle involved in
protein folding and maturation. Emerging studies implicate the role of ER stress in
the development of chronic kidney disease (CKD). Thus, there is an urgent need
for compounds, which have the ability to ameliorate ER stress and prevent CKD.
Piperine and its analogs have been reported to exhibit multiple pharmacological
activities; however, their efficacy against ER stress in kidney cells has not been
studied yet. Hence, the goal of this study was to synthesize different piperine
analogs and screen them for pharmacological activity to relieve ER stress using an

in vitro model of tunicamycin-induced ER stress using rat renal cells (NRK-52E).

Methods: Five piperine analogs were prepared and their chemical structures were
elucidated by pertinent spectroscopic techniques. An in vitro model of ER stress
was developed using tunicamycin, and the compounds of interest were screened
for their effect on cell viability (by MTT assay), and the ER chaperone GRP78 and

the pro-apoptotic ER stress marker CHOP (via western blotting).

Results: Five piperine analogs were synthesized and their structures were
confirmed. Our findings indicate that exposure to tunicamycin (0.5 pg/mL) for 2
hours induces the expression of GRP78 and CHOP, and causes a significant
reduction in renal cell viability. Pre-treatment of cells with piperine and its
cyclohexylamino analog decreased the tunicamycin-induced upregulation of

GRP78 and CHOP.



Conclusion: Our findings demonstrate that piperine and its analogs differentially
regulate ER stress, and thus represent potential therapeutic agents to treat ER

stress-related renal disorders.

Key Words: Piperine; Amide Piperine Analogs; ER Stress; NRK-52E;

Tunicamycin.
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1. Introduction

1.1 Endoplasmic Reticulum

1.1.1 Physiological Role

Endoplasmic reticulum (ER) is one of the most versatile and adaptable organelles in
eukaryotic cells (1, 2). ER plays a principal role in controlling the synthesis, folding and
maturation of luminal, secreted and transmembrane proteins besides controlling the
cytosolic calcium levels (1-3). In addition, it serves as a major site for the synthesis of
phospholipids and steroids (4). Progresses in cell biology indicate that all signaling

proteins are assembled in the ER (5).

The ER is the largest organelle in most cell types, and is composed of three
compartments, 1) the rough ER (RER), 2) smooth ER (SER) and 3) the nuclear envelope
(NE) (2, 4). The fundamental difference between the RER and the SER is the presence
of ribosomes in the RER (6). Moreover, the ultrastructure of the RER has been
visualized to be tubular in appearance, while the SER appear to be more convoluted and
dilated (4). The abundance of SER and RER differs between cells; however, it is well
demonstrated that cells that secrete large quantities of proteins are chiefly composed of
RER (4). Recent progress in cell biology has also highlighted the specific role of RER in
the synthesis of membrane and secretory proteins due to the presence of ribosome and

MRNA on RER (6). On the other hand, the SER is composed of several subdomains



including the cortical ER, ER quality control compartment, mitochondria-associated

membrane and ER exit sites (6).

During protein synthesis, which occurs within the RER, the stoichiometry of the amino
acid residues in a nascent protein is most often altered by post-translational
modifications (PTMs) while folding of the emerging peptide into a proper configuration
(3). It was found that the protein glycosylation, (a common PTM), as well as, the
translocation of proteins are regulated by the ER (6). Thus, only those proteins folded in
proper configuration, which undergo specific post-translational modifications, will be
processed through the ER secretory pathway and translocated to Golgi bodies (3). If
cells cannot mitigate the unfolded or misfolded proteins and reestablish homeostasis, it

results in ER stress (5).

The balance between protein folding and degradation is thought to be the principal
mechanism that governs the dynamics of ER (1); this intricate balance is tightly
controlled by the unfolded protein response (UPR), and the ER-associated degradation
(ERAD) pathways that exist within the ER (3). Numerous studies have documented the
vulnerability of the ER to undergo stress, or to develop “ER stress”, when the misfolded
proteins accumulate in the ER either due to saturation of the UPR and/or ERAD
response pathways (3, 7-9). This fact has been well established, particularly in chronic
diseases such as diabetes, where the UPR pathway is continuously activated in most
tissues (3). Cells with high rate of protein synthesis such as those within the kidney and

liver demonstrate high dependence to the UPR.



The ER plays a central role in the synthesis of proteins, steroids, cholesterol and other
lipids, and acts as an intracellular reservoir for Ca®*, which is essential for the synthesis
of proteins. Thus, a functional ER is essential to maintain the highly regulated and
coordinated homeostatic balance within the cells (10, 11). However, physiological
conditions are not always maintained and numerous stimuli such as hypoxia,
hypoglycemia, hyperglycemia and certain chemicals can lead to improper folding or
glycosylation of newly synthesized protein and activate UPR as a defense mechanism
(10, 12). The UPR attempts to re-establish homeostasis through inducing several
chaperones, which allows the cells to adapt and restore the balance between protein

folding and degradation (10).

1.1.2 ER Stress and the Unfolded Protein Response (UPR)

The UPR is a collection of phylogenetically conserved signaling pathways that is
composed of three principal pathways: PERK (PKR-like endoplasmic reticulum kinase),
IRE1 (inositol- requiring enzyme 1) and ATF6 (activating transcription factor 6) (5, 10).
Under normal conditions, a chaperone called GRP78 (glucose-regulated protein 78), also
known as BiP (binding immunoglobulin protein), is connected to the three transducers
of UPR in the intraluminal domains (amino-terminal in the IRE1 and PERK, whereas
carboxy-terminal in the ATF6) and retains them inactive (as shown in Figure 1.1) (10,
11, 13). Dissociation of GRP78 from PERK, IRE1 or ATF®6, results in the activation of
UPR signaling (10). However, several studies have suggested that other mechanisms
may be involved in the activation of the previous sensors and GRP78 may not always

lead to constitutive activation (11). In addition, GRP78 is regarded as the master



chaperone that binds to Ca**, and has been shown to reduce cell death induced by Ca*

efflux of the ER (10).
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Figure 1.1 The signaling pathway and the downstream targets of the unfolded protein
response (UPR). GRP78/BIiP, glucose-regulated protein-78/ binding immunoglobulin
protein; PERK, PKR- like ER kinase; IRE-1, inositol requiring enzyme 1; ATF®6,
activating transcription factor 6; XBP-1, X-box binding protein 1; JNK, Jun amino-
terminal kinase; elF2a, eukaryotic translation initiation factor 2 subunit a; ATF4,
activating transcription factor 4; CHOP, C/EBP homologous protein, growth arrest and

DNA damage inducible gene 153; and ERAD, ER-associated degradation.

Tremendous progress has been made towards understanding the mechanisms of ER
stress, and several studies have provided evidence that the UPR sensors work to either

reduce protein synthesis to prevent the formation of more misfolded proteins, increase



production of chaperones to modify and refold the unfolded proteins, or facilitate protein
degradation by the ubiquitin-proteasome pathway (14). If ER stress persists, the cells fail

to survive and undergo cell death through apoptosis (11).

1.1.2.1 The PERK-arm of the UPR

PERK signaling is of great importance to ER stressors, and it was first defined by Shi et
al and Harding et al (10). The activation of PERK leads to the phosphorylation of the a-
subunit of the eukaryotic initiation factor 2 (eIF2a) on its serine residue 51 and
consequently causes translational arrest (10, 15, 16). Moreover, the phosphorylation of
elF2a leads to increase in the activity of a transcription factor called ATF4 (activating
transcription factor 4), which plays an important role in the activation of growth arrest
and DNA damage-inducible protein 34 (GADD34). GADD34 acts as an activator of
protein phosphatase 1 alpha (PPla), which dephosphorylate elF2a and serves as a
negative feedback (10, 13, 17). In addition, AFT4 also activates another transcription
factor named CHOP (CCAAT-enhancer-binding homologous protein), also known as
GADD153 (growth arrest and DNA damage-inducible protein 153), which promotes

apoptosis in cells undergoing ER stress (10, 13).

1.1.2.2 The IRE1-arm of the UPR

The IRE1 operates in parallel to the other branches; however, it is unique as it is the only
transducer of the UPR in lower eukaryotes, and conserved from yeast to humans (5, 11).
IRE1 has two isoforms, IREla (termed IRE1 hereafter) and IRE1p (13). It has a bi-

functional transmembrane kinase domain and an endoribonuclease (C-terminal RNase)



domain (5, 13). Activation of IRE1 by oligomerization in the ER membrane leads to
conformational changes, which stimulate RNase to remove an intron from unspliced
XBP1 (XBP1u) mRNA to form spliced XBP1 (XBP1s) (13). XBP1s is one of the most
active transcription factors used to improve ER protein-folding capacity and enhance the
ability of cells to degrade misfolded proteins (13). By these means, IREL serves as an
essential adaptive response that acts mainly to improve the protein folding capacity to

match the increased protein folding demand (13).

1.1.2.3 The ATF 6-arm of the UPR

ATF6 is a transcription factor with a large luminal domain and has two isoforms of
transmembrane receptors, AFT60 and AFT6B (13). It belongs to cAMP-responsive
element-binding protein (CREB) family of basic zipper-containing proteins (15).
Studies have revealed that the AFT6a isoform is highly related to the UPR (13). Upon
activation of AFT6a, it is packaged into transporter vehicles and transported to Golgi
apparatus where it is converted by serine protease site-1 protease (S1P) and the
metalloprotease site-2 protease (S2P) to the active form (5, 11, 13). Following this
event, AFT6a becomes proteolytically removed from its transmembrane anchor, and the
N-terminal cytosolic fragment, ATF6(N) is translocated to the nucleus where it binds to
the promoters of the ER stress-induced genes (5, 13). Consequently, genes that code for
ER chaperones such as GRP78/BiP, Glucose—regulated protein 94 and protein disulfide
isomerase are stimulated (5, 13). In addition, ATF6(N) also activates the proteins

involved in the ERAD pathway (13).



1.1.3 ER Stress and Apoptosis

If the ER stress is severe and prolonged, and homeostasis is not restored by the adaptive
mechanism of the UPR, then the cell initiates a pro-apoptotic response rather than a pro-
survival response (18). Both extrinsic and intrinsic pathways of cell death could be
triggered due to ER stress through caspases, which is a family of cysteine aspartyl
proteases (14, 18-20). The extrinsic (death receptor-mediated) pathway is mainly
activated by caspase-8, which activates caspase-3 and caspase-7, and leads to apoptosis
(21, 22). However, the apoptosis mechanism as a result of ER stress is thought to be

mediated mainly through the intrinsic pathway (22).

The intrinsic (mitochondrial) pathway is activated through Bcl-2 family members (18,
23). The pro-apoptotic family is classified into two types based on their Bcl-homology
domain (BH) (18, 24, 25). The first type contain BH domains 1, 2 and 3 such as Bax,
Bok and Bak, while the other type contain only BH domain 3 such as Bad, Bim, Bmf,
Bik, Bid, Hrk, Noxa and Puma (18, 24, 25). In contrast, the anti-apoptotic members

contain four BH domains such as Bcl-2, Bel-xL, Al and Mcl-1 (18, 25).

Upon activation of the pro-apoptotic members, cytochrome c is released from the
mitochondrial intermembrane space (18, 26, 27). Following its release, cytochrome ¢
assembles with pro-caspase 9 and apoptotic protease activating factor 1 (APAF-1) to
form a complex called “apoptosome”, which in turn activates caspase-9 and

consequently caspase 3, leading to cell death (18, 26, 27).



When ER stress is severe and prolonged, the IRE1a activates apoptotic signaling kinase-
1 (ASK1) and stimulates the expression of stress kinases, Jun-N-terminal kinase (JNK)
and P38 mitogen activated protein kinase (MAPK), and results in cell death (14, 28, 29).
JNK is of great importance as its phosphorylation leads to apoptosis via inactivation of
anti-apoptotic Bcl-2 and activation of pro-apoptotic Bim (14). On the other hand, P38
MAPK activates CHOP, which in turn activates Bim and death receptor 5 (DR5), and
reduces the expression of Bcl-2 (14). Numerous studies have established a strong link
between activation of CHOP and the PERK pathway, while the activation of JNK,
caspase-12, and pro-apoptotic Bcl-2 proteins Bax and Bak were shown to associated

with IREla activation (11, 30, 31).

1.2 Chronic Kidney Disease and ER stress

As described earlier, ER performs several essential cellular functions; many diseases
have been shown to affect the signaling pathways within the ER and induce ER stress.
Accumulating evidences identified the involvement of ER stress in diverse disease states
such as Parkinson’s disease, Alzheimer’s disease and most importantly, in a wide range
of renal pathologies, which results in chronic kidney disease (32-34). Numerous studies

have provided evidence for the involvement of ER stress in CKD (32-35).

Chronic kidney disease is defined as the presence of abnormalities in the structure or
function of kidney for more than 3 months (32, 36). According to a study that was
conducted in Qatar between 2002 and 2006, it was estimated that the prevalence of end

stage renal disease is 624 patients per million populations with an incidence of 202



patients per million population per year (37). Currently, CKD is considered as one of the
most significant global health issue, which not only endangers the health of our society
but also places a huge burden on our health-care cost (32, 38). Early identification or
prevention of CKD provides the opportunity to avoid its complications and improve
kidney function (38). However, studies have found that once the diagnosis of CKD is
established, the rate of decline in kidney function was found to be 2.3 to 4.5
mL/min/year (38). This rapid progression necessitates the use of more aggressive and
costly interventions (38). Thus, prophylaxis to hinder the deterioration of kidney
function is a better strategy than treatment, especially in high-risk populations such as

patients with diabetes and/or hypertension (38, 39).

1.2.1 CKD, Diabetic Nephropathy and ER Stress

Diabetic nephropathy is one of the major complications of diabetes mellitus (DM), and it
is the leading cause for CKD and end stage renal disease (ESRD) around the world (40).
Among DM npatients, 30 to 40% progress to diabetic nephropathy (DN), which is
characterized by persistent microalbuminuria (41). About 40% of patients with DN in
the US progress to ESRD, a severe and the most advanced stage of CKD (42). In Qatar,
DN accounts for 48% of ESRD cases, which makes diabetes the most prevalent cause of

ESRD in the nation (37).

Given the direct association between the ER and cellular metabolism, several studies
have provided evidence for the involvement of ER stress in metabolic disorders such as

DM (11, 43-48). A study conducted by Matsuhisa et al. has demonstrated that



overexpression of oxygen-regulated protein 150 (ORP150), an ER chaperone, in diabetic
mice leads to improvements in insulin receptor signaling and glucose tolerance (11, 49).
Conversely, a study by Liu et al. revealed marked upregulation of ER stress markers
GRP78, CHOP and caspase-12 in diabetic rat kidneys (50). It was also found that ER
stress-associated apoptosis was linked to the loss of renal cells (50). Moreover, a recent
study on the kidney biopsies obtained from DN patients revealed increased levels of
XBP1 and ER chaperones (GRP78 and ORP150) (3) Thus, it is clear that activation of

ER stress contributes to the development of DN in diabetic patients (51).

1.2.2 Non-diabetic CKD and ER stress

Apart from DN, abnormalities in ER stress response pathway and other stimuli such as
lipotoxicity and inflammation could also result in CKD (34, 52, 53). Mutations to ER
chaperone GRP78/BiP have been shown to cause tubulointerstitial lesions in the kidney
(52), which suggests the involvement of ER stress in the development of CKD.
Interestingly, a study by Chatterjee et al. demonstrated that micromolar concentrations
of palmitic acid cause increase in phosphorylation of elF2a and induction of CHOP

expression, and decrease in cell viability in rat renal proximal tubular cells (53).

Findings from a study conducted on kidney biopsies taken from patients with primary
glomerulonephritis, one of the primary glomerular diseases (PGD), revealed increased
expression of GRP78 and GADD153/CHOP, and decrease in the expression of anti-
apoptotic Bcl-2 proteins in PGD (34). Several other studies also confirmed the

involvement of ER stress in a wide variety of kidney diseases (54-58), and some of those
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studies are mentioned in the table below (Table 1.1). Thus, prevention or treatment of
ER stress could serve as a therapeutic strategy to combat kidney disease and the onset of

CKD in patients.

Table 1.1: Reports on the involvement of ER stress in kidney disease

Site Species Disease Reference
Glomerulus | Rat Passive Heymann nephritis (55)
Glomerulus | Rat Misfolded protein accumulation in podocytes (56)
Glomerulus | Mouse | Focal segmental glomerulosclerosis model (58)
Glomerulus | Invitro | Misfolded nephrin accumulation in the ER (54)

1.3 Therapeutic Targeting for ER Stress

1.3.1 Chemical Chaperones

1.3.1.1 Tauroursodeoxycholic Acid (TUDCA)

TUDCA, an hydrophilic conjugate of ursodeoxycholic acid (UDCA) (57), is known for
its effect in improving clinical symptoms and biochemical markers of liver diseases
(59). Specifically, TUDCA was shown to decrease intracellular calcium through
blocking caspase-12 activation and prevent calcium-mediated apoptosis induced by
tunicamycin in liver cells in vitro (59). A study by Ozcan et al highlighted that TUDCA
is one of the potent chemical chaperones to alleviate ER stress both in vivo and in vitro

(60). In further support to these findings, Mei et al. demonstrated the ability of TUDCA
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to downregulate the expression of GRP78, CHOP and Caspase-12 in mouse model of

ischemia/reperfusion-induced acute kKidney injury (61).

1.3.1.2 4-Phenylbutyrate (4-PBA)

4-PBA is a well-established low molecular weight inhibitor of ER stress with chemical
chaperone properties (62, 63). It has several clinical indications; it is used as a urea cycle
scavenger, and in the treatment of cystic fibrosis, sickle cell disease, cancer, and
neurodegenerative diseases. The US FDA recommended dose for patients with cystic
fibrosis is 9.9 - 13.0 g/m? /day in children weighing more than 20 kg, adolescents and

adults, and there is no safety data on its use at a concentration greater than 20 g/d.

-+

4-Phenylbutyrate

Figure 1.2: Chemical structure of sodium 4-phenylbutyrate

Several studies have confirmed the efficacy of 4-PBA to relieve ER stress both in vivo
and in vitro (62). 4-PBA was shown to suppress ER stress through stabilizing protein
conformation in the ER (62). A study by Ozcan et al. has demonstrated the efficacy of 4-
PBA to prevent tunicamycin-induced phosphorylation of PERK, elF2a and JNK in rat
hepatoma cells (60). In addition, a recent study in 3T3-L1cells has shown that 4-PBA
decreases the expression of GRP78, spliced XBP1 and phospho-elF2a (62). Similarly,
Kang et al. demonstrated that low doses of palmitate induce ER stress in pancreatic beta
cells, and the use of 4-PBA (at 0.5 mM concentration) decreases palmitate-induced ER

stress in vitro (64). Studies by Dickhout et al. further demonstrated the efficacy of 4-
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PBA in vitro as well as in vivo to prevent tunicamycin-induced acute kidney injury
through downregulation of CHOP expression (63). In the above study, 4-PBA was used

at 1 mM concentration in vitro and at the dose of 1 g/kg/day in vivo (63).

1.3.2 Inducers of Chaperone Activity

1.3.2.1 Lithium

Lithium, a drug that is well known for its mood-stabilizing properties, has been recently
shown to possess activity against ER stress (65). Lithium was demonstrated to increase
the expression of GRP78 and decrease the rate of Ca®* efflux from the ER (65). In
addition, lithium was also shown to decrease the pro-apoptotic factors in neuroblastoma
cells by inhibiting the activity of glycogen synthase kinase-3 (GSK-3), which activates

caspases during ER stress (65).

1.3.2.2 Valproate

Valproate is one of the most widely used anticonvulsant drugs (66). Similar to lithium, it
was also shown to ameliorate ER stress through the inhibition of GSK-3 activity (66). In
addition, evidences also suggest that valproate decreases the activity of caspase-3

mediated apoptosis in ER stress (66).
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1.3.2.3 BiP/GRP78 inducer X (1-(3,4-dihydroxyphenyl)-2-thiocyanate-ethanone)
(BIX)

BIX is an inducer for the cytoprotective ER sensor protein BiP/GRP78, which binds to

Ca** and inhibits cell death caused by ER stress (67, 68). BIX was shown to decrease

tunicamycin-induced cell death in mouse retinal ganglion cells (68).

1.3.3 Benzodiazepinones

Benzodiazepinones were first discovered in the 1950s. A study conducted by Kim et al.
(2009) demonstrated the ability of these compounds to inhibit ASK1 via
phosphorylation of its serine-967 residue, and thus prevent the activation of JNK and

p38 MAPK (69).

1.3.4 Inhibitors of elF2-alpha phosphatase

Salubrinal is reported to be the most commonly used inhibitor of ER stress (70). It is a
selective inhibitor of dephosphorylation of elF2a (70). While guanabenz, an op-
adrenergic receptor agonist, was found to disturb PPPP1R15A-PP1c complex thereby it

also inhibits dephosphorylation of elF2a and prevents protein synthesis during ER stress

(71).

1.3.5 Others
Agents that act as antioxidants (BHA, TM2002, baicalein), inducers of antioxidant
pathways (Carnosic acid, Triterpenoids), and stress kinase inhibitors (JNK, p38 MAPK

inhibitors) have also been reported to ameliorate ER stress (57).
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1.4 Pepper as a spice

Black pepper is considered as the king of spices as it is the most widely used spice in the
world. It was reported that black pepper contains 4.9 to 7.7% of piperine (C17H1903N),
its active constituent, and the rest of which is composed of essential oils mainly
monoterpenes and sesquiterpenes (1.0 to 1.8%), protein (10.9 to 12.7%), fiber (9.7 to

17.2%), water (9.5 to 12%), starch (25.8 to 44.8%), and ash (3.4 to 6%).

1.4.1 Piperine

Natural products have served as a valuable source of drugs, and are considered as
potential leads for drug development (72). Since ancient times, spices were used as
natural food additives for their multiple medicinal properties. Apart from its use as a
condiment, black pepper (Piper nigrum) is commonly used in conventional medicine
especially in Chinese and Indian medicine to treat several ailments (72, 73). The
medicinal properties of black pepper are mainly attributed to its major phytoconstituent

piperine.

Piperine [1-[5-[1,3-benzodioxol-5-yl]-1-0x0-2,4-pentadienyl] piperidine] (1) is one of
the four diastereomeric geometric isomers isolated from black pepper (74). Chemically,
it is an amide alkaloid and a trans-trans isomer of 1-piperoylpiperidine. It is also found

in Piper longum plants (75), which belongs to the family Piperaceae (75).
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Figure 1.3: Chemical structure of Piperine [1-[5-[1,3-benzodioxol-5-yl]-1-0x0-2,4-

pentadienyl] piperidine] (1)

Historically, piperine has been used as a food additive and to treat several illnesses (76).
Ancient Indian medicine has used piperine as a treatment for DM (75). Many recent
studies have confirmed its medical properties, and further demonstrated its efficacy as
anti-carcinogenic, hepatoprotective, anti-inflammatory, anti-arthritic, antidepressant and

antimicrobial (75, 77).

The chemical structure of piperine is composed of three essential components:
piperidine moiety linked through carbonylamide linkage to the side chain,

methylenedioxyphenyl ring and conjugated double bond chain (Figure 1.3) (78).

Several studies were conducted to evaluate the pharmacological potential of piperine.
Ferreira et al. demonstrated that piperine exhibits leishmanicidal effects (at 50-uM
concentration), and inhibits promastigote growth by 96% (79). In the same study, its
metabolite piperic acid was also screened, and it was found to be 9 times less active than
piperine (79). In another study, topical application of piperine and its cyclohexylamino
analog for 4 weeks was found to stimulate the development of even skin pigmentation
(80). These findings provide evidence that piperine and its derivatives have the potential

to treat vitiligo (80).
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Tankamnerdthai et al. had reported that administration of piperine (at doses ranging
from 5, 10 and 20 mg/kg, once daily for 4 weeks) in rats is associated with anti-
depressant and cognitive enhancement properties (81). It is important to note that the
effects observed with piperine were similar to that of the well-known antidepressants

such as fluoxetine and donepezil hydrochloride (81).

A study by Koul et al. introduced changes to the phenyl nucleus, side chain and basic
moiety of piperine to prepare diethylamino- and pyrrolidinyl analogs and compared the
ability of piperine and its analogs to inhibit the activity of both constitutive and
inducible cytochrome P450 (CYP) (82). Findings from the study confirmed that the
CYP inhibition caused by piperine is similar to that of its diethylamino- analog (82).
However, the CYP inhibitory potential was completely lost when the piperidine nucleus

is replaced by pyrrolidinyl moiety (82).

1.4.2 Piperine as a Putative Agent to relieve ER Stress

Although numerous studies have documented the anti-cancer properties of piperine in
various types of cancer (83-86), the precise mechanisms by which piperine exerts its
anti-cancer effects are still unclear (83). A study by Yaffe et al. attempted to investigate
the mechanisms by which piperine mediates cell cycle arrest and apoptosis in colon
cancer (83). This study revealed that piperine-induced apoptosis in colon cancer cells is
mediated through increased expression of CHOP and GRP78 (83). This was the first

study to show that piperine modulates ER stress response.
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Paradoxical to the findings by Yaffe et al. (83), a study using a high fat diet (HFD)-
induced model of hepatic steatosis indicated that piperine decreases the mRNA
expression of GRP78 in the liver tissues of mice fed an HFD (87). Moreover, the use of
piperine was also associated with a significant decrease in the expression of the
phosphorylated JNK and elF2a (87). These findings suggest the putative role of piperine
as a chemical chaperone to relieve high-fat diet induced ER stress in the liver. However,
the effect of piperine on ER stress in kidney has not yet been studied. Furthermore,
based on the previously reported activities of its amide piperine analogs, piperine and its
analogs have different activities towards different diseases. However, none of those
studies were targeted to elucidate the impact of piperine and its analogs on ER stress

markers in kidney cells.
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2. Objectives of the Study

Since the establishment of ER stress in organ pathologies, the search for new agents that
decrease or prevent ER stress has become an active area for research. Unlike most other
natural compounds, piperine exhibits very low cytotoxicity but still possess multiple
pharmacological properties (82), which make it a promising pharmacophore to develop
lead compounds. Hence, the goal of this study is to elucidate whether structural
modifications in the parent molecule piperine would result in a lead compound with
higher potency and efficacy to that of piperine. We investigated the effect of structural
modifications to piperine on relieving ER stress induced by tunicamycin in renal cells in

vitro.
Objective 1: To synthesize a variety of piperine analogs.

Objective 2: To characterize the prepared analogs using melting point, LC/MS, GC/MS,

FT-IR and NMR.

Objective 3: To establish an in vitro model of ER stress-induced cell injury using

tunicamycin in normal rat kidney (NRK-52E) cells.

Objective 4: To evaluate the tolerability of NRK-52E cells to the prepared analogs

(using MTT assay).

Objective 5: To investigate the pharmacological activity of the prepared compounds to

relieve ER stress in the established in vitro model.
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3. Experimental Methods

3.1 Synthesis of Piperine Analogs

Piperine, silica gel 60 F254 and all solvents used were purchased from Sigma-Aldrich,
Germany. All reactions were monitored by thin layer chromatography (TLC) and the
spots were visualized wusing ultraviolet (UV) transilluminator. Thin layer
chromatography (TLC) was conducted on pre-coated silica gel aluminum plates (Merck,
USA). Melting points of the synthesized compounds were measured as range using
Stuart SMP40 automatic melting point apparatus. The infrared (IR) spectra were
recorded on Perkin Elmer Spotlight 400 Fourier transform infrared (FTIR)
spectrophotometer. The spectra were acquired using a universal attenuated total
reflectance sensor (FTIR-UATR) to allow the application of the solid samples.

All of the prepared compounds were analyzed for C, H and N (elemental analysis) using
Thermo Scientific Flash 2000 in the Central Laboratory Unit, Qatar University. Mass
spectra (MS) were recorded on an Agilent 6460 Triple Quadrupole LC/MS system using
electrospray ionization (ESI) by direct injection technique and reported as
[M+1]". Proton (*H) and carbon (**C) NMR spectra were recorded using Bruker Avance
IIT 400 MHz apparatus, and the chemical shifts were expressed in 6 (ppm) with

reference to DMSO-d6 peak.

3.1.1 Synthesis of Piperic Acid from Piperine

Piperine (2 g, 7 mmol) was refluxed with 100 mL of 2 M ethanolic potassium hydroxide

for 25 hours, and the ethanol was removed by evaporation under reduced pressure.
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Completion of reaction was monitored by thin-layer chromatography (TLC). The
separated solid (potassium piperate) was filtered and washed with cold ethanol, and then
dissolved in warm water and gradually acidified with diluted HCI. The obtained yellow
precipitate (piperic acid) was filtered and washed with cold water. The crude product (2)
was recrystallized from ethanol to yield 1.4 g (6.4 mmol) of yellow crystalline piperic

acid (90% vyield).

3.1.2 Synthesis of Amide Piperine Analogs

To a solution of piperic acid (10 mmol) in 25 mL dichloromethane (DCM), 2.0 mL (27.6
mmol) of thionyl chloride was added. The mixture was kept under reflux for 1 hour.
Excess thionyl chloride was removed under reduced pressure using rotary evaporator.
The obtained residue (piperoyl chloride) was dissolved in 20 mL DCM and the amine
(20 mmol) or alcohol (10 mmol) in 20 mL DCM was added drop-wise. The mixture was
stirred for 1 hour at room temperature. The solvent was evaporated and the residue was
crystallized from ethyl acetate. The yield of the final products (3 to 6) was in the range

of 40-65%.

3.2 Pharmacological Screening

3.2.1 Materials

NRK-52E (rat renal proximal tubular cell line) was purchased from Health Protection
Agency, UK. BCA protein assay reagent was obtained from Pierce, UK. Dimethyl

sulfoxide, Piperine, Thiazolyl blue tetrazolium bromide (MTT) and Tunicamycin were
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purchased from Sigma-Aldrich. Dulbecco’s modified Eagle medium (DMEM), Fetal
bovine serum (FBS), L-Glutamine, Penicillin-streptomycin (pen-strep) and phosphate-
buffered saline (PBS) were purchased from Life technologies. All primary and
secondary antibodies were purchased from Abcam, UK except for CHOP (GADD153)

primary antibody, which was obtained from Santa Cruz Biotechnology, Germany.

3.2.2 Preparation of Stock Solutions of Tunicamycin, MTT,

Piperine and Its Analogs

Tunicamycin (5 mg) was dissolved in 1 mL of DMSO to prepare a 5-mg/mL stock
solution. All stock solutions were stored at 4 °C. Working solutions of tunicamycin were
freshly prepared before each experiment. MTT stock solution was prepared by
dissolving 0.02 g of MTT reagent in 4 mL of DMSO. 100 uM stock solutions of

piperine and its analogs were prepared by dissolving the powder in DMSO.

3.2.3 Cell Culture

NRK-52E cells were maintained in DMEM (1X) with 10% FBS and 1%
Penicillin/Streptomycin and 1% L-Glutamine 200 mM (Complete cell culture media).
Cells were grown in 100-mm tissue culture dish and kept in a 5% CO, humidified
incubator at 37 °C. Once 90% confluency was reached, cells were split in 1:5 to 1:7. For
splitting cells, the monolayer was washed with 5 mL of PBS and cells were detached
using 1 mL of 0.25% trypsin-EDTA (1X) and plated into a new 100-mm dish containing

10 mL of fresh complete cell culture media.
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3.2.4 Cell Treatments
Every trial followed the same three-day routine as shown in Figure 3.1. In brief, 24
hours after seeding the cells, the analogs were added to cells at either 250 nM or 500 nM
concentrations for 24 hours. After 24 hours of pre-treatment, the old media was removed
and the cells were washed with PBS and another fresh media containing 0.5 pg/mL
tunicamycin was added and cells were incubated for 2 hours. After the completion of
tunicamycin treatment, the media was removed and cells were washed twice with PBS

and new fresh complete media was added for another 22 hours.

Plate cells Pre-treatment | Treatment with | Wash and replace
with analogs Tunicamycin with media

2h

v v v v v
Oh 24 h 26 h 48 h

| Measure Endpoints |

§ cel Viability (MTT Assay)
ER Stress (Western Blot)

Figure 3.1: Experimental Design for the In Vitro Model of Tunicamycin-induced ER

Stress using NRK-52E cells.
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3.2.5 Cell Viability and Tolerability Studies using MTT Assay
NRK cells were seeded in 48-well plates and incubated at 37 °C for 24 hours (day-0).
After 24 hours of seeding, cells were treated with different concentrations of
tunicamycin (0.25, 0.5, 1.0 and 2 pug/mL) for 15 minutes, 2 hours and 24 hours. After the
completion of tunicamycin treatment, the cells were washed with PBS and 250 puL of
complete media was added to each well and incubated for 24 hours at 37 °C. After 24
hours, the media was removed and replaced with fresh media containing 25 pL MTT
(0.5 mg/mL) for 3-4 hours. Next, the media was removed carefully and 100 pL of
DMSO was added to dissolve the formazan crystals. The cell viability in the developed
in vitro model was assessed by MTT assay, which is based on the enzymatic conversion
of yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
by mitochondrial dehydrogenases into purple formazan. The absorbance was read at 570

nm using SpectraMax M2 multimode plate reader (Molecular Devices, USA).

3.2.6 Quantification of Expression of ER Stress Markers

3.2.6.1 Preparation of Cell Lysates
NRK-52E cells were seeded in 6-well plates at a seed density of 150,000 cells per well
for 24 hours. Then tunicamycin was added to cells at various concentrations at different
time points. After the treatment period, cells were washed with PBS and the media was
replaced with complete media for the rest of 24 hours. Thereafter, cells were washed
with 2 mL PBS twice and about 60 to 70 uL lysis buffer (0.5 M Tris pH 6.8 and 20%

SDS) was added. The cells were scraped; the cell lysate was collected and sonicated for
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10 to 15 seconds. The cell lysates were centrifuged at 16,000 x g for 15 minutes at 4 °C.

The supernatant was collected and stored at -20 °C until use.

3.2.6.2 Protein Assay

The frozen cell lysates were thawed and kept on ice. The samples were then centrifuged
at 10,000 x g for 5 minutes at 4 °C. The protein concentrations were determined using
Bicinchoninic acid (BCA) protein assay kit (Pierce, USA). The samples were incubated
at 37 °C for 30 minutes, and then, their absorbance was recorded at 562 nm using

SpectraMax M2 multimode plate reader (Molecular Devices, USA).

3.2.6.3 Western blotting

Proteins were separated using SDS-PAGE with an acrylamide concentration 15%. Equal
concentrations (25 ng) of sample protein was mixed with 4X sample buffer and
electrophoresed for 20 minutes at 70 volts followed by 90 minutes at 140 volts (BioRad,
USA). Following gel electrophoresis the proteins were transferred to a PVDF membrane
at 100 volts for 90 minutes. The membrane was then removed and blocked with 5% milk
for 1 hour at room temperature. Next, the membrane was incubated overnight at 4 °C
with the primary antibody for GRP78 or CHOP at the concentrations shown in Table
3.1. The PVDF membrane was then washed 3 times with tris-buffered saline containing
0.1% tween 20 (TBST) at 10 minutes intervals. The membrane was then incubated with
an HRP-conjugated goat-anti-rabbit 1gG secondary antibody for 1 hour at room

temperature. The membrane was washed again with TBST for 3 times at 10 minutes
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interval. Bands were visualized using enhanced chemiluminesence (ECL) detection kit

(Abcam, UK) and quantified using a FC-2 imaging system (Protein Simple, USA).

Table 3.1: Antibodies used for Western Blotting

Primary Dilution Molecular Supplier Catalog #
Antibody Weight (kD)
GRP78 1:1,000 78 Abcam, UK ab21685
CHOP 1:500 30 Santa-Cruz Biotech, sc-793

Germany
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4. Results

4.1 Synthesis and Characterization

4.1.1 Chemical Synthesis

The prepared compounds 3 to 6 (shown in Table 4.1) were obtained by alkaline
hydrolysis of piperine (1, the starting material) to the intermediate compound piperic
acid (2). The obtained piperic acid was activated to its acid chloride (i.e., piperoyl
chloride) by thionyl chloride as described by Koul et al. and Qazi et al. (78, 88). The
obtained acid chloride served as the key intermediate in the preparation of the proposed
compounds as it was reacted with different amines and alcohols as shown in the Table
4.1. The proposed scheme for the preparation of the compounds 2 to 6 is shown in

Figure 4.1.

O
Hydrol
Q/\/\)LO ydrolysis WOH

Piperine Piperic Acid

isom2
0
o oA R RNH2
< H
0

Figure 4.1: Scheme for synthesis of amide piperine analogs
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Table 4.1: Physical properties and molecular formulae for of the synthesized

compounds analogs and the parent compound piperine.

2,4-dienamide] (3)

Melting | Molecular
Name and Chemical Structure MW
point Formulae
Piperine [(2E,4E)-5-(benzo[d][1,3]dioxol-5- 128 C17H19NO;3 | 285.14
1)-1-(piperidin-1-yl)penta-2,4-dien-1-one
yD-1-(pip yhp ] 131°C
(1) (89)
0
SO0
o)
Piperic Acid [(2E,4E)-5-(benzo[d][1,3]dioxol- 220 C12H1004 218.06
5-yl)penta-2,4-dienoic acid] (2
yhp 12 2924°C
0
ST
o)
Cyclohexylamino Analog [(2E,4E)-5- 202 C1gH21NO3 | 299.15
benzo[d][1,3]dioxol-5-yl)-N-cyclohexylpenta-
( [d][1,3] yl)-N-cy ylp 205°C
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Diethylamino Analog [(2E,4E)-5-
(benzo[d][1,3]dioxol-5-yl)-N,N-diethylpenta-

2,4-dienamide] (4)

SO0

94-98°C

C16H19NO3

273.14

Pyrrolidinyl Analog [(2E,4E)-5-
(benzo[d][1,3]dioxol-5-yI)-1-(pyrrolidin-1-

yl)penta-2,4-dien-1-one] (5)

SORRg e

143-

146°C

C16H17NO3

271.12

Butyl ester Analog [butyl (2E,4E)-5-
(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoate]

(6)

<ZI>/M\).10/\/\

NA

C16H1804

274.12
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4.1.2 Spectroscopic Investigations

4.1.2.1 Diethylamino Analog [(2E,4E)-5-(benzo[d][1,3]dioxol-
5-yl)-N,N-diethylpenta-2,4-dienamide] (4)

o}

7 6 10 12 17
\/\ 14 15/\
N
13 18
19k
20

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-N,N-diethylpenta-2,4-dienamide
Chemical Formula: C{4H;oNO;3
Molecular Weight: 273.33
Elemental Analysis: C, 70.31; H, 7.01; N, 5.12; O, 17.56

All data obtained for the piperine analogs were consistent with those previously reported
in the literature (78, 90). For example, 4 was prepared from 2 and N, N-diethylamine as
described in section 3.1.2. The mass spectrum of 4 (Figure 4.2) showed [M+1]"
appearing at m/z 274. This value confirmed the molecular weight of the prepared 4,
which was calculated to be 273. Elemental analysis for C16H19NO3 found C, 70.02, H,
7.04, N, 5.03%; calculated C, 70.31, H, 7.01, N, 5.12%. IR (conducted on the solid
sample using UATR) (Figure 4.3): 3164 (aromatic C-H str), 2970 (aliphatic C-H str),
1637 (carbonyl group), 1596, 1503 (C=C str) cm™*. Figure 4.4 shows *H NMR spectrum
in DMSO-d6. *H NMR: § 1.05 and 1.13 (3H each, t, J = 6.8 Hz, 2x CH,CHs), 3.37 (4H,
m, 2x —CH,CH3), 6.04 (2H, s, -OCH,0-), 6.55 (1H, d, J = 14.50 Hz, -CH—CHCO),
6.75-7.1 (5H, m, olefinic and Ar-H), 7.21 (1H, dd, J = 14.8, 3.9 Hz, -CH=—CHCO). °C
NMR: 6 165.69, 148.37, 148.17, 109.86, 121.48, 131.37, 106.06, 101.58, 137.99,

126.28, 142.10, 123.15, 165.69, 42.24, 15.66, 13.32 (Figure 4.5). The *C spectrum
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confirms the presence of 16 carbons, of which 4 of them were corresponding to the

diethylamino analog as shown in the Figure 4.5 (88).
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Figure 4.2: The mass spectrum of 4 was recorded on an Agilent 6460 Triple
Quadrupole LC/MS system using electrospray ionization (ESI) by direct injection

technique and reported as [M+1]".
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Figure 4.3: FTIR spectrum of 4 conducted on the solid sample using UATR.
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Figure 4.5: **C NMR spectrum of 4 in DMSO-d6
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4.2 Pharmacological Screening

4.2.1 Invitro model of Tunicamycin-induced ER stress and cell

injury

4.2.1.1 Cell Viability (MTT Assay)

Several agents such as tunicamycin, thapsigargin, dithiothreitol (DTT) and palmitate are
commonly used to induce ER stress in cells (51). The choice of tunicamycin as an ER
stress inducer for our study using normal rat kidney (NRK-52E) cells was based on a
previous study, which indicated that tunicamycin acts as a strong inducer of ER stress in
comparison to other chemical inducers such as thapsigargin and DTT in NRK-52E cells

(35).

Different concentrations at various time points were tested to identify an optimal model
of ER stress using tunicamycin in normal rat kidney (NRK-52E) cells. Although several
studies have utilized 24-hour exposure to tunicamycin (TM) to induce ER stress, in our
pilot studies, we found that treatment with tunicamycin results in a dose-dependent and
time-dependent loss of cell viability (measured by MTT assay) in NRK-52E cells, and it

is evident even with 15 minutes exposure time.

As seen in the Figure 4.6, incubation of subconfluent cultures of NRK-52E cells with
0.5 pg/mL and 1 pg/mL of tunicamycin for 15 minutes and 2 hours resulted in
significant loss of cell viability. Nevertheless, the induction of ER stress markers GRP78

and CHOP were prominent only at 2 hours of tunicamycin treatment (Figure 4.7). Thus,

35



we chose 0.5 pg/mL tunicamycin and 2 hours exposure time for our study and examined
the effect of piperine and its analogs against tunicamycin-induced ER stress and cell

death.

150+

100+

a
e

Percentage of Viable Cells

Figure 4.5: Dose-response studies with Tunicamycin (TM) in NRK-52E cells. Cell
viability was determined by MTT assay, and values were expressed as percentage of

control (Mean + SEM; n=3). #P < 0.05 compared to control group.
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4.2.1.2 Expression of ER Stress markers (Western Blotting)

42121 GRP78
Induction of the ER chaperone GRP78 is considered as a hallmark of ER stress. In our
study, TM treatment (0.5 ug/mL for 2 h) resulted in a robust increase in the expression

of GRP78 compared to the control as shown in Figure 4.7.

Previous studies have shown the ability of TM to induce the expression of GRP78,
which serves to improve the folding capacity of protein (63, 91). In the current study, we
confirmed the ability of TM to induce GRP78 expression even with acute exposure and
at concentrations as low as 0.5 ug/mL. To our knowledge, this is the first study to adopt
an acute low-dose TM treatment in NRK-52E cells. We believe our findings would open
the floor for further research on the signaling pathways that mediate acute TM-mediated

ER stress in renal cells.

4.2.12.2 CHOP
CHOP is a ubiquitously expressed protein at low level in normal conditions, and several
studies have documented its induction under conditions of ER stress (92, 93). TM is also
known to be a strong inducer of CHOP (63, 93). Thus, to further investigate the
involvement of other proteins involved in TM-induced ER stress, we examined the

expression of this pro-apoptotic transcriptional regulator of ER stress.

As presented in the Figure 4.7, the expression of CHOP was significantly elevated in

cells exposed to 0.5 ug/mL TM for 2 hours. Further, the elevated levels of CHOP level
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suggest the involvement of PERK arm of the unfolded protein response in our model.
Hence, future studies to investigate the upstream markers of PERK pathway such as
elF20, ATF4 and PERK, would offer insights on the primary mediator involved in the

induction of CHOP in this model.

In summary, exposure of NRK-52E cells to 0.5 ug/mL TM for 2 hours resulted in a
significant decrease in cell viability (~50%) as shown in Figure 4.6, and a robust

induction of GRP78 and CHOP proteins as shown in Figure 4.7.
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Figure 4.6: Effect of tunicamycin (TM) on GRP78 and CHOP expression in NRK-52E
cells as determined by western blotting (A) and quantified using densitometry (B and C).
Values were normalized using B-actin and expressed as percentage of control (Mean +

SEM; n=10). #P < 0.05 compared to control group.
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4.3 Pharmacological Evaluation of Amide Piperine Analogs

4.3.1 Piperine (1)

4.3.1.1 Dose-Response Studies (Tolerability)

NRK-52E cells were treated with piperine at two different concentrations - 250 and 500
nM - for 24 hours and the control group received the highest vehicle concentration
(0.1% DMSO) used in the study. Our results demonstrate that single doses of piperine of

up to 500 nM were well tolerated by NRK-52E cells (Figure 4.8).
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Figure 4.7: Tolerability of NRK-52E cells to Piperine (1) as measured by MTT assay.

Values were expressed as percentage of control (Mean = SEM; n=9).
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4.3.1.2 Effect on Cell Viability (MTT assay)

NRK-52E cells were pre-treated with piperine for 24 hours and then exposed to
tunicamycin (0.5 pug/ml for 2 h) as described in the experimental design (Figure 3.1).
The effect of piperine on TM-induced loss of cell viability in NRK-52E cells was

measured using MTT assay.

Results from MTT assay have demonstrated the ability of piperine to protect against
TM-induced loss of viability in NRK-52E cells. As seen in Figure 4.9, piperine
significantly improved the cell viability by about 13% at 250 nM concentration, and by
about 8% at 500 nM concentration. Further studies are required to explain the decrease
in cytoprotective efficacy observed with highest concentration (500 nM) of piperine

used in the current study (Figure 4.9).
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Figure 4.8: Effect of Piperine (1) on tunicamycin (TM)-induced loss of cell viability
(measured by MTT assay) in NRK-52E cells. Values were normalized to TM-treated
control and expressed as percentage change in cell viability (Mean + SEM; n=3). *P <

0.05 compared to TM-treated group.

4.3.1.3 Expression of ER Stress Markers

To investigate the protective effect of piperine against TM-induced ER stress, NRK-52E
cells were seeded on six-well plates and grown to sub-confluency were treated with

piperine for 24 hours. After 24 hours treatment with piperine, cells were exposed to 0.5
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ug/mL TM for 2 hours, and evaluated for the expression of GRP78 and CHOP at 24

hours post-tunicamycin exposure.

Consistent with the results from the in vitro model development (Figure 4.7), TM
treatment for 2 hours induced a profound increase in the expression of GRP78 and
CHOP in NRK-52E cells (Figure 4.10). Densitometry analysis showed decreased protein
levels of GRP78 upon exposure to piperine at 250 nM and 500 nM for 24 hours (Figure
4.10B). Furthermore, pre-treatment of cells with piperine at 500 nM caused a
statistically significant decrease in CHOP expression in cells exposed to TM (Figure

4.10C).

As expected, the protective effects of piperine against TM-induced upregulation of
GRP78 and CHOP was dose-dependent, with the highest reduction in the levels of both
protein markers observed at 500 nM concentration of piperine. Specifically, pre-
treatment with 500 nM piperine has diminished the ability of TM to induce the
expression of GRP78 by about 33%, and decreased the expression of CHOP by about

25% in comparison to TM-treated group (Figure 4.10).
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Figure 4.9: Effect of Piperine (1) on GRP78 and CHOP expression in NRK-52E cells as

determined by western blotting (A) and quantified using densitometry (B and C). Values
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were normalized to [-actin and expressed as percentage of control for GRP78 and
percentage of tunicamycin (TM)-treated group for CHOP (Mean = SEM; n=3). *P <

0.05 compared to TM-treated group.
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Figure 4.10: Chemical structure of Sodium 4-phenylbutyrate (4-PBA)

4.3.2.1 Dose-Response Studies (Tolerability)

4-phenylbutyrate (4-PBA) is a well-known chemical chaperone with clinical utility in
urea cycle disorders (62). However, it is effective only when used at millimolar (mM)
concentrations ranging from 1 to 10 mM. In this study, 4-PBA is used as a reference
standard - at 1 mM and 2 mM concentrations (based on the literature) - to compare the
efficacy of piperine and its analogs against TM-induced ER stress. As seen in Figure
4.12, 4-PBA was well tolerated by NRK-52E cells at concentration of 1 mM for 24
hours. However, at the highest concentration used (2 mM), it caused about 10% decrease

(not statistically significant) in cell viability compared to control (Figure 4.12).
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Figure 4.11: Tolerability of NRK-52E cells to 4-PBA as measured by MTT assay.

Values were expressed as percentage of control (Mean = SEM; n=3).

4.3.2.2 Effect on Cell Viability (MTT assay)

As shown in the Figure 4.13, treatment with 4-PBA didn’t have any impact on TM-

induced loss of cell viability in NRK-52E cells.
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Figure 4.12: Effect of 4-PBA on tunicamycin (TM)-induced loss of cell viability
(measured by MTT assay) in NRK-52E cells. Values were expressed as percentage of

control (Mean + SEM; n=3).

4.3.2.3 Expression of ER Stress Markers

Given the fact that 4-PBA would protect against ER stress, we decided to investigate its
effect on the protein expression of GRP78 and CHOP in NRK-52E cells exposed to TM.
As demonstrated in Figure 4.14, 4-PBA decreased the expression of GRP78 (~15%), and
CHOP (~70%) compared to TM-treated group. These results are in consistence with a
previous in vivo study, which revealed that the principal mechanism behind the

chaperone effects of 4-PBA is through repression of CHOP expression (63).
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Figure 4.13: Effect of 4-PBA on GRP78 and CHOP in NRK-52E cells as determined by

western blotting (A) and quantified using densitometry (B and C). Values were
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normalized to B-actin and expressed as percentage of control for GRP78 and percentage
of tunicamycin (TM)-treated group for CHOP (Mean = SEM; n=3). *P < 0.05 compared

to TM-treated group.
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4.3.3 Piperic Acid (2)

0 A N
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o

Figure 4.14: Chemical structure of piperic acid [(2E,4E)-5-(benzo[d][1,3]dioxol-5-

yl)penta-2,4-dienoic acid] (2)

4.3.3.1 Dose-Response Studies (Tolerability)
Piperic acid was well tolerated by the NRK-52E cells at both concentrations (250 and

500 nM) used in the study (Figure 4.16).
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Figure 4.15: Tolerability of NRK-52E cells to Piperic acid (2) as measured by MTT

assay. Values were expressed as percentage of control (Mean £ SEM; n=4).
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4.3.3.2 Effect on Cell Viability (MTT assay)

Based on the results obtained from the MTT assay, it is clear that piperic acid lacks the
ability to protect against TM-induced cell death (Figure 4.17). In fact, a decline in

viability was observed in cells treated with 500 nM piperic acid.

1504
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Percentage of Viable Cells

Figure 4.16: Effect of Piperic acid (2) on tunicamycin (TM)-induced loss of cell
viability (measured by MTT assay) in NRK-52E cells. Values were expressed as

percentage of control (Mean + SEM; n=4). *P < 0.05 compared to TM-treated group.

4.3.3.3 Expression of ER Stress Markers

Further investigation on the levels of ER stress markers revealed that piperic acid does

not affect the expression of GRP78 or CHOP (Figure 4.18).
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Figure 4.17: Effect of Piperic acid (2) on tunicamycin (TM)-induced expression of
GRP78 and CHOP in NRK-52E cells as determined by western blotting (A) and

quantified using densitometry (B and C). Values were expressed as percentage of
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control for GRP78 and percentage of tunicamycin (TM)-treated group for CHOP (Mean

+SEM; n=3).
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4.3.4 Cyclohexylamino Analog (3)

0 AN

( .

Figure 4.18: Chemical structure of cyclohexylamino analog [(2E,4E)-5-

(benzo[d][1,3]dioxol-5-yl)-N-cyclohexylpenta-2,4-dienamide] (3)

4.3.4.1 Dose-Response Studies (Tolerability)

Cyclohexylamino analog (3) was well tolerated by cells at 250 and 500 nM

concentrations (Figure 4.20).
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Figure 4.19: Tolerability of NRK-52E cells to Cyclohexylamino analog (3) as measured

by MTT assay. Values were expressed as percentage of control (Mean £ SEM; n=5).

4.3.4.2 Effect on Cell Viability (MTT assay)

Pre-treatment with 3 at 250 nM, but not 500 nM concentration, improved the viability of
NRK-52E cells (by about 11%) following exposure to TM compared to untreated TM

group (Figure 4.21).
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Figure 4.20: Effect of Cyclohexylamino analog (3) on tunicamycin (TM)-induced loss
of cell viability (measured by MTT assay) in NRK-52E cells. Values were normalized to
TM-treated control and expressed as percentage change in cell viability (Mean £ SEM;

n=4). *P < 0.05 compared to TM-treated group.

4.3.4.3 Expression of ER Stress Markers

Cells treated with compound 3 showed decreased expression of GRP78 (by about 25%)
and CHOP (by about 30%) in comparison to TM-treated group. Similar to piperine,
although both doses reduced GRP78 expression, significant reduction in CHOP

expression was observed only at 500 nM concentration (Figure 4.22).
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Figure 4.21: Effect of cyclohexylamino analog (3) on tunicamycin (TM)-induced
expression of GRP78 and CHOP as determined by western blotting (A) and quantified

using densitometry (B and C). Values were normalized using -actin and expressed as
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percentage of control for GRP78 or percentage of tunicamycin-treated group for CHOP

(Mean £ SEM; n=3). *P < 0.05 compared to TM-treated group.
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4.3.5 Diethylamino Analog (4)

o)
SORNee
o N
Figure 4.22: Chemical structure of diethylamino analog [(2E,4E)-5-

(benzo[d][1,3]dioxol-5-yl)-N,N-diethylpenta-2,4-dienamide] (4)

4.3.5.1 Dose-Response Studies (Tolerability)

Diethylamino analog was well tolerated by NRK-52E cells at the concentrations of 250

nM and 500 nM tested in the current study (Figure 4.24).

61



150+

L
©
(@)
@
g 1004 g e
>
(Y-
© o e e e e
[<B)
g 50-
e
[
D
o
D
D— O } | u . -I |_H N _E_m_]
N\
S S S
Q ) \)
; V 2
\00" \OQ’
& &
0?‘ o?
& &
\\\"Zr \\\'Zr
& &
¥ o*

Figure 4.23: Tolerability of NRK-52E cells to Diethylamino analog (4) as measured by

MTT assay. Values were expressed as percentage of control (Mean + SEM; n=3).

4.3.5.2 Effect on Cell Viability (MTT assay)

The MTT results illustrate the inability of the diethylamino analog to improve the cell
viability even at the highest concentration used (500 nM) (Figure 4.25). These results
indicate that replacement of the piperidine ring in piperine with diethylamine led to loss

of pharmacological activity.
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Figure 4.24: Effect of Diethylamino analog (4) on tunicamycin (TM)-induced loss of
cell viability (measured by MTT assay) in NRK-52E cells. Values were expressed as

percentage of control (Mean = SEM; n=3).

4.3.5.3 Expression of ER Stress Markers

Consistent to the results from MTT assay, no reduction in the induction of GRP78 was
observed in cells pre-treated with diethylamino analog. Moreover, a paradoxical increase
(~69%) in the expression of CHOP was observed in cells treated with diethylamine and

exposed to tunicamycin (Figure 4.26).
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Figure 4.25: Effect of Diethylamino analog (4) on tunicamycin (TM)-induced
expression of GRP78 and CHOP in NRK-52E cells as determined by western blotting

(A) and quantified using densitometry (B and C). Values were normalized using B-actin
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and expressed as percentage of control for GRP78 or percentage of tunicamycin-treated

group for CHOP (Mean + SEM; n=3). *P < 0.05 compared to TM-treated group.
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4.3.6 Pyrrolidinyl Analog (5)

<o N X N

Figure 4.26: Chemical structure of Pyrrolidinyl analog (2E,4E)-5-(benzo[d][1,3]dioxol-

5-yl)-1-(pyrrolidin-1-yl)penta-2,4-dien-1-one) (5)

4.3.6.1 Dose-Response Studies (Tolerability)

Pyrrolidinyl analog was well tolerated by NRK-52E cells at the concentrations of 250

nM and 500 nM tested in the current study (Figure 4.28).

66



o
5
g

1004

a
e

Percentage of Viable Cells

o
1

Figure 4.27: Tolerability of NRK-52E cells to Pyrrolidinyl analog (5) as measured by

MTT assay. Values were expressed as percentage of control (Mean + SEM; n=3).

4.3.6.2 Effect on Cell Viability (MTT assay)

Pre-treatment with Pyrrolidinyl analog has improved the cell viability (~11% increase
compared to TM-treated control) at 250 nM concentration in NRK-52E cells exposed to
TM (Figure 4.29). Similar to the Cyclohexylamino analog, a paradoxical decrease in

cytoprotective efficacy was observed with Pyrrolidinyl analog at 500 nM concentration.
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Figure 4.28: Effect of Pyrrolidinyl analog (5) on tunicamycin (TM)-induced loss of cell
viability (measured by MTT assay) in NRK-52E cells. VValues were normalized to TM-
treated control and expressed as percentage change in cell viability (Mean £ SEM; n=3).

*P < 0.05 compared to TM-treated group.

4.3.6.3 Expression of ER Stress Markers

Contrary to the results from MTT assay, data obtained from the western blots indicates
that pre-treatment with pyrrolidine analog doesn’t alter the expression of GRP78 or

CHOP in NRK-52E cells (Figure 4.30).
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Figure 4.29: Effect of Pyrrolidinyl analog (5) on tunicamycin (TM)-induced expression
of GRP78 and CHOP in NRK-52E cells as determined by western blotting (A) and

quantified using densitometry (B and C). Values were normalized using B-actin and
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expressed as percentage of control for GRP78 or percentage of tunicamycin-treated

group for CHOP (Mean + SEM; n=3).
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5. Discussion

Piperine, the major ingredient of pepper species, is reported to possess multiple activities
including antioxidant, neuroprotectant, and anti-inflammatory effects (94). Chemically,
piperine is composed of a basic piperidine moiety that is connected to side chain through
carbonylamide, a side chain with conjugated double bonds, and a methylenedioxyphenyl
(MDP) ring (82). Based on its structure, any of its three components can be modified to
evaluate their impact on the efficacy and potency of the parent compound piperine. A
previous study conducted by Koul et al. has revealed that the piperidine moiety possess
differential sensitivity for inhibition of CYP450 (82). On the other hand, the MDP ring
in piperine, which could contribute to its activity, is a common component in many
natural compounds (82). Therefore, in the current study, we focused on the modification
of the piperidine moiety and evaluated its effect on the pharmacological activity against

ER stress.

In this study, piperic acid (2) was prepared by the alkaline hydrolysis of piperine (1).
Three amide piperine analogs (3 to 5) were synthesized from 2 and characterized as
described in the experimental section. The analogs were designed and prepared based on
their similarity to the parent compound piperine and screened for pharmacological

activity against TM-induced ER stress and cell death in renal cells.

To establish an in vitro model of ER stress in renal cells, we chose tunicamycin (TM),
an N-glycosylation inhibitor and a chemical inducer of ER stress (57). Our choice to

utilize TM was based on a previous study conducted by Peyrou et al., which compared
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the efficacy of TM with other chemical inducers of ER stress such as thapsigargin and
oxidized dithiothreitol (ox-DTT) in four different renal cell lines - the porcine LLC-
PK1, rat NRK-52E, canine MDCK and human HEK-293 cells (35). Results from the
study have indicated that tunicamycin is the most potent inducer of ER stress among
other chemical inducers tested in the model (35). Their findings also highlighted that the
TM-induced ER stress response varies across different renal cell lines. For example, TM
caused significant cell death in NRK-52E and HEK-293 cells; while its effect was
significantly lowered in LLC-PK1 and MDCK cell lines (35). Thus, in our current study,

we decided to use TM to induce ER stress in NRK-52E cells.

We assessed the major hallmarks proteins induced during ER stress response such as the
ER chaperone glucose-regulated protein 78 (GRP78) and the pro-apoptotic growth arrest
and DNA damage-inducible protein 153 (CHOP/GADD153). GRP78 is an important
resident chaperone that maintains cellular homeostasis by ensuring the proper folding of
protein in the ER (95), whereas, CHOP is a pro-apoptotic protein, which is induced by
all the three arms of UPR - ATF6, IRE1 and PERK-elF-2a pathways (53). Our results
confirmed the ability of TM (at 0.5 pg/mL for 2 hours) to induce ER stress (marked by
the induction of GRP78 and CHOP), and cell death (evidenced by ~ 60% reduction in

cell viability) in NRK-52E cells.

To compare the efficacy of piperine and its analogs, we chose to use 4-PBA, a well-
known chemical chaperone, as our reference standard. 4-PBA is a nontoxic butyrate

analog, which has the ability to enhance the protein folding capacity of ER, and improve
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the trafficking of mutant proteins (96). In our study, we found that 4-PBA protects
against TM-induced expression of both GRP78 and CHOP. However, a higher
magnitude of reduction was observed on CHOP expression (63). Our findings are in line
with a previous study in HK-2 cells by Dickhout et al., where 4-PBA has been shown to

prevent TM-induced CHOP expression without affecting the expression of GRP78 (57).

The pharmacological screening of the prepared analogs started with its parent compound
piperine. Piperine is the major lipophilic component of black pepper with several
recognized pharmacological activities (97). It is used as food additive for ages, and
several studies in vitro and in vivo have demonstrated its safety and tolerability (82). In
this study, we attempted to evaluate the chaperone activity of piperine against TM-
induced ER stress, and assess the impact of modifications to its structure on its

chaperone potential.

Five piperine analogs (Piperic acid, 3 amide piperine analogs and 1 ester piperine
analog) were synthesized and their structures were elucidated by pertinent spectroscopic
techniques. Each analog (except the ester analog) was tested - at two different
concentrations (250 and 500 nM) - for its pharmacological activity to relieve ER stress
induced by TM in renal cells, and compared against its parent compound piperine and
reference standard 4-PBA. The Table 5.1 summarizes the effect of prepared analogs in

comparison to piperine and 4-PBA.
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Table 5.1: Summary of the effect of Piperine and its analogs against tunicamycin (TM)-

induced ER Stress and cell death in NRK-52E cells

Concentration Cell Western blotting
Compound L
Tested Viability GRP78 CHOP
4-PBA
1and 2 mM N.C ¥ (~15%) | ¥ (~70%)
(Reference standard)
Piperine
) 250 and 500 nM | A (~13%) | ¥ (~33%) | ¥ (~25%)
Piperic acid
) 250 and 500 nM N.C N.C N.C

Cyclohexylamino
250and 500 nM | A (~11%) | ¥ (~25%) | ¥ (~30%)
analog (3)

Diethylamino analog

@ 250 and 500nM | N.C N.C | A (~69%)

Pyrrolidinyl analog

G 250 and 500nM | A (~11%) | N.C N.C

Note: Arepresents increase, Vrepresents decrease, and N.C represents no change

compared to TM-treated control.

Based on the literature, all the prepared analogs were used in nanomolar (250 and 500

nM) concentrations, whereas the reference standard 4-PBA was used in millimolar (1
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and 2 mM) concentration. Although the effects of piperine were similar to that of 4-
PBA, its effects were mainly mediated through reduction in the expression of GRP78. In
contrast, 4-PBA appears to mediate its effects mainly through reduction in CHOP
expression. Thus, future studies could examine the synergistic effects expected out of
combination of 4-PBA and piperine as a strategy to prevent ER stress in renal cells.
Moreover, a previous study revealed the ability of piperine to down-regulate the mRNA
expression of GRP78 and the protein expression on XBP1 and ATF6 in the livers of
HFD-fed mice (87). Thus, future studies could also examine the effect of piperine and its

analogs on the expression of the XBP and ATF6 in NRK-52E cells exposed to TM.

The second most potent compound in our study was the cyclohexylamino analog.
Similar to piperine, it decreased the expression of GRP78 and CHOP in NRK-52E cells.
Thus, its effects could be potentially mediated through either IRE1 and/or ATF6 arms of
the UPR. Further studies to investigate the effect of this analog on the expression of
XBP1 and JNK would help to unravel the mechanism(s) behind its protective effects

against ER stress.

Intriguingly, the diethylamino analog (4) caused a paradoxical increase in the expression
of CHOP. Thus, further studies are required to understand their impact on the CHOP
expression, and to determine whether its effects on CHOP are transient or permanent.
On the other hand, piperic acid (2) did not affect the expression of CHOP and GRP78.
Similarly, pyrrolidinyl analog (5) did not alter the induction of ER stress markers

GRP78 and CHOP; however, it was the only compound, which showed improvements in

75



cell viability. Further studies with different side chains and amine substituents in the

aromatic moiety are required to elucidate the structure—activity relationship of these

compounds. Nevertheless, based on our research findings, we were able to identify and

propose the following.

1)

2)

3)

4)

5)

6)

Piperine and its analogs are pharmacologically active at nanomolar (nM)
concentrations.

Similar to 4-PBA, piperine (1) and its cyclohexylamino analog (3) can decrease
the expression of GRP78 and CHOP in renal cells, and attenuate ER stress.
Opening of piperidine ring structure in piperine (diethylamino analog (4)) causes
a paradoxical increase in CHOP expression, which might aggravate ER stress.
Removal of the piperidine ring by hydrolysis of piperine (1) or replacement of
six-membered ring with a five-membered ring (pyrrolidinyl analog (5)) appears
to result in loss of pharmacological activity against ER stress.

Compounds 1, 3, and 5 also possess cytoprotective properties against ER stress-
induced cell death.

In terms of potency, piperine and its analogs (used in nanomolar concentrations)
are about 4,000 times more potent when compared to the reference standard 4-

PBA (used in millimolar concentration).

In conclusion, considering their high potency (used in nM), efficacy and a wide

margin of safety, piperine (1) and its cyclohexylamino analog (3) appear to be
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promising drug candidates for further investigation in vivo for prevention of ER

stress, and potential application to treat ER stress-related renal disorders in patients.
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7. Appendix

7.1 Piperic Acid (2)

(2E AE)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoic acid
Chemical Formula: C,H;(Oy4
Molecular Weight: 218.21
Elemental Analysis: C, 66.05; H, 4.62; O, 29.33

2 was obtained by alkaline hydrolysis of piperine. The positive mode ESI mass spectrum of 2
(Figure 7.1) showed [M+1]" peak at m/z 219 (calculated value 218). Elemental analysis for
C12H1004; found C 65.00, H 4.57, O 29.25%; calculated C 66.05, H 4.62, O 29.33%. Figure 7.2
shows *H NMR spectrum in DMSO-d6. *H NMR: ¢ 6.05(H8), 7.23 (H12), 5.93 (H13), 12.02
(H15). Figure 7.3 represents *C NMR spectrum in DMSO-d6: § 148.59 (C1), 148.44 (C2),
106.03 (C3), 123.69 (C4), 131.12 (C5), 108.94 (C6), 101.69 (C8), 139.45 (C10), 125.6 (C11),
144.88 (C12), 121.53 (C13), 167.65 (C14). IR (conducted on the solid sample using UATR) :
3200-2500 (-OH stretching), 1673 (carbonyl group), and C=C stretching of benzene ring at 1599

and 1500 cm™* (Figure 7.4). Melting point: 220-224 °C (value reported in literature 217 °C) (2).
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Figure 7.1: Mass spectrum of 2 using positive mode ESI.
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05—

0S5

00T+

08T+

00E

05

00E

0SE

004

0S¥

(wdd) T3

00s-

€9 0/ S 08 S8 06 S6 00T SOT OTT STT  0ZT ST OET  SET  ObT  SHT  OST SST 09T SO 04T  SZT 08T
1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1
£6°1ZT P OPT
(w)eT (wyz
— — — — — T 7 |
69°T0T | | +6°80T 60°EZT| |ZTIET 88" +bT £o°/oT
(wyg | | (w)o (W) + (w) g (w) et (w) +T
£0°90T 09°5zT SHEET 65°8FT
(w) g | (w) 11 (w) ot (w)t
DET
P YA
T

DMSO-d6

In

13C NMR spectrum of 2 i

Figure 7.3



100

|

HAVENUHBER =11

2000

3000

4000

[=1 (=]
[Te]

1% 13 IHHLLIHSHE AL

Lon

Figure 7.4: FTIR of 2 conducted on the solid sample using UATR.



7.2 Cyclohexylamino Analog (3)

16

20
(2E,AE)-5-(benzo[d][1,3]dioxol-5-yl)-N-cyclohexylpenta-2,4-dienamide
Chemical Formula: C;gH,NO;

Molecular Weight: 299.37
Elemental Analysis: C, 72.22; H, 7.07; N, 4.68; O, 16.03

All the obtained data were consistent with the previously reported in the literature. 3 was
prepared from 2 and cyclohexylamine as described in the section 3.1.2.The positive mode ESI
mass spectrum of 3 (Figure 7.5) showed [M+1]" at m/z 300 which is in accordance with the
calculated molecular weight 299. Analysis for Ci,H1004; found C 71.99, H 7.15, N 4.55%;
calculated C 72.22, H 7.07, N 4.68%. Figure 7.6 shows "H NMR spectrum in DMSO-d6. *H
NMR: § 6.10 (H3), 6.98 (H4), 7.1 (H6), 6.03 (H8), 6.87 (H10), 6.06 (H11), 7.25 (H12), 7.91
(H15), 3.36 (H17), 1.56 (H20), 1.19 (H21), 1.72 (H22). *C NMR spectrum in DMSO-
d6: 6 148.4 (C1), 109.23 (C3), 125.41 (C4), 131.23 (C5), 106.05 (C6), 101.75 (C8), 137.95
(C10), 125.77 (C11), 123.07 ( C13), 164.83 ( C14), 48.4 ( C17), 25.74 ( C20), 25.03 ( C21),
33.53 (C22) (Figure 7.7). The IR (conducted on the solid sample using UATR) spectrum,
showed the absorption of C=0 stretch of the amide group at 1642 cm™, N-H stretch of the amide
group at 3305 cm™ as a medium sharp peak (Figure 7.8): Melting point: 202-205 °C (reported

value 199-200 °C)(2).



(z/w1) abieynH-oy-uun LA SJUNOD

09t

ovi

0} 4 08¢ 09¢€ ove oce 00¢g 082 09¢ Ors oce 0oz o8L

(s 112 ST v e
1y “__.,_ —* * N ¥
| t

_w,

f
|
-
|
T

]
|

}

|

[l

I

|

BN :

bl

)

€c6lL

¥'00€

0°GEL

!

P 0002uiwejAxayopho AO'GE L=6e1y (Ui L9z Q) ueds |S3+

auni nannhaew

o

L i R L A

ArBlg e Ern Qe
a

N

€c

y OLX

Figure 7.5: Mass spectrum of 3 using positive mode ESI.
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7.3 Pyrrolidinyl Analog (5)

20

19

(2E,AE)-5-(benzo[d][1,3]dioxol-5-yl)-1-(pyrrolidin-1-yl)penta-2,4-dien-1-one
Chemical Formula: C;H{7NO;
Molecular Weight: 271.32
Elemental Analysis: C, 70.83; H, 6.32; N, 5.16; O, 17.69

All the obtained data were consistent with the previously reported in the literature. 5 was
prepared from 2 and pyrrolidine as described in the section 3.1.2. The positive mode ESI mass
spectrum of 5 (Figure 7.9) showed [M+1] * appearing at m/z 272, and confirmed the molecular
weight of the prepared, which was calculated to be 271. Analysis for C16H1703N; found C 70. 50,
H 6.34, N 5.00%; calculated C 70.83, H 6.32, N 5.16%. Figure 7.10 shows *H NMR spectrum in
DMSO-d6. 'H NMR: ¢ 6.04 (H8), 6.93 (H10), 6.41 (H11), 7.20 (H12), 3.39 (H13), 2.5 (20), 1.83
(H19). *C NMR spectrum in DMSO-d6: § 148.41 (C1), 148.23 (C2), 108.93 (C3), 123.17 (C4),
131.29 (C5), 105.9 (C6), 100.98 (C8), 138.6 (C10), 125.83 (C11), 141.26 (C12), 122.71 (C13),
164.18 (C14), 23.35 (C19), 46.47 (C20) (Figure 7.11). FTIR (conducted on the solid sample
using UATR) results showed the absorption of C=0 stretch of the amide group at 1635 cm™

(Figure 7.12). Melting point: 143-146 °C (value reported in literature 144-146 °C) (1, 2).

11
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Figure 7.9: Mass spectrum of 5 using positive mode ESI.
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Figure 7.10: *H NMR spectrum of 5 in DMSO-d6.
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Figure 7.12: FTIR of 5 conducted on the solid sample using UATR.
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7.4 Butyl Ester Analog (6)

butyl (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoate
Chemical Formula: C;¢H;0,4
Molecular Weight: 274.32
Elemental Analysis: C, 70.06; H, 6.61; O, 23.33

6 was prepared from piperic acid (2) and butanol as described in the section 3.1.2. The *H NMR
spectrum in DMSO-d6 of butyl amide: 6 7.22 (H6), 6.05 (H8), 7.38 (H12), 5.99 (H13), 4.09
(H17), 1.59 (H18), 1.35 (H19), 0.9 (H20) (Figure 7.14). 3C NMR spectrum in DMSO-
d6: 6 148.7 (C1), 148.47 (C2), 108.92 (C3), 123.63 (C4), 131.08 (C5), 106.17 (C6), 101.63 (C8),
140.41 (C10), 125.32 (C11), 145.53 (C12), 120.44 (C13), 165.58 (C14), 64.35 (C17), 29.52
(C18), 19.01 (C19), 13.95 (C20) (Figure 7.15). FTIR results showed the absorption of C=0

stretch of the ester group at 1701 cm™ (Figure 7.16).
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Figure 7.16: FTIR of butyl ester analog (6)

Note: Due to time constraints, the butyl ester analog was excluded from pharmacological

screening.
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