ABSTRACT
JOHNSTONE, STEPHANIE ELAINE. Uptake of a Fluorescently Labeled Alkamide by
Mammalian Cells. (Under the direction of Dr. Scott Laster).

Alkamides are fatty acid amides produced by a variety of different plants. Alkamides exert
immunomodulatory and anti-nociceptive effects and most studies of their mechanism of action
have focused on the effects of alkamides on receptors and ion channels that mediate pain and
inflammatory signaling. Whether alkamides can enter cells and potentially exert intracellular
effects is unknown and will be the subject of this dissertation. To address this question, we
produced a fluorescently labeled alkamide by replacing the isobutyl head group of the natural
product (2E,4E)-N-isobutyldodeca-2,4-dienamide with a fluorescein (FITC) molecule. We found
that this molecule (FITC-Alk) retained the ability to inhibit production of TNF-o from LPS-
stimulated RAW 264.7 macrophage-like cells. Confocal microscopy was then used to characterize
the entry and intracellular localization of FITC-Alk in RAW 264.7 cells. Our experiments revealed
that the FITC-Alk entered cells within minutes and formed both large, bright puncta and diffuse
pinpoint staining in the cytosol. Three-dimensional Z-stack depth coding revealed that puncta
formation occurred throughout the cytoplasm in a uniform, non-polarized manner. The same
pattern was seen also seen in Vero green monkey kidney cells and RBL-2H3 basophilic leukemia
cells, suggesting a common pathway of uptake unrelated to the cell type or tissue of origin. Staining
intensity was found to be both time and concentration dependent and continued linearly for at least
4 hours. Co-staining with Texas Red-dextran indicated that the large puncta produced by FITC-
Alk uptake were intracellular endocytic compartments. Additionally, our data suggest a role for

actin filaments in FITC-Alk uptake, and that the FITC-Alk molecule likely accumulates in Rab7



positive, late-stage endosomes. Intracellular proteins should therefore be considered as targets for

alkamide activity and alkamides may be useful for endocytic drug targeting.
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CHAPTER 1: LITERATURE REVIEW

1.1. Introduction

Plants came into use as medicines by humans before writing appeared with some experts
estimating that the use of medicinal plants began 60,000 years ago at the time of the Neanderthals
(Ji, Li, & Zhang, 2009). Even in the 21% century, 11% of the 252 drugs considered essential by
the WHO are still prepared from plants, such as morphine from the opium poppy (Papaver
somniferum) and digoxin from foxglove (Digitalis purpurea) (Patil et al., 2012; Ziegler, Diaz-
Chavez, Kramell, Ammer, & Kutchan, 2005). Researchers skilled in synthetic and computational
chemistry routinely use compounds from medicinal plants as a starting point in drug development.
Paclitaxel, for example, is derived by semi-synthesis from 10-deacetylbaccatin found in the
European yew (Taxus baccata), while artemether is also produced by semi-synthesis from
artemisinin found in sweet wormwood (A4rtemisia annua) (Ghassempour et al., 2007; Shinde,
Sebastian, Jain, Hanamanthagouda, & Murthy, 2016). Plant-derived compounds are used

extensively in both modern and traditional medicine and will be the subject of this dissertation.

1.2. The alkamides

One class of plant-derived bioactive compounds are the alkamides, also referred to as
alkylamides. Alkamides are fatty acid amides which vary in structure and function. The structure
of a prototypical alkamide is shown in Fig. 1.1. Alkamides contain a fatty acid tail which can vary
in the number of carbons and the presence/absence of unsaturations, an amide group, and a variable
headgroup, such as an isobutyl group as shown in the alkamide dodeca-2E,4E-dienoic acid
isobutylamide below. This alkamide is also known as A15 (for its retention time from a silica gel

column) and will be the focus of this report (Figure 1.1).



Figure 1.1 B-E also shows the structure of several other alkamides that have been studied
extensively. Spilanthol, which is found in many plants, including several species in the Acmella
and Spilanthes genera and Heliopsis longipes, has 10 carbons and three double bonds in the fatty
acid region (Figure 1.1 B). Spilanthol has been used historically in several ways, with the most
common usage as an analgesic. Plants containing spilanthol are often called “toothache plants”
where the plant matter is chewed, causing a local numbing sensation in the mouth (Barbosa et al.,
2017). Pellitorine, found in plants from the Piper genus, is similar to A15 with double bonds
positioned at two and four carbons, an isobutyl headgroup, but with only a 10-carbon fatty acid
chain (Figure 1.1 C). Sanshool, shown here as hydroxy-a-sanshool, is found in plants in the
Zanthoxylum genus which includes the Szechuan peppercorn (Figure 1.1 D). Sanshool contains
12 carbons with multiple double bonds in the fatty acid chain and a hydroxyl group in the
headgroup. A number of analogs of sanshool have been identified with hydroxy-a-sanshool
believed to be the major bioactive compound in most plant extracts (Bautista et al., 2008). Also
shown in Figure 1.1 is capsaicin, which contains a nine carbon fatty acid, with a methyl group in
the fatty acid chain and an unsaturation at the sixth carbon (Figure 1.1 E). Capsaicin also contains
an aromatic head group, and through its ability to activate the TRPV-1 receptor, is responsible for

the painful sensation associated with “hot peppers” (O'Neill et al., 2012).
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Figure 1.1. General structure of alkamides. A. Dodeca-2E,4E-dienoic acid isobutylamide (A15)
is shown above as a representation for the general alkamide structure. Other alkamides from
Acmella/Spilanthes (spilanthol) (B), Piper nigrum (pellitorine) (C), Zanthoxylum (sanshool) (D),

and Capsicum (capsaicin) (E). Structures B-E taken from Boonen et al 2012.



1.3 Alkamides in Traditional Medicine

1.3.1 Echinacea. Alkamides occur in the flowering plants of the Echinacea genus, including the
species purpurea, angustifolia, and pallida (Stuart & Wills, 2000). Alkamide containing
Echinacea extracts have been used historically by a variety of peoples including numerous Native
American tribes for a wide range of purposes including treatment of infected wounds, rabies, or
painful conditions such as toothaches or snakebites (Kindscher, 2016). In 1805, Lewis and Clark
learned about the use of this medicinal plant on their famous expedition and mailed seeds and roots
to President Jefferson noting it as one of their important finds (Kindscher, 2016). Today,
Echinacea extracts are used to treat a variety of conditions- most often the common cold, but also
bronchitis, upper respiratory infections, and more generally as an anti-inflammatory (Parsons,
Cameron, Harris, & Smith, 2018; Percival, 2000). Recently, the role of the alkamides in the uses
for Echinacea have been studied by a number of labs.

Alkamides from Echinacea, such as A15, have been shown to act on a variety of cell types,
including many immune cells such as macrophages, mast cells, and T cells, and also neurons
(Gerhold & Bautista, 2010; Travis V. Gulledge et al., 2018; Todd et al., 2015). In immune cells,
A5 suppresses activation of pro-inflammatory responses such as production of pro-inflammatory
cytokines and chemokines, which may account for the reduction of symptoms when Echinacea is
used to treat respiratory infections (Todd et al., 2015). In addition to the modulation of important
inflammatory cytokines, alkamides from Echinacea are useful in inhibiting activation of mast cells
and T cells, which has been linked to the inhibition of calcium-dependent signaling (Travis V.
Gulledge et al., 2018). In neurons, alkamides have been shown to block ion channel activity
leading to analgesia, which further reinforces their use to relieve symptoms caused by the common

cold or respiratory infections (Gerhold & Bautista, 2010). Echinacea extracts have also been tested



successfully in clinical trials to treat eczema where a significant reduction in local inflammation

was noted (Olah et al., 2017).

1.3.2 Piper longum & Piper nigrum. Plants containing alkamides have not only been used by
Native Americans, but they have also been used by people around the globe in China, Mexico,
Brazil, Africa, Europe, and India (Elufioye, 2020). Piper species, such as the long pepper, have
been used in traditional medicine to treat a range of conditions such as chronic bronchitis, asthma,
viral infections, and diarrhea and their use first appeared in texts by Hippocrates (S. Kumar,
Kamboj, Suman, & Sharma, 2011). The plant Piper longum L., which contains 16 known
alkamides, has been used to treat stomach conditions in ancient Chinese medicine and in traditional
Indian medicine to treat abdominal pain and disease, among other diseases and disorders
(Abdubakiev, Li, Lu, Li, & Aisa, 2020; Yadav, Krishnan, & Vohora, 2020). Modern research has
shown that these alkamides can increase melanin content and tyrosinase activity in melanoma cells
(Abdubakiev et al., 2020) leading to suggestions that Piper extracts might produce an anti-
melanoma affect. In addition, pellitorine displayed a strong cytotoxic activity in a study with two
tumor-derived cell lines (Ee, Lim, Rahmani, Shaari, & Bong, 2010). Alkamides isolated from
Piper longum have also been shown to suppress NF-«xB activation and inhibit the activity of COX-
1 and -2 (Y. Liu, Yadev, Aggarwal, & Nair, 2010). Inhibition of prostaglandin synthesis was also
observed in ionophore stimulated leukocytes treated with pellitorine containing Piper extracts
(Stohr, Xiao, & Bauer, 2001). Finally, pellitorine has also been shown to be an effective
insecticidal agent against the housefly and Aedes aegypti mosquito (Miyakado, Nakayama,

Yoshioka, & Nakatani, 1979; Park, 2012).



1.3.3. Phyllanthus. Traditional healers in India have used the plant Phyllanthus fraternus to treat
liver disorders, mixing the plant into a paste or using plant extract (Ghatapanadi et al 2011).
Aqueous extracts from the plant, which are used by Indian healers, possess antioxidant activity
and can prevent the oxidation of lipids and proteins (Rios Gomez 2012). In isolated hepatocyte
mitochondria, the extracts are protective against alcohol induced oxidative stress (Sailaja & Setty,
2006). Phyllanthus sp. have also been used in Ghana as an anti-malarial treatment and two
alkamides E,E-2,4-octadienamide and E,Z-2,4-decadienamide (both of which lack the alkyl

residue on the amine group) are thought to contribute to it’s anti-malarial activity (Sittie et al 1998).

1.3.4 Spilanthes. In Mexico, alkamide containing Spilanthes plants have been used as insecticides
as well as analgesics (Molinatorres, Salgado-Garciglia, Ramirez-Chavez, & Del Rio, 1996). In
Africa and India, Spilanthes acmella is used as an medication to treat malaria (Spelman, Depoix,
McCray, Mouray, & Grellier, 2011). In regions of Brazil, extracts from these plants have also been
used as a female aphrodisiac (de Souza et al., 2019). Spilanthol is the predominant alkamide found
in Spilanthes sp. with several other alkamides reported in lesser quantities (Paulraj, Govindarajan,
& Palpu, 2013). Commercial preparations of spilanthol are as available for use as oral analgesics
and to provide a long-lasting mint flavor in toothpastes (Barbosa et al., 2017). In animal models,
analgesia was demonstrated using a Spilanthes extract and was found to reduce hind paw edema
and acetic acid induced tail flick in a dose dependent manner (Dubey, Maity, Singh, Saraf, & Saha,
2013). Spilanthol displays structural similarities to capsaicin (Fig 1.1), the ligand for the
nociceptor transient receptor potential (TRP) channel TRPV 1, which may account for its analgesic
properties (Rios and Olivo 2014). Isolated spilanthol also displays immunomodulatory properties

in vitro causing dose dependent reduction in macrophage activation and nitric oxide (NO)



production, as well as inhibition of cytokine production and NF-«xB activation (Wu et al., 2008).
Other uses for spilanthol have been investigated including as an antipyretic, antimicrobial,
antifungal, diuretic, and vasorelaxant (Prachayasittikul, Prachayasittikul, Ruchirawat, &

Prachayasittikul, 2013).

1.3.5. Zanthoxylum clava-herculis. Zanthoxylum clava-herculis, also known as the toothache
tree, Hercules’ club, or prickly ash, has been used as a medical plant by Native Americans. In East
Asia this plant is used as an analgesic, an antimicrobial, and for the treatment of kidney and liver
disorders (Pawlus et al.; Steinberg, Satyal, & Setzer, 2017). For example, extracts from the bark
of Zanthoxylum display antimicrobial activity against Gram negative and Gram positive bacteria,
and yeast in vitro (Pilna et al., 2015). Several alkamides have been isolated from Zanthoxylum
clava-herculis including a-sanshool, and the presence of these molecules may explain the activities
of'this plant (Pawlus et al.) The alkamides in Zanthoxylum clava-herculis extracts have been shown
to bind cannabinoid receptors, perhaps suggesting the mechanism of analgesic action (Ciesla &

Moaddel, 2016).

1.3.6. Other plants. Alkamides have been identified from a variety of other plants representing
over 30 different plant families (Rios 2012). A few come from the Solanaceae tamily such as
Capsicum annuum L. which has been used to treat otitis, infections, rheumatism, and headache
(Boonen et al., 2012). Alkamides have also been identified in another plant from the same family,
Nicotiana tabacum L., which is used in Africa to treat convulsions and as a stimulant (Boonen et
al., 2012). Extracts of Ricinus communis L., which is a member of the Euphorbiaceae family,

contains alkamides and is used by Mediterranean and African cultures to treat respiratory illness,



rheumatic pain, and acne (Leporatti & Ghedira, 2009). In summary, plants containing alkamides
have been used as medicines by people from around the world. Many of these plants are still found

in use today, although the role of alkamides in these activities has not been thoroughly defined.

1.4 Drug Interactions. There have been concerns expressed that alkamides may interact with
other medications and create toxic effects. These concerns are based on reports that alkamide
containing extracts from Echinacea interact with cytochrome P450 enzymes (M. Modarai,
Gertsch, Suter, Heinrich, & Kortenkamp, 2007). Cytochrome P450 is primarily a liver enzyme and
the main regulator of drug and xenobiotic metabolism (McDonnell & Dang, 2013). Initially, pure
alkamides were shown to weakly inhibit various cytochrome P450 isoforms in vitro (M. Modarai
et al., 2007). Subsequently, it was found that while enzyme activity could be suppressed to a small
degree, there was no change in the levels of P450 mRNA. Since the activity of this enzyme is
largely controlled transcriptionally, the authors concluded that Echinacea preparations were
unlikely to cause interactions with additional drugs (Maryam Modarai, Silva, Suter, Heinrich, &
Kortenkamp, 2010). Of additional concern is the finding that when liver microsomes are incubated
with Echinacea alkamides, the alkamides were metabolized to a novel class of carboxylic acid and
hydroxylated metabolites which were less potent immunosuppressors than unmetabolized
alkamides (Nadja B. Cech et al., 2006). Cytochrome P450 enzymes may therefore limit the

effectiveness of alkamides in vivo.



1.5 Alkamide Cellular Activities
1.5.1 Macrophages

Macrophages are critical innate immune cells involved in organ homeostasis and defense
against microbes (Lavin, Mortha, Rahman, & Merad, 2015). Excess macrophage activation can,
however, result in pathophysiological damage (Arango Duque & Descoteaux, 2014) and,
therefore, it is necessary to identify immunomodulatory compounds which can dampen
macrophage responses. Alkamides have been shown to display this activity in vitro. For example,
alkamides have been shown to inhibit LPS-induced TNF-a production by human
monocytes/macrophages (Juerg Gertsch, Schoop, Kuenzle, & Suter, 2004). The authors propose
that this effect is mediated by alkamides binding to type 2 cannabinoid receptors (CB2) and
altering downstream signaling via cAMP, p38/MAPK, and JNK molecules (Juerg Gertsch et al.,
2004). CB2 is highly expressed on innate and adaptive immune cells, with the capability to down-
regulate cellular activity, and has been proposed as an important therapeutic target (Turcotte,
Blanchet, Laviolette, & Flamand, 2016). Subsequently, it was shown that the alkamides dodeca-
2E 4E,87,10Z-tetraenoic acid isobutylamide and dodeca-2E,4E-dienoic acid isobutylamide (A15)
bind the CB2 receptor directly, with a higher affinity than endogenous cannabinoids, and that
binding was associated with increased intracellular calcium level and IL-6 expression. However,
contradictory to previous work, it was shown that the effect on TNF-a, IL-1p, and IL-12p70
expression was independent of CB2 binding (Raduner et al., 2006). This could illustrate the
presence of multiple cellular targets of alkamides resulting in inhibition of both CB2-dependent
and CB2-independent pathways leading to modulation of cytokine production. Taken together,

these results demonstrate that alkamides are able to directly bind an important cell surface receptor,



with known anti-inflammatory activity, as well as inhibit pro-inflammatory cytokine production
through alternative, undefined mechanisms.

Alkamide effects on macrophages have also been studied during viral infection. During
infection with influenza A, macrophages are key in elimination of the virus and can also contribute
to the symptoms and pathology of influenza A by causing overproduction of inflammatory
mediators (Cline, Beck, & Bianchini, 2017). It was found that alkamides undeca-27,4E-diene-
8,10-diynic acid isobutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, dodeca-
2E.,4E-dienoic acid isobutylamide (A15), and undeca-2E-ene-8,10-diynoic acid isobutylamide
from Echinacea were able to inhibit influenza-induced TNF-a and prostaglandin production, with
dodeca-2E,4E-dienoic acid isobutylamide (A 15) also strongly inhibiting chemokine CCL2, CCL3,
and CCLS5 production (N. B. Cech et al., 2010). The inhibition of these mediators may explain the
relief from symptoms seen in certain individuals when Echinacea extracts are used to treat

influenza A.

1.5.2 T cells

Thymus-derived lymphocytes, or T cells, are a type of lymphocyte whose activity is critical
to the immune response to infection, allergic reactions, and cancer (B. V. Kumar, Connors, &
Farber, 2018). Alkamides have been shown to inhibit IL-2 production in a dose dependent-manner
from Jurkat T cells and the effects were independent of cytotoxicity (Sasagawa, Cech, Gray, Elmer,
& Wenner, 2006). IL-2 production is an important signaling molecule in T cell function and
differentiation and decreasing IL-2 production may limit T cell activation and proliferation
reducing the adaptive immune response. On the other hand, reducing IL-2 production in certain

situations may have a beneficial effect by decreasing production of pro-inflammatory cytokines

10



(Ross & Cantrell, 2018). In support of this hypothesis, mitogen-stimulated splenocytes harvested
from mice treated with Echinacea, produced significantly less IL-1p and TNF-a (Zhai et al., 2007).
These mice also showed enhanced levels of T cell proliferation, both mitogen-induced and in the
absence of mitogens. Stimulation of T cell proliferation was also observed using a commercial
preparation of Echinacea augustifolia in which murine T cells were stimulated with anti-CD3 and
the commercial Echinacea product (Morazzoni et al., 2005). Finally, T cell calcium responses
were also found to be inhibited follow ionophore stimulation upon treatment with dodeca-2E,4E-

dienoic acid isobutylamide (A15) (T. V. Gulledge et al., 2018).

1.5.3 Mast Cells

Alkamides have been shown to be biologically active against mast cells. Mast cells are
myeloid derived immune cells with key roles in regulation of vascular homeostasis, immune
responses, and angiogenesis and have important functions in diseases such as allergy, asthma,
cardiovascular disorders, and gastrointestinal diseases (Krystel-Whittemore, Dileepan, & Wood,
2016). Alkamide A15 was demonstrated to inhibit mast cell degranulation, histamine release, and
calcium influx in both primary bone marrow mononuclear cells and the mast cell-like line RBL-
2H3 (T. V. Gulledge et al., 2018). Because A15 was able to block granule release following
ionophore stimulation, as well as FCeRI crosslinking, A15 must act on molecular targets regulating
both stimulation pathways. Additionally, A15 inhibited TNF-a and prostaglandin E2 production
following ionophore stimulation. In an atopic dermatitis model, mast cell tissue infiltration was
diminished following treatment with spilanthol (Huang, Huang, Hu, Peng, & Wu, 2019). In vivo,
oral administration of N-(2-hydroxyethyl) hexadecanamide downregulated mast cell activation

and pathology associated with mast cell activation such as edema (Mazzari, Canella, Petrelli,
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Marcolongo, & Leon, 1996). In an asthmatic model using OV A-sensitized guinea pigs, Echinacea
treated animals displayed a significant reduction in exhaled nitric oxide which has been shown to

be partially produced by mast cells in asthmatic disease (Sutovska et al., 2015).

1.5.4 Neurons

Another popular therapeutic use for alkamides is as pain relievers. Numerous groups have
now reported on the analgesic effects of alkamides in vitro and in vivo. There are multiple types
of pain receptors, with different specific receptors mediating mechanical and thermal pain. The
neurons bearing these receptors are categorized as C-fibers, which are unmyelinated and small in
diameter, and A-fibers, which are myelinated and quick to respond to stimuli mediating “initial
fast-onset pain” (Dubin & Patapoutian, 2010). Using the alkamide hydroxy-a-sanshool, from the
Zanthoxylum plant, a selective inhibition of mechanical pain via inhibition of voltage-gated sodium
channels on Ad mechanonociceptors was observed in mice under both naive and inflammatory
conditions, with no influence on thermal pain (Tsunozaki et al., 2013). Hydroxy-a-sanshool also
altered activity levels of cool-sensitive fibers and cold nociceptors in extracellular nerve recording
from the lingual nerve in rats (Bryant & Mezine, 1999). Sanshool was also found to target transient
receptor potential (TRP) channels TRPV1 and TRPA1 (Menozzi-Smarrito, Riera, Munari, Le
Coutre, & Robert, 2009). Alkamides from Acmella oleracea and a synthetic isobutylalkylamide
showed long lasting in vivo analgesic efficacy when mice were pretreated with the alkamide 15
minutes prior to carrageenan injection to induce pain (Dallazen et al., 2020). Alkamide A15 was
demonstrated to be biologically active in the central nervous system in mice following
intraperitoneal injection and dependent on interaction with the voltage-gated sodium channel,

particularly Nav1.8 (Gertsch 2008a). TRPV1, a non-specific cation channel that is the receptor for
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capsaicin and found on neurons, has been shown to be sensitive to isobutylalkylamides (Fan Yang
Jie, 2017). Using in vitro dorsal root ganglion cultures, neurons responded to the application of a
synthetic isobutylalkylamide with an increase in intracellular calcium in a manner similar to
activation by capsaicin (Tulleuda et al., 2011). This supports the analgesic effects observed with
alkamides due to TRPV1 repeat activation of the channel leading to desensitization and lack of
responsiveness (Jara-Oseguera 2010). Alkamides, such as pellitorine, also directly inhibit TRPV1
activation by acting as an antagonist which additionally explains the commonly observed analgesic
effects (Olah et al., 2017). This points to dual actions of alkamides as both TRPV1 agonists and
antagonists, which can both lead to channel inactivation and pain relief. Interestingly, low dose
synthetic isobuytlalkylamide administration was shown the be anti-nociceptive, whereas high
doses induced nociceptive behaviors in mice, with the authors suggesting the anti-nociceptive
effects arising from blocking of ion channels (Dallazen et al., 2018). Further, lingual application
of synthetic isobutylalkylamide activated mechanosensitive neurons through modulation of
potassium channels in human testing and causes a tingling sensation, repeat exposure to the
isobutylalkylamide causes desensitization of the channels and lessened tingling (Albin & Simons,

2010). This supports inhibition of neuron activities through desensitization of ion channels.

1.5.5 Alkamide transport across membrane barriers

Understanding the molecular mechanisms of alkamide action is crucial for the development
of alkamide-based therapies. One major hurdle in drug development is permeability of the drug
across cell monolayers and membranes. Transport of alkamides across cell barriers has been
studied, particularly across the gut membrane because a major traditional use of alkamide

containing plants is through ingestion. Permeability across the blood brain barrier is “the single
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most important factor” in drug development and permeability of alkamides may allow for a novel
class of analgesics to be developed (Pardridge, 2005). The question of alkamide permeability was
studied by investigating the permeability of the alkamide pellitorine using a Caco-2 cell
monolayer, and two in vivo models evaluating the gut and blood brain barrier tissues following
oral and intravenous administration, respectively. It was found that in all three instances,
pellitorine was able to cross cellular barriers and be detected (Lieselotte Veryser et al., 2016). In
addition to pellitorine, spilanthol was found to be highly effective at crossing the gut monolayer
and entering circulation along with high blood brain barrier permeability (L. Veryser et al., 2016).
while alkamides from Echinacea have been shown to cross a Caco-2 cell monolayer (Matthias et
al., 2004). Variability in efficiency of alkamide transport across the blood-brain barrier has also
been noted, and proposed as an explanation for differences in efficacy in vivo (Qiang et al., 2011).
Although each of these studies has found alkamide transport across cellular barriers and supports
the development of systemic and neurotherapeutics, none of these studies examined the

mechanism of alkamide transport across cellular barriers or alkamide entry into cells.

1.5.6 Dietary and nutritional effects of alkamides

Alkamides have be tested as therapeutics for dietary and nutritional disease, particularly in
diabetes. For example, daily oral administration of alkamides to diabetic rats was shown to
significantly decrease fasting blood glucose level, and total liver cholesterol, and to relieve organ
enlargement through activation of the AMPK signaling pathway which reduced fatty acid
synthesis (Ren, Zhu, & Kan, 2017). Additionally, alkamides from Zanthoxylum were found to
cause activation of the mTOR pathway in diabetic rats and ameliorate their protein metabolism

disorder (Ren, Zhu, Xia, et al., 2017). Alkamides from the same plant also increased glucose
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metabolism preventing hyperglycemia and pancreatic dysfunction through modulation of the main
enzymes regulating gluconeogenesis as well as improved amino acid metabolism (Wei et al., 2020;

You et al., 2015).

1.5.7 Other cellular and molecular activities

Alkamides have also been investigated as treatments for cancer. For example, alkamide
derivatives of bexarotene were able to induce apoptosis and prevent cell migration and
proliferation in triple-negative breast cancer cells, while showing no cytotoxic effects against
normal mammary epithelial cells (Chen, Long, Nguyen, Kumar, & Lee, 2018). In addition, a panel
of alkamides with varying structure and molecular weights were able to induce differentiation of
human leukemia cells to granulocyte-like cells (Harpalani, Snyder, Subramanyam, Egorin, &
Callery, 1993).

Alkamides have also been shown to be antimicrobial and potentially useful in farming and
agricultural industry. Alkamides from Heliopsis longipes roots showed significant inhibition of
against several fungal and bacterial species including Saccharomyces cerevisiae, Escherichia coli,
and Bacillus subtilis (Molinatorres et al., 1996). Alkamides may also be useful as fertilizers in the
agricultural industry with recent research showing that alkamides could be useful as plant growth
regulators due to their ability to influence humic acid bioactivity that can improve soil properties

(Y. Lietal., 2019; Zandonadi et al., 2019).

1.6. Structure & function studies
1.6.1 Fatty acid chain saturation. A number of labs have asked how the structure of various

alkamides contributes to their activities. For example, the importance of double bonds in the fatty
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acid chain was evaluated by measuring inhibition of cytokine production from LPS-stimulated
RAW 264.7 macrophage-like cells. Similar levels of inhibition of TNF-o was observed with
synthetic versions of A15 which all have 12-carbon tails with zero, one, or two double bonds
indicating that unsaturated bonds are not required for inhibitory effect (Moazami, Gulledge, Laster,
& Pierce, 2015). Further, 11-12 carbon isobutylamides containing a double bond at position C2
were found to inhibit chemically induced TNF-a production from human blood, RAW 264.7
macrophage-like cells, and other cell lines (Boonen et al., 2012; N. B. Cech et al., 2010).

The presence of multiple alkyne groups in the fatty acid chain was also investigated.
Alkamides with multiple alkyne groups inhibited the activity COX enzymes, and at higher levels,
inhibited prostaglandin E> production (N. B. Cech et al., 2010; Clifford, Nair, Rana, & Dewitt,
2002). Interaction with the endocannabinoid receptor CB2 has been shown to occur with
unsaturated alkamides with 11-14 carbons, but there was no affinity observed for all-trans
tetradeca-2E,4E,8E,10E-tetraenoic acid IBA, indicating specific structural requirements for
alkamide receptor interaction (Boonen et al., 2012). One group showed alkamides required a
double bond at the C2 position for interaction with CB2 receptors with a second double bond at
C4 increasing affinity, but not required for receptor interaction (Boonen et al., 2012; Jiirg Gertsch,
2008). Finally, a possible role for double bonds came from studies of the endocannabinoids where
it was noted that the alkamide N-benzyl-(9Z,12Z)-octadecadienamide double bonds closely mimic
those in endocannabinoid substrates (Hajdu et al., 2014).

The number and placement of double bonds has also been shown to impact the ability of
alkamides to cross cell barriers. Using a Caco-2 cell monolayer, spilanthol and pellitorine, both 10
carbon alkamides but variable in position and number of double bonds, were tested for their ability

to cross the monolayer. Spilanthol transport was significantly better than was the transport of
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pellitorine, suggesting that the placement and number of double bonds can affect transport
(Veryser 2014). A systematic analysis of bond number and position, and how they affect transport
has not been performed.

Positioning of double bonds in spilanthol analogs between carbons two and five altered the
physiological activity, with most activity resulting from double bonds at positions two and four
(Ley, Krammer, Looft, Reinders, & Bertram, 2006). The necessity of double bonds in the fatty
acid chain was also evaluated for the activity of a-hydroxysanshool. Unsaturations were found to
be required for interaction with TRPA1, but not TRPV1, perhaps indicating that different regions

of the alkamide interact with the two receptors (Menozzi-Smarrito et al., 2009).

1.6.2 Fatty acid chain length. The length of the fatty acid chain was investigated using synthetic
variants of A15 in an LPS activated RAW 264.7 cell model system. Alkamides with fatty acid tails
shorter than 12 carbons did not significantly inhibit LPS-stimulated TNF-a cytokine production,
indicating that longer fatty acid chains are required for this activity (Moazami et al., 2015).
Alkamide fatty acid chain length was also evaluated in mast cells with alkamide analogs
of varying chain lengths tested for their ability to inhibit intracellular calcium influx and mast cell
degranulation. It was found that the shortest (four carbon) and longest (15 carbon) analogs were
poor inhibitors of both degranulation and intracellular calcium influx (Collette 2017).
Interestingly, there seemed to be differences in the optimum chain length and maximum inhibition
for calcium influx and degranulation, perhaps suggesting different cellular targets responsible for
inhibitory effects. For degranulation, the optimum chain length was eight carbons and for

inhibition of calcium influx it was 12 carbons.
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1.6.3. Head group. The head group was also investigated using LPS-stimulated RAW 264.7 cells
and results indicated that head group substitutions were well tolerated with biological activity
retained with most substitutions (Moazami et al., 2015). Addition of a carbon into the isobutyl
head group did not significantly affect cytokine inhibition, and replacement of the isobutyl group
with a benzyl group or six-carbon alkyl chain lessened inhibition, but the molecule was still
biologically active (Moazami et al., 2015). Finally, altering of the amide functional group through
addition of a thiazole group rendered the molecule inactive, thus demonstrating the importance of
the amide (Moazami et al., 2015). In other studies using alkamides with benzyl headgroups, some
showed affinity for CB2 receptors, which had been previous reported for isobutyl headgroups,
with most activity seeming to come from the presence of an alkyl chain with 2 double bonds, rather

than the identity of the headgroup (Boonen et al., 2012).

1.7 Summary

Significant progress has been made into understanding alkamide activity and use as a
therapeutic, although many questions regarding the molecular mechanism of alkamide action
remain unanswered. At a cellular level, only a few specific molecular targets of alkamides have
been defined. It is also unclear if targets for alkamide activity are all proteins, and if those proteins
share common motifs and locations on or in cells. /n vivo, the metabolism and movement of
alkamides has not been fully defined nor has it been determined whether the activities of alkamides
observed during their traditional use arise from effects on specific cells, organs, and tissues. In
this report we focus on a major unresolved question regarding alkamide activity-- do alkamides
gain entry into cells? To address this question, we have used confocal microscopy to study the

association of a novel fluorescein-tagged alkamide with RAW 264.7 macrophage-like cells. Our
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experiments reveal that this alkamide does indeed enter cells, through a form of clathrin-dependent
endocytosis and likely localizes within Rab7" late-stage endosomes. We believe, therefore, that
the constellation of targets for alkamide activity grows dramatically as does their possible

mechanisms of action.
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CHAPTER 2: METHODS

2.1 Reagents

Lipopolysaccharide (Salmonella Minnesota R595) was purchased from List Biological
Laboratories, Campbell, CA, USA. Texas Red-dextran 3000 MW (cat. D3328), cytochalasin D,
and ProLong Gold Antifade Mountant were purchased from Thermo Fisher Scientific, Waltham,
MA, USA. Tumor necrosis factor enzyme-linked immunosorbent assay was purchased from
eBioscience, San Diego, CA, USA, and 4% paraformaldehyde in phosphate buffered saline was
purchased from Affymetrix, Cleveland, OH, USA. Triton X-100 was purchased from Sigma-
Aldrich, St. Louis, MO, USA. The endosomal marker antibody kit was purchased from Cell
Signaling Technology (cat. No. 12666) from Danvers, MA, USA. Deuterated solvents (containing
0.03 to 0.05 vol % tetramethylsilane, TMS) were purchased from Cambridge Isotope Laboratories,
Tewksbury, MA, USA. All other reagents were purchased from commercial chemical companies

and used without further purification, unless otherwise stated.

2.2 Cell culture

All cell lines (RAW 264.7, Vero, and RBL-2H3) were purchased from the American Type
Culture Collection (Manassas, VA, USA). Fetal bovine serum was purchased from Gemini
BioProducts, West Sacromento, CA, USA, with non-essential amino acids from GE Life Sciences,
Marlborough, MA, USA, and sodium pyruvate was purchased from Mediatech, Inc., Manassas,
VA, USA. All other cell culture reagents and plasticware were purchased from Genesee Scientific,
Raleigh, NC. Murine RAW 264.7 macrophage-like cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 4mM L-glutamine, 4.5g/L. glucose, and 1.5g/L sodium

pyruvate and supplemented with 10% fetal bovine serum at 37°C and 5% CO,. Vero cells were
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grown in Minimum Essential Medium Eagle with Earle’s salts and 4mM L-glutamine,
supplemented with 6% fetal bovine serum at 37°C and 5% CO,. RBL-2H3 cells were grown in
Minimum Essential Medium Eagle with 2mM L-glutamine, 1.5gL/ sodium bicarbonate, mM non-
essential amino acids, 1mM sodium pyruvate, and 15% heat-inactivated fetal bovine serum at 37°C

and 5% COas.

2.3 Synthesis and analysis of the FITC-alkamide (performed in the lab of Dr. Joshua Pierce
by You-Chen Lin)

2.3.1 Synthesis of FITC-Alk
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Figure 2.1. Overview of the synthesis of FITC-AIk. To make the FITC-Alk molecule, (2E,4E)-
dodeca-2,4-dienal was used as a starting compound and crud fatty acid 1 was produced. Then crude
fatty acid 2 was synthesized to which a fluorescein (FITC) molecule was substituted for the

headgroup to generate the FITC-Alk molecule.
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(2E,4E)-Dodeca-2,4-dienoic acid (1): To a solution of the (2E,4E)-dodeca-2,4-dienal (0.3
g, 1.50 mmol, 1.0 equiv) and amylene (1.05 g, 14.98 mmol, 10.0 equiv) in t-BuOH/THF 1:1 (6
mL) at 0 °C was added a solution of sodium chlorite (0.34 g, 3.00 mmol, 2.0 equiv) and sodium
dihydrogen phosphate (0.36 g, 3.00 mmol, 2.0 equiv) in water (2 mL). The reaction was allowed
to warm to 25°C. After 20 h, the mixture was poured into water (10 mL) and diluted with EtOAc
(3 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL) and the organic layers were
combined, dried (Na2S04) and concentrated under reduced pressure to afford quantitative crude
fatty acid 1, which was used in the subsequent step without further purification.

5-(3-(2-((2E,4E)-Dodeca-2,4-dienamido)ethyl)thioureido)-2-(6-hydroxy-3-0x0-9,9a-
dihydro-3H-xanthen-9-yl)benzoic acid (3): To a solution of crude fatty acid 1 (0.196 g, 1.00 mmol,
1.0 equiv) in CH2CI2 (10 mL) was added Et;N (0.404 g, 4.00 mmol, 4.0 equiv) and T3P® (0.762
g, 1.20 mmol, 1.2 equiv) at 25°C. After 15 min, ethylenediamine (0.067 g, 1.10 mmol, 1.1 equiv)
was added and the mixture was stirred for 3 h then filtered off the solid, the filtrate was evaporated
under reduced pressure. The crude residue was dissolved in EtOAc (10 mL), and the organic layer
was washed with brine (5 mL) and water (5 mL), dried (Na,SO?) and concentrated under reduced
pressure to afford crude amide 2, which was used in the subsequent step without further
purification.

The crude amide 2 (34.2 mg, 0.14 mmol, 6.2 equiv) residue was dissolved in sat. aq.
NaHCO3/MeCN/MeOH 2.5:1:1 (4.5 mL) at 25 °C and was added fluorescein isothiocyanate (10.0
mg, 0.23 mmol, 1.0 equiv) in the absence of light. After 5 h, the reaction was quenched (sat. aq.
NH*Cl, 5 mL), the aqueous layer was extracted with EtOAc (3 x 10 mL) and the organic layers

were combined, dried (Na>SO*) and concentrated under reduced pressure. The crude residue was
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purified by column chromatography (SiO2, gradient elution: 0% to 18% MeOH in CH>CI?) to

afford the FITC-alkamide 3 (10.9 mg, 75% over three steps).

2.3.2 Synthesis of FITC-A-12, FITC-A-8, and FITC-A-4

Synthesis of FITC-A-12, FITC-A-8, and FITC-A-4 was carried out in a similar manner to
that described above in the synthesis of FITC-Alk. The overview of the synthesis of FITC-A-12
and FITC-A-8 molecules is outlined in Figure 2.2 A, and the overview of the synthesis of FITC-

A-4 is outlined in Figure 2.2 B.
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Figure 2.2. Overview of the synthesis of FITC-Alk-12, FITC-A-8, and FITC-A-4. (A) FITC-
A-12 and FITC-A-8 were synthesized by obtaining the desired alkamide structure from a
carboxylic acid precursor and attaching the FITC molecule to the headgroup. (B) FITC-A-4 was
synthesized by adding the FITC molecule to an amine molecule and reacting with an acid chloride

molecule.
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2.4 Confocal microscopy

RAW 264.7 cells were plated in 8-well Nunc Lab-Tek II Chamber Slides (Thermo Fisher
Scientific, Waltham, MA, USA) at a density of 5x10* cells per well. RBL-2H3 mast cell-like cell
line and Vero kidney epithelial cells were seeded at a density of 7.5 x 10* cells per well. For most
experiments, unless otherwise stated, cells were stained with FITC-Alk for 15 min, washed 3 times
with sterile phosphate buffered saline solution (PBS), fixed with cold 4% paraformaldehyde in
PBS for 10 minutes at room temperature, and washed 3 times with sterile PBS. The slides were
then mounted with a #1.5 thickness coverslip, sealed with clear nail polish, and shielded from light
until visualization.

For methanol fixed cells, seeded cells were fixed with chilled 100% methanol for 5 minutes
at room temperature, washed 3 times with sterile PBS, stained and mounted as described above.
Cells fixed prior to staining with paraformaldehyde were fixed with 4% paraformaldehyde in PBS
for 10 minutes at room temperature, washed 3 times with sterile PBS, stained with FITC-Alk,
washed again 3 times with sterile PBS, then mounted as described above.

Endoplasmic reticulum staining cells were seeded and fixed with 4% paraformaldehyde
for 10 minutes at room temperature. Cells were then washed 3 times with sterile PBS and
permeablized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 30 minutes. Cells
were washed 3 times with sterile PBS and stained with 0.1mg/mL Concanavalin A, Alexa Fluor
594 Conjugate (Thermo Fisher Scientific, Waltham, MA, USA) diluted in 0.1M sodium
bicarbonate (pH 8.3) buffer for 45 minutes. Cells were then washed 3 times with sterile PBS and
mounted as described above.

Cytochalasin D (CytD) experiments were conducted by treating RAW 264.7 cells with

2uM CytD for 1 hr at 37°C and 5% CO?. Cells were then stained with FITC-Alk and fixed and
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stained with 1 pg/mL rhodamine-phalloidin in 4% paraformaldehyde in PBS for 10 min at room
temperature. Cells were then washed, mounted, and visualized.

For double labeling with FITC-Alk and Texas Red-dextran, RAW 264.7 cells were plated
as described above. Twenty-four hours post plating, cells were treated with 40 uM FITC-Alk and
40 uM or 400 uM Texas Red-dextran 3000 MW in DMEM for 15 min at 37°C and 5% COx. Cells
were washed, fixed with 4% paraformaldehyde, mounted, and imaged as described above.

Endosome inhibition assays were conducted by pre-treating cells with 450mM sucrose
(Sigma-Aldrich, St. Louis, MO, USA) or Pitstop 2 (Sigma-Aldrich, St. Louis, MO, USA) for 15
minutes. Cells were then washed and stained with FITC-Alk or Texas Red-dextran for 15 minutes
and mounted as described above.

For experiments with endosomal pathway antibodies, cells were plated, washed, and fixed
in paraformaldehyde as above. Cells were then permeabilized using PBS containing 0.1% Triton
X-100 and blocked with 1% BSA, 22.25 mg/mL glycine in PBST. Primary antibodies were added
in 1% BSA PBST overnight at 4 oC at the following dilutions; caveolin-1 (1:400), clathrin heavy
chain (1:50), early endosome antigen-1 (1:100), Rab7 (1:100), and Rab11 (1:100). Cells were
washed and Alexa Fluor-488 labeled goat a-rabbit IgG (Molecular Probes, Eugene, OR, USA)
secondary antibody was added for 1 hour at room temperature in the dark, washed and mounted
as described above.

Cells were visualized using a C-Apochromat 40x water immersion objective lens on a Zeiss
LSM 880 confocal microscope using 405 nm, 488 nm, and 561 nm excitation lasers. Light was
collected at the 411-484 nm (DAPI), 490-552 nm (FITC/AlexaFluor 488), and 560-678 (Texas

Red/rhodamine phalloidin/AlexaFluor 594) range depending on the experiment.
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Corrected total cell fluorescence (CTCF) was measured in three biological replicates only
in the experimental channel (e.g. FITC channel) in ImageJ. CTCF was calculated from the
following formula (integrated density — (area * mean fluorescence of the background)). Ten cells
were selected, calculating the integrated data via ImageJ and then calculating the mean background
fluorescence from 10 random background readings. The area of the cell was multiplied by the
mean fluorescence of the background readings, and the product was subtracted from the product
of the area and the mean grey value (integrated density) of each cell which were then averaged
together for each biological replicate. Results are presented as a mean of 3 (n=3) biological

replicates + SEM.

2.5 Alkamide structure:function endocytosis assay

Alkamide structure function endocytosis assay was done by plating 1 x 10° RAW 264.7
cells in black, clear bottom 96-well plates (Genesee, San Diego, CA, USA). Cells were treated
with 50 uM FITC-Alk, FITC-Alk-12, FITC-Alk-8, or FITC-Alk-4 for 15 minutes at 37°C and 5%
COas. Cells were then washed three times with sterile PBS and fluorescence was measured using a
Synergy 2 HT microplate reader with 485/20 nm excitation and 528/20 nm emission filters
(BioTek Instruments, Inc, Winooski, VT). Results are presented as a mean of 3 (n=3) biological

replicates + SEM.

2.6 Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 (GraphPad, San Diego, CA,
USA). Statistical significance was calculated using a one-way ANOVA with Tukey posttest with

a 95% confidence interval with p<0.05.
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CHAPTER 3: RESULTS

3.1 Synthesis of the FITC-Alk and biological activity (synthesis performed in the lab of Dr.
Joshua Pierce by You-Chen Lin and biological activity was tested by Dr. Travis Gulledge)

As the first step in these experiments, a fluorescent alkamide analog was produced by
replacing the head group of the naturally occurring alkamide from Echinacea purpurea (2E,4E)-
N- isobutyldodeca-2,4-dienamide with fluorescein isothiocyanate (FITC) (Figure 3.1 A) since
Moazami et al. (Moazami et al., 2015) showed that the isobutyl head group was not critical for the
anti-inflammatory activity of this alkamide. We evaluated the biological activity of this FITC
labeled alkamide (FITC-Alk) molecule by testing its ability to inhibit production of TNF-o from
LPS activated macrophages compared to the unlabeled alkamide. We found that at concentrations
of 50 and 100 uM, FITC-Alk retained biological activity comparable to the control (Figure 3.1
B). In contrast we did not find significant inhibition of TNF-a production with FITC itself (Figure

3.1 B).
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Figure 3.1. The structure and biological activity of FITC-Alk. Structures of the alkamide
(2E,4E)-N-isobutyldodeca-2,4-dienamide (Alk) and the fluorescent alkamide analog (FITC-Alk)
where the isobutyl group has been replaced with fluorescein (FITC) (A). RAW 264.7 macrophage-
like cells were activated with 1 uM LPS overnight in the presence of alkamide, FITC-alk, or FITC
alone. Twenty-four hours later, TNF-a production was measured by ELISA in three independent

trials (B).
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3.2 Effects of fixation reagent and processing on alkamide staining

In order to study the uptake of FITC-Alk using confocal microscopy we first sought to
optimize our fixation procedure. A series of experiments were performed with different fixatives
as well as varying the order of fixation and staining. When live RAW 264.7 cells were stained with
FITC-Alk and then fixed with 4% paraformaldehyde large bright puncta and smaller diffuse
pinpoint staining was observed (Figure 3.2 A). This pattern strongly resembled the pattern seen
with live cell staining although the fluorescence faded extremely rapidly (data not shown) which
did not allow us to produce a publishable image and thus necessitating the need for a fixation step.
In contrast, fixing cells with 4% paraformaldehyde prior to staining with FITC-Alk resulted in a
loss of the large bright puncta with diffuse staining throughout the cell including the nucleus
(Figure 3.2 B). We concluded from these studies that paraformaldehyde fixation after FITC-Alk
treatment likely preserved the normal biological process responsible for alkamide uptake, while
fixation prior to staining, inactivated this process and produced artifactual results. We also tested
methanol as a fixative prior to staining which is known to dehydrate cells and solubilize their lipid
constituent (Hobro & Smith, 2017). With methanol, a bright non-specific stain pattern was
observed throughout the cell suggesting, again not resembling the pattern seen with live cells, and
suggesting that lipids play a role in the staining pattern observed with paraformaldehyde fixation
subsequent to FITC-Alk treatment (Figure 3.2 C). Similarly, we found that detergent
permeabilization prior to fixation also altered the staining pattern shown in Figure 3.2 A. When
cells were stained, fixed with 4% paraformaldehyde, then permeabilized with 0.1% Triton X-100
in PBS there was a total loss of FITC-alkylamide staining (Figure 3.2 D). Triton, like methanol,
also disrupts lipids in cells, further indicating a role for lipid integrity in puncta formation (Faulk

& Badylak, 2014). Because we were unable to use detergent permeabilization and preserve
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staining with FITC-Alk, we were unable to perform co-staining experiments with antibodies where

membrane permeabilization is required.

30



Stain, fix (4%PFA) Fix (4%PFA), stain

Fix (methanol), stain Stain, fix (4% PFA), permeabilize

Figure 3.2. The effects of different fixatives and order of fixation on FITC-AIk staining. RAW
264.7 cells were stained live with FITC-Alk and fixed with 4% paraformaldehyde (A). Cells were
fixed with paraformaldehyde (B) or methanol (C) prior to staining with FITC-Alk. Cells were
stained with FITC-Alk, fixed with paraformaldehyde, and permeabilized with 0.1% Triton X-100

in PBS.
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3.3 FITC-AIKk enters cells in a time- and concentration-dependent manner

Having established a useful fixation and staining protocol, we next began to characterize
the uptake of FITC-Alk by RAW 264.7 cells. As shown in Figure 3.3 A-E, we found that when
100uM FITC-Alk was added to RAW 264.7 cells in culture, increasing intracellular fluorescence
was noted at 15, 30, 60, and 240 minutes. The intracellular stain pattern was composed of large
bright puncta with smaller, pinpoint staining, both occurring in the cytoplasmic compartment
(Figure 3.3 A-D). FITC itself did not produce detectable staining (insert in Figure 3.3 A).
Quantitatively, using corrected total cell fluorescence (CTCF), there was significantly more
intracellular staining after 240 min compared to 15 min (p=0.023, one way ANOVA with Tukey
post-test), with means of 233,747+16,725 and 145,161+22,298 CTCF respectively (n=3) (Figure
3.3E).

We also found that the uptake of FITC-Alk was concentration dependent (Figure 3.4).
Staining with 1 and 10 uM FITC-Alk resulted in dim fluorescence with 1 uM producing staining
barely detectable. Higher concentrations (50 and 100 uM) resulted in bright images with higher
CTCEF values. The mean CTCF values were 15,297 + 3,602, 35,844 + 4,612, 93,247 + 3,587, and
137,134+ 21,535 at 1, 10, 50, and 100 uM, respectively (n=3) (Figure 3.4). There was a significant

increase in CTCF seen between most treatment groups (p<0.05).

32



A:15 mins ' B. 30 mins

FITC-only

C. 60 mins_

J000+

E. k
250000 —_
200000 —_
L -
© 1500004 T
(8]
100000}
50000
0 . . . .
15 30 60 240
Time (mins)

Figure 3.3. FITC-Alk is taken into RAW 264.7 cells in a time-dependent manner.
Representative images showing that staining intensity increases in a time-dependent manner in
RAW 264.7 macrophage-like cells stained with FITC-Alk for 15 (A), 30 (B), 60 (C), or 240 min
(D) prior to fixation. DAPI was included in the mounting media to identify nuclei. Staining with
only FITC is shown in the inset in A and did not reveal a visible signal. Quantitative analysis
showing differences in corrected total cell fluorescence (CTCF) between time points (n=3) £ SEM

(E). Significance was determined using a one-way ANOVA with Tukey posttest, p = 0.023.
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Figure 3.4. Staining with FITC-Alk is concentration dependent. Representative images
showing staining intensity increases in a concentration-dependent manner. RAW 264.7
macrophage-like cells were treated with 1 (A), 10 (B), 50 (C), or 100 uM (D) FITC-Alk for 15
min prior then washed and fixed with paraformaldehyde. DAPI was included in the mounting
media to identify nuclei. Quantitative analysis showing differences in correct total cell
fluorescence (CTCF) between concentrations £ SEM (n=3) measured by one-way ANOVA with

Tukey’s posttest (E). *p<0.05, **p<0.01, ***p<0.005
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3.4 Three-dimensional (3D) reconstruction of FITC-AIK staining in RAW 264.7 cells.

The intracellular distribution of the large puncta produced by FITC-Alk staining was
evaluated via laser scanning confocal microscopy using an 18 pm Z-stack reconstructed to produce
a 3D image using the Zeiss Zen software. Upon 3D reconstruction, we found that the bright puncta
were located throughout the cell body, but more commonly found in the perinuclear region, as
compared to the periphery of the cell (Figure 3.5). Using the same 3D reconstruction, we assessed
the orientation of the puncta within the cell via depth coding where puncta very close to the
coverslip (0-2 Aum) appear red to orange, those at mid-depth (4-12 Apum) mostly green, and those
closer to the slide (14-16 Apm) appear blue (Figure 3.5). The puncta were found at varying depths

within many cells as indicated by puncta in all colors corresponding to all depth.

35



Figure 3.5. FITC-AIk puncta are found in a non-polarized orientation. 3-dimensional (3D)
reconstruction of 18 um z-stack of RAW 264.7 cells stained with 50 uM FITC-Alk for 15 min. 3D
depth coding made from z-stack reconstruction showing depth map and positioning of puncta
within the cells, ranging from the closest to the coverslip (0-2 Apm) to those closest to the slide

(14-16 Apm). 3D rendering was done using Zeiss Zen software.
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3.5 The pattern of staining with FITC-AIk is similar among different cell types.

To determine if the pattern of staining noted with RAW 264.7 cells is unique to this cell
type, experiments were also performed with Vero green monkey kidney cells and RBL-2H3
basophilic carcinoma cells. The cells were incubated with 50uM FITC-Alk for 15 min, fixed, and
observed by confocal microscopy. Overall, we noted that the resulting stain pattern was very
similar among all cell types tested (Figure 3.6 A-C). As before, the staining pattern consisted of
diffuse, pinpoint staining with large bright puncta found especially in the perinuclear region

(Figure 3.6 A-C).

A. RAW 264.7 * |B.RBL-263 C. Vero

Figure 3.6. The FITC-AIK stains a variety of cell types. FITC-Alk staining of several cell types
including RAW 264.7 macrophage-like cells (A), RBL-2H3 basophilic leukemia cells (B), and
Vero kidney epithelial cells (C). Cells were stained with 50 uM FITC-Alk for 15 min prior to

fixation. DAPI was added with the mounting media to identify nuclei.

3.6 FITC-AIk does not stain endoplasmic reticulum or mitochondria
Next, we sought to identify the intracellular compartment that may account for the bright

puncta seen in FITC-Alk stained cells. AlexaFluor594-concanavalin A was used to visualize the
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endoplasmic reticulum (Figure 3.7 B). Concanavalin A is a lectin from the jack bean and binds to
the endoplasmic reticulum (Reeke et al., 1975; Schneider & Sievers, 1981). The resulting stain
pattern did not match that seen with FITC-Alk lacking the bright puncta with a more diffuse
staining pattern throughout the cell (Figure 3.7 A and B). Next, mitochondria were stained using
Rhodamine 123, which is a dye that binds to negatively charged mitochondria membranes
(Chazotte 2010). Again, the resulting stain pattern did not match the FITC-Alk stain pattern
(Figure 3.7 A and C). The mitochondrial stain lacked discrete bright puncta, with most staining

seen in perinuclear region.

FITC-Alkamide Alexafluor594-Concanavalin A (ER) Rhodamine 123 (mitochondria)

Figure 3.7. FITC-AIk staining compared to intracellular compartment stains. RAW 264.7
cells were stained with FITC-Alk (A) and compared to cells stained for endoplasmic reticulum (B)

and mitochondria (C). Nuclei were visualized using DAPI.

3.7 FITC-AIK enters cells through endocytosis.

The rapid appearance of the large bright puncta in all the cells types we examined led us to
ask whether the FITC-Alk molecule was accumulating in an endosomal compartment. To answer
this question, we performed a double labeling experiment with equal amounts of the FITC-Alk
and Texas Red-labeled dextran, a well-established endosome marker (L. Li et al., 2015). We found
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that FITC-Alk and Texas Red-dextran colocalized in the same bright puncta, resulting in a yellow
color (Figure 3.8 A-C). Additional evidence for FITC-Alk endosome accumulation was found in
a competition experiment where the Texas Red-dextran was used at a concentration 10-fold higher
than the FITC-Alk. As shown in Figure 3.8 D-F, 400 pM Texas Red-dextran reduced the

formation of large puncta by 40 uM FITC-Alk.

A. Texas Red- dextran B. FITC-alkamide *

D. Texas Red- dextran only E. FITC;_aIkamide only F. 10:1 Texas Red-dextran: FITC-alkamide

Figure 3.8. Double staining with FITC-Alk and Texas Red-dextran. Representative images
showing double staining of RAW 264.7 macrophage-like cells with 1:1 mixture of 40 uM Texas
Red-dextran and 40 pM FITC-Alk for 15 min (A-C). Competition experiment with 400 uM Texas

Red-dextran and 40 uM FITC-Alk (D-F). Cells were stained for 15 min prior to fixation.

3.8 Alkamide puncta formation is blocked upon inhibition of clathrin-dependent endocytosis.
There are many forms of endocytosis including clathrin-dependent and -independent

pathways. To investigate the mechanism of endocytic entry used by the FITC-alkamide compound
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we inhibited different endocytic pathways. RAW 264.7 cells were treated with either Pitstop 2, a
clathrin-independent and clathrin-dependent endocytosis inhibitor, or hypertonic sucrose, which
inhibits clathrin-mediated endocytosis (Figure 3.9) (Dutta & Donaldson, 2012; Heuser &
Anderson, 1989). Texas Red-dextran was used as a positive control for endocytosis inhibition. We
found that treatment with hypertonic sucrose, but not Pitstop 2, lessened FITC-Alk puncta
formation indicating a role for the clathrin-mediated endocytic pathways in puncta formation.
Additionally, cells were relatively dimmer in the hypertonic sucrose treatment groups compared
to untreated and Pitstop 2 treated cells. Pitstop 2 did not affect FITC-Alk puncta formation or
overall staining intensity. Therefore, the clathrin-mediated pathway is most likely the primary

mechanism of alkamide entry leading to large puncta formation
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A. FITC-A15 B. FITC-A15 + Pitstop2 : C. FITC-A15 + hypertonic sucrose

D. Texas Red-dextran E. Texas Red-dextran + Pitstop2 F. Texas Red-dextran + hypertonic
sucrose

Figure 3.9. FITC-Alk staining following inhibition of clathrin-independent or clathrin-
dependent endocytic pathways. RAW 264.7 cells were stained with FITC-Alk (A) or Texas Red-
dextran (D) for 15 mins. Clathrin-independent and -dependent endocytosis was inhibited by
pretreating cells with Pitstop 2 for 15 mins and staining with FITC-Alk (B) or Texas Red-dextran
(E) for 15 mins. Clathrin-dependent endocytosis was inhibited by pretreating cells with 450mM

hypertonic sucrose for 15 mins and staining with FITC-Alk (C) or Texas Red-dextran (F).

3.9 Changes in FITC-Alk staining upon cytochalasin D (CytD) treatment.

Endosome formation and trafficking is highly dependent on the cellular microfilament
network (Anitei & Hoflack, 2011). We hypothesized therefore that accumulation of the FITC-Alk
would be dependent on functioning microfilaments. To address this hypothesis, we utilized

cytochalasin D (CytD), which disrupts microfilament networks by inhibiting the polymerization
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of actin filaments (Stevenson & Begg, 1994). Cells were treated with 2 uM CytD for 1hr before
staining with 50 uM FITC-Alk and 1pg/mL rhodamide-phallodin, a fluorescently labelled marker
for f-actin. Cells treated with CytD displayed changes in microfilament architecture, as well as
gross cell morphology, most likely as a result of loss of anchor filaments (Figure 3.10 D). While
these cells did display some staining with the FITC-Alk, the bright cytoplasmic puncta were mostly
absent indicating a dependence of these structures on functioning microfilaments (Figure 3.10 E-
F). Instead FITC-Alk staining colocalized with large aggregates of f-actin found in the perinuclear
region (Figure 3.10 E-F). These aggregates represent formation of microfilament bundles,
comprised of mostly f-actin, that occur due to a CytD-induced contractile event (Schliwa, 1982).
Interestingly, the small, pinpoints of FITC-Alk were unaffected by CytD treatment (Figure 3.10

E-F).
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A. No CytD (Rhodamine phalloidin) I’3 No CytD (FITC-alkamide)

D. CytD (Rhodamine phalloidin) E. CytD (FI‘%C'QaIkamide)

Figure 3.10. FITC-AIk staining in CytD treated cells. RAW 264.7 cells were either mock
treated (A-C), or treated with 2 uM CytD for 1 hour before staining with 50 pM FITC-Alk for 15
min and fixed with 1 pg/mL rhodamine-phalloidin in 4% paraformaldehyde (D-F). DAPI was

included in the mounting media to identify nuclei.

3.10 FITC-AIKk staining compared to common endosomal pathway markers.

Several stages of maturation are recognized as endosomes move through the intracellular
pathway. Therefore, antibodies to stage-specific markers were used to identify the endosome stage
of FITC-Alk puncta. Included in these experiments were antibodies against early endosome
markers caveolin-1, the clathrin heavy chain, and the early endosome antigen (EEA-1). We also
examined the late-stage endosome marker Rab7 and the recycling endosome marker Rab-11.
Unfortunately, as mentioned above, we were unable to perform double labeling experiments due

to the detergent sensitivity of FITC-Alk staining and therefore we were limited to side-by-side
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comparisons of staining patterns. Of these antibodies, only the antibody to the late-stage marker
Rab7 produced a staining pattern similar to that of FITC-Alk, i.e., small, dispersed pinpoint
staining together with large bright puncta, located in the perinuclear region with no specific
orientation (Figure 3.11 A vs. B). In contrast, staining with antibodies against early endosome
markers caveolin-1, clathrin heavy chanin, and EEA-1 produced staining patterns dissimilar to
FITC-Alk (Figure 3.11 A vs. C, D, and E). Staining with an antibody to caveolin-1, an early
endosomal marker and main structural component for caveolae in the plasma membrane (Okamoto
1998) resulted in 2-4 large bright aggregates per cell with smaller cytoplasmic puncta (Figure 3.11
C). Staining with an antibody to the clathrin heavy chain, which forms clathrin-coated vesicles
arising from clathrin-coated pits (Rodriguez-Boulan et al 2005), resulted in puncta often on one
side of the nucleus and also stained the cell periphery. (Figure 3.11 D) while the antibody to EEA-
I resulted in a staining pattern of numerous distinct small puncta dispersed throughout the
cytoplasm (Figure 3.11 E). Finally, we evaluated the end-stages of the endosomal pathway using
an antibody to Rab11, a marker for recycling endosomes. Rab11 produced a stain pattern that did

not match FITC-Alk with very minimal staining throughout (Figure 3.11 F).
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A. FITC-alkamide =~ .. | g C. €aveolin-1

D. Clatherin Heavy Chain F. Rab11

Figure 3.11. FITC-AIk staining compared with endosomal pathway markers. RAW 264.7
cells were stained with 50 puM FITC-Alk for 15 min and imaged as above (A). For
immunofluorescence experiments, cells were fixed, permeabilized, and stained using antibodies
against the indicated endosomal pathway markers. Cells were then stained with Alexa Fluor-488
labeled goat a-rabbit IgG secondary antibody and imaged using confocal microscopy (B-F). The
inset in panel A shows staining with only secondary antibody and DAPI was added in the mounting

media.

3.11 Alkamide structural requirements for uptake into cells

Finally, the effect of alkamide structure on uptake into cells was evaluated. Alkamide
FITC-A-12 contains 12 carbons, similar to FITC-Alk, but does not have any double bonds in the
fatty acid chain (Figure 3.12 A & B). FITC-A-8 and FITC-A-4 are shorter alkamides
comparatively with eight and four carbons in the fatty acid chain, respectively, and no double

bonds (Figure 3.12 C & D). Treating RAW 264.7 cells with the various alkamides resulted in
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differences in measured fluorescence indicating differences in uptake efficacy, though all four
fluorescently tagged alkamides were taken up by cells with significantly more fluorescence in all
alkamide treatment groups compared to media alone. FITC-Alk and FITC-A-12 had a similar level
of uptake with an average fluorescent unit (FU) of 302.93 and 311.40, respectively. FITC-A-8
displayed the highest levels of fluorescence with an average of 610.33 FU, which was significantly
more than FITC-Alk, FITC-A-12, and FITC-A-4 (p<0.0001). FITC-A-4 treated cells had the
lowest FU with an average of 181.20. These results indicate that double bonds are not required for
uptake into cells as shown by the lack significant difference between FITC-Alk and FITC-A-12.
In contrast, fatty acid chain length is important in mediating uptake of alkamides into cells. A fatty
acid chain with 8 carbons was significantly better than both 12 and four carbons, with a four carbon

chain being taken into cells with the lowest efficacy.
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Figure 3.12. Alkamide structure influences cellular uptake. RAW 264.7 cells were treated
with FITC-Alk (A) or 3 FITC-tagged analogs (B-D) for 15 minutes and fluorescence was measured
via fluorimeter (E). Quantitative analysis showing differences in fluorescence units (FU) between
treatments = SEM (n=3) measured by one-way ANOVA with Tukey’s posttest (E). ***significant
difference between all treatments (p<0.0006), # significant difference between 1, 4, and 5

(p<0.0026), $ significant difference between 1, 3, and 5 (p<0.0016).
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CHAPTER 4: DISCUSSION

In this study we evaluated the uptake of a fluorescently labeled alkamide by mammalian
cells. Earlier studies from our lab indicated that the fatty acid, oxygen, and amide of this alkamide
are essential for suppression of TNF-a production but that substitutions in the head group were
tolerated while preserving activity (Moazami et al., 2015). Therefore, we replaced the head group
on (2E,4E)-N-isobutyldodeca-2,4-dienamide with fluorescein isothiocyanate (FITC) to produce
our fluorescent probe. The FITC-Alk molecule retained its ability to inhibit TNF-a production
from LPS-stimulated RAW 264.7 cells, and therefore we moved forward with the FITC-Alk to
study the intracellular transport of the alkamide. Our results showed that the FITC-Alk molecule
was able to enter cells and entry was both time- and concentration-dependent. We observed FITC-
Alk accumulation in the cytoplasm as both pinpoint foci and large puncta. This pattern was very
similar in the three cell types tested, suggesting an uptake mechanism that is not tissue specific,
and in this report, we focused on the identification of the large puncta. We also noted that the
staining by FITC-Alk was detergent sensitive, even after fixation, limiting our use of antibodies in
double labeling experiments.

Early on we examined a variety of cellular organelles including endoplasmic reticulum,
Golgi apparatus, and mitochondria, and none of these produced a pattern of staining like the FITC-
Alk pattern. Several lines of evidence lead us to conclude that the large puncta formed after FITC-
Alk treatment represent endosomal vesicles. First, we found colocalization with fluorescently
labeled dextran, a well-established marker for endosomal vesicles. We also found that high
concentrations of dextran could compete with FITC-Alk and prevent formation of the large puncta.
Fluorescent dextran has been shown to enter the endocytic pathway through non-specific

micropinocytosis and receptor-mediated endocytosis (Z. Liu & Roche, 2015; Sallusto, Cella,
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Danieli, & Lanzavecchia, 1995) and therefore both mechanisms may be responsible for FITC-Alk
uptake. Then we sought to identify the mechanism for uptake of the alkamide by using inhibitors
of various endocytic pathways, although their exact mechanisms of action are not fully understood.
We found that inhibition of clathrin-mediated endocytosis with hypertonic sucrose blocked puncta
formation as well as decreased overall staining intensity. Additionally, we found that puncta
formation was dependent on an intact microfilament network, in accord with the established role
for actin filaments in endosomal trafficking (Schliwa, 1982; Stevenson & Begg, 1994). Using 3D
depth coding made from 3D reconstructions from Z-stacks, we found that the puncta were
dispersed throughout the cells, without any orientation or polarization, also a characteristic of
endosomes (Mellman, 1996). The nature of the small pinpoint staining following FITC-Alk
treatment remains unclear. It is possible these small foci represent a different stage of endosome,
or alternatively a different cellular organelle. It is also possible that the small foci arise from FITC-
Alk escaping from endosomes and forming vesicles in the cytoplasm (Henry, El-Sayed, Pirie,
Hoffman, & Stayton, 2006). Interestingly, formation of the small foci was resistant to treatment
with CytD, indicating that their formation is independent of microfilament function.

Studies of the endosomal pathway have recognized several stages of endosome formation
and maturation. Initially, regions of cell membrane are endocytosed in a microfilament-dependent
manner to form early endosomes via clathrin-dependent or caveolin-dependent mechanisms
(Elkin, Lakoduk, & Schmid, 2016; Lim & Gleeson, 2011). Early endosomes are characterized and
identified by the protein EEA-1 which interacts with phosphatidylinositol 3-kinases and aids in
endosome trafficking (Mills, Jones, & Clague, 1998; Patki et al., 1997). In this study, the pattern
of staining with antibody markers for clathrin coated pits, caveolae, and early endosomes was not

similar to the staining noted with FITC-Alk indicating that the large puncta are probably not early
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endosomes. In the endosomal pathway, early endosomes move via microfilament transport, either
through the recycling pathway or mature to late endosomes, which are ultimately degraded (Elkin
et al., 2016; Huotari & Helenius, 2011). This process is regulated in part by Rab GTPases, which
can be used as markers for the latter stages of the endosomal pathway (Rink, Ghigo, Kalaidzidis,
& Zerial, 2005). Late endosomes are characterized by the expression of Rab7, which functions in
endosome maturation and cargo sorting, while recycling endosomes express Rab11 (Girard et al.,
2014; Huotari & Helenius, 2011; Takahashi et al., 2012). Rab7 has also been shown to play a role
in endosome-lysosome transport (Wang, Ming, Xiaochun, & Hong, 2011). Our experiments with
an antibody that recognizes the late endosomal protein Rab7 suggest that the large puncta formed
following FITC-Alk treatment represent late endosomal vesicles. This conclusion is also supported
by the perinuclear location of the puncta which is consistent with the intracellular position of late-
stage endosomes (Neefjes, Jongsma, & Berlin, 2017). Most late-stage endosomes are trafficked
to the perinuclear region of the cell where they fuse with lysosomes to generate endolysosomes
and the contents undergo degradation (Huotari & Helenius, 2011). The FITC-Alk molecule
seemed to accumulate in late endosomes with brightness increasing steadily over at least a 4 h
period. It is possible therefore that the FITC-Alk could be blocking fusion of the late endosome
with the lysosome and therefore accumulating in late endosomes. Alternatively, the uptake of the
FITC-Alk could be resistant to degradation by RAW 264.7 cells or could exceed the degradative
abilities of the cell and lead to accumulation in the late endosome. Degradation of alkamides has
been shown to occur by liver microsomes (Nadja B. Cech et al., 2006), and RAW 264.7 cell may
lack sufficient oxidative capacity to efficiently process the alkamide.

Endosomes serve multiple functions for the cell. They allow cells to internalize important

molecules from the extracellular environment, facilitate recycling and degradation of

51



macromolecules, and participate in adhesion by regulating the transport of adhesion molecules to
and from the cell surface (de Madrid, Greenberg, & Hatini, 2015; Scott, Vacca, & Gruenberg,
2014). Many pathogens have taken advantage of this vital cellular process to gain entry into the
cell such as SARS-CoV, influenza virus, Chlamydia sp., Shigella sp., Salmonella sp., adeno-
associated virus, and human papillomavirus (Allgood & Neunuebel, 2018; Matlin, Reggio,
Helenius, & Simons, 1981; Popa-Wagner et al., 2012; Spoden et al., 2008). Recent studies have
also shown that endosomes have important functions in cellular signaling pathways, such as the
signal endosomes of neurons that carry cargo along microtubules, and in T cells where endosomes
have been shown to carry key T cell secondary messengers (Benzing, Rossy, & Gaus, 2013;
Schmieg, Menendez, Schiavo, & Terenzio, 2014). Additionally, TLR3 and TLR7 which recognize
viral RNA in endosomes, signal from endosomes, as does TLR9 which recognizes CpG-rich DNA
found in bacteria and viruses (Hipp et al., 2015; Matsumoto, Funami, Tatematsu, Azuma, & Seya,
2014; Petes, Odoardi, & Gee, 2017).

The accumulation of the FITC-Alk in endosomes raises the possibility that in addition to
effects on cell surface receptors, alkamide activities may arise from their uptake into endosomes.
Inhibition of the endosomal protein endothelin-converting enzyme-1 has been linked to pain
inhibition, and therefore it is possible that the analgesic activity of alkamides may in part stem
from endosomal signaling (Murphy, Padilla, Hasdemir, Cottrell, & Bunnett, 2009). Inhibition of
clathrin-dependent and -independent endocytosis led us to conclude that the alkamide is mostly
entering through clathrin-dependent endocytosis as cells treated with hypertonic sucrose had a
decreased staining intensity as well as fewer bight puncta. Hypertonic sucrose traps the clathrin in
microcages thereby inhibiting clathrin function (Dutta & Donaldson, 2012). Hypertonic sucrose

exerts a relatively non-specific inhibitory effect, blocking receptor-mediated endocytosis, as well
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as “non-coated” cell membrane invaginations, clathrin-coated pits, and interferes with fluid phase
macropinocytosis (Carpentier et al., 1989). These findings allow us to conclude that clathrin is
involved in the endocytosis of alkamides, but it does not allow us to elucidate the exact type of
clathrin-dependent endocytosis taking place. Further, while staining intensity was reduced with
hypertonic sucrose pretreatment, it was not completely abolished, perhaps indicating a second
mechanism of entry, or alternatively, the inhibitory effect of sucrose was not complete. Other types
of small molecules, such as low molecular weight dextran, are taken into cells through multiple
mechanisms such as both macropinocytosis and micropinocytosis (L. Li et al., 2015). Therefore,
it is possible that alkamides could be entering through multiple mechanisms, which could also
explain the small pinpoint staining in the cytoplasm. In the future it will be important to resolve
the pathways of alkamide entry into cells since they could be linked to intracellular activity.

The differences in cellular uptake based on structure could also explain the differences seen
in biological activities of alkamides. In our experiments with alkamides using RAW 264.7
macrophages, we found that the number and placement of double bonds did not affect the activity
A15 (Moazami et al., 2015). In contrast, the length of the fatty acid chain did impact activity with
these cells, with fatty acid chains less than 12 carbons eliminating anti-inflammatory activity
(Moazami et al., 2015). On the other hand, our experiments with mast cells revealed a bell-shaped
activity curve with 8 carbons as most effective with lower levels of activity seen with both longer
and shorter fatty acid chains (Collette 2017). It is possible therefore, that the effects we have noted
with macrophages do occur at the cell surface but those effects noted with mast cells occur
intracellularly where differential uptake directly affects cellular activity. Future experiments will

be performed with mast cells to confirm that hypothesis.
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Discovering that alkamides readily enter cells by endocytosis raises the possibility that they
could be linked to other pharmacologically active compounds to enhance uptake into intracellular
endosomal compartments. For example, large molecules designed to target the BCL-2 pathway
often fail to exert effects due to their inability to cross the cell membrane and enter cells (Verdine
& Walensky, 2007) and it has been proposed that “undruggable” targets may be reached if a drug
is able to enter the endocytic pathway and escape before degradation (Pei & Buyanova, 2019).
Similarly, the efficacy of drugs to treat Alzheimer’s disease, certain cancers, and lysosomal storage
diseases, could be improved if they were directed to the endolysosomal compartment (Bareford &
Swaan, 2007). Linking the alkamide to larger molecules raises the possibility of delivering drugs
to the endosomal compartment and potentially unlocking previously unreachable drug targets.

In summary, in this report we have shown that a fluorescent alkamide analog readily enters
cells and likely accumulates in late endosomal vesicles, a novel finding in alkamide research. In
addition to alkamide degradation, this intracellular location might be important for alkamide
signaling. There are structure:function relationships for alkamide endocytosis with fatty acid chain
length playing a vital role. The endosome localizing capability of this alkamide could also be used

to transport therapeutic compounds into the endosomal pathway.
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