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LC-MS/MS METHOD DEVELOPMENT FOR QUANTITATIVE 
ANALYSIS OF CYANOGENIC GLYCOSIDES IN ELDERBERRY 

AND LIPID PEROXIDATION PRODUCTS IN MICE 
 

Michael Kwame Appenteng 
 

Dr. C. Michael Greenlief, Dissertation Supervisor 
 

ABSTRACT 
 
 

Cyanogenic glycosides (CNGs) are naturally occurring plant molecules 

(nitrogenous plant secondary metabolites) which consist of an aglycone and a sugar 

moiety. Hydrogen cyanide (HCN) is released from these compounds following enzymatic 

hydrolysis causing potential toxicity issues. The presence of CNGs in American 

elderberry (AE) fruit, Sambucus nigra (subsp. canadensis), is uncertain. A sensitive, 

reproducible and robust LC-MS/MS method was developed and optimized for accurate 

identification and quantification of the intact glycoside. A complimentary picrate paper 

test method was modified to determine the total cyanogenic potential (TCP). TCP 

analysis was performed using a camera-phone and UV-Vis spectrophotometry. A method 

validation was conducted, and the developed methods were successfully applied to the 

assessment of TCP and quantification of intact CNGs in different tissues of AE samples. 

Results showed no quantifiable trace of CNGs in commercial AE juice. Levels of CNGs 

found in various fruit tissues of AE cultivars studied ranged from between 0.12-6.38 

µg/g. In pressed juice samples, the concentration range measured was 0.29-2.36 µg/mL 

and in seeds the amounts was 0.12-2.38 µg/g. TCP was highest in the stems and green 

berries. CNG levels in all tissues were generally low and at a level that poses no threat to 

consumers of fresh and processed AE products. 
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The abundance of docosahexaenoic acid (DHA) in phospholipids in the brain and 

retina has generated interest to search for its role in mediating neurological functions. 

Besides the source of many oxylipins with pro-resolving properties, DHA also undergoes 

peroxidation, producing 4-hydroxyhexenal (4-HHE), although its function remains 

elusive. Despite wide dietary consumption, whether supplementation of DHA may alter 

the peroxidation products and their relationship to phospholipid species in brain and other 

body organs have not been explored sufficiently. In this study, adult mice were 

administered a control or DHA-enriched diet for three weeks, and phospholipid species 

and peroxidation products were examined in brain, heart and plasma. Results 

demonstrated that this dietary regimen increased (n-3) and decreased (n-6) species to 

different extent in all major phospholipid classes (PC, dPE, PE-pl, PI and PS) examined. 

Besides changes in phospholipid species, DHA-enriched diet also showed substantial 

increases in 4-HHE in brain, heart and plasma. Among different brain regions, the 

hippocampus responded to the DHA-enriched diet showing significant increase in 4-

HHE. Considering the pro- and anti-inflammatory pathways mediated by the (n-6) and 

(n-3) polyunsaturated fatty acids, unveiling the ability for DHA-enriched diet to alter 

phospholipid species and lipid peroxidation products in the brain and in different body 

organs may be an important step forward towards understanding the mechanism(s) for 

this (n-3) fatty acid on health and diseases.  

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized 

by restricted social communication and repetitive behaviors. Prenatal stress is critical in 

neurodevelopment and increases risk for ASD, particularly in those with greater genetic 

susceptibility to stress. Docosahexaenoic acid (DHA) is one of the most abundant -3 
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fatty acids in mammalian brain, and dietary -3 fatty acid affects the development and 

maintenance of brain structure. We investigated whether prenatal supplementation of 

DHA alleviates autistic-like behaviors in a gene/stress mouse model and how it alters 

lipid peroxidation activity in the brain.  Pregnant heterozygous serotonin transporter 

knockout (SERT-KO) and wild-type (WT) dams were placed in either non-stressed 

control conditions or chronic variable stress conditions and fed either a control diet or a 

DHA-rich (1% by wt) diet. Offspring of each group were assessed for anxiety and 

autism-associated behavior at post-natal day 60, including an open field test, elevated-

plus maze test, repetitive behavior, and the 3-chamber social approach test. Our LC-MS-

based method was used to follow changes in peroxidation product concentrations in 

mouse plasma, heart, and cerebral cortex.  
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CHAPTER 1: Introduction 
 
 

American Elderberry 

Elderberries (Sambucus spp) are large deciduous shrubs native to the northern 

hemisphere and naturalized throughout the temperate and subtropical regions.1 Fruit of 

cultivated elderberry range from bright red to blue and dark purple depending on species 

(Figure 1.1). Nearly every part of the elderberry plant has some culinary use. The fruit 

and flowers are used in a variety of foods, jellies, syrups, pie, tea, wines, food colorants 

and other products like cosmetics and dietary supplements.2,3 The wood is used by 

craftsmen to make toys and pipes. New elderberry bush varieties have also been bred for 

their attractive and ornamental characteristics.1,4 Elderberry is known for its high 

nutritional and medicinal health benefits.4,5 It is rich in carbohydrates, fatty acids, organic 

acids, minerals, vitamins (A, B6 and C), essential oils and is high in fiber.5 Researchers 

have linked elderberry products to anti-inflammatory, anti-oxidant, anti-carcinogenic, 

anti-viral, anti-influenza, and antibacterial activities.1,6,7,8,9,10,11,12   

The taxonomy of elderberry is still evolving due to its widespread and complex 

morphology. Donoghue13, concluded that the genus Sambucus belongs to the family 

Adoxaceae14,15 instead of Caprifoliaceae16,17. Bolli18 earlier proposed a revision of the 

genus Sambucus in which the phylogenetic tree was simplified by submerging many 

species to the rank of subspecies. By emphasizing morphological similarities within the 

group, he concluded that only nine species are reputed to be part of this genus. Among 

this group are the two most common and economically important members of the genus; 

American elderberry (AE) [Sambucus nigra sbsp. canadensis (L.) R. Bolli] and European 
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elderberry (EE) [Sambucus nigra sbsp. nigra (L.) R. Bolli]. Native to eastern and 

midwestern North America, AE has rapidly developed as a specialty crop. Whereas little 

scientific research has been conducted on AE, as compared to its close relative, the EE, 

both species are excellent sources of flavonoids, polyphenols and anthocyanins, which 

give the fruit a diverse range of antioxidant properties.1,19,20,21,22,23,24  

In-depth studies have been made to examine the botany and horticultural 

performance2,3, 25, 26 and  fruit characteristics27 of elderberry. Elderberry grows on a wide 

range of soil types with a broad spectrum of nitrogen, phosphorous, and potassium 

content simplified as 0.l0 kg of l0 N-10 P2O5-10 K2O for every year of the plant's age. 

Although it can tolerate occasional flooding, spring floods are usually detrimental. While 

seed dispersal is mainly done by birds and mammals, the seedlings hardly support any 

competition from faster growing weeds. Plants can reach up to 9 m in height. The main 

vector for pollen distribution is wind rather than insects. Fruit ripening happens over a 2-

month period and a single cluster can contain as many as 2000 berries. 

   

 
 

Figure 1. 1 Elderberry plant 
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Dietary Supplements 

 As defined by Congress in the Dietary Supplement Health and Education Act 

(DSHEA), which became law in 1994, a dietary supplement is a product (other than 

tobacco) that is intended to supplement the diet; contains one or more dietary ingredients 

(including vitamins; minerals; herbs or other botanicals; amino acids; and other 

substances) or their constituents;  is intended to be taken by mouth as a pill, capsule, 

tablet, or liquid; and is labeled on the front panel as being a dietary supplement.28,29 A 

new report reveals the dietary supplement global market reached $132.8 billion in 2016 

and is on track to hit $220.3 billion by 2022. In the US alone, sales reached $42.6 billion 

in 2018.30 

 
Botanical / Herbal Dietary Supplements 

 Botanical dietary supplements, sometimes called herbals or herbal dietary 

supplements, are products made from plants, plant parts, or plant extracts.31 Like other 

dietary supplements, botanicals are not required by federal law to be tested for safety and 

effectiveness before they are marketed, so the amount of scientific evidence available for 

various botanical ingredients varies widely. Scientists over the years have used several 

approaches to evaluate botanical dietary supplements for their potential health benefits 

and risks. Investigation into the history of use, laboratory studies using cell or tissue 

cultures, experiment with animals, human studies (e.g., individual case reports, 

observational studies, and clinical trials) provide the most direct evidence of a 

botanical/herbal supplement’s effects on health and patterns of use.29 
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Herbal Supplements sales in US 

 Herbal dietary supplements continued to experience strong sales growth in the 

United States in 2019, with total sales increasing by an estimated 8.6% from 2018, 

according to the Nutrition Business Journal (NBJ).32 Consumers spent a total of $9.602 

billion on herbal supplements across all market channels in 2019. More than three-

quarters of a billion dollars of 2018 sales. Figure 1.2 shows the total US retail sales of 

herbal supplements from 2000 to 2019. SPINS, a market research firm based in Chicago, 

Illinois provided sales data for the 40 top selling herbal supplements in both mainstream 

and natural retail channels. Elderberry ranked 3rd in sales for both mainstream ($107.574 

million) and natural retail channels ($31.952 million) in 2019.32 Figure 1.3 shows 

mainstream elderberry sales performance from 2011 to 2019. Sambucol, based on EE, is 

popularly known as black elderberry (as shown in Figure 1.4) and is a typical elderberry 

supplement used to treat symptoms of the common cold and flu.33 

 

 
Figure 1.2 Total US Retail Sales of Herbal Supplements (2000-2019) 
NB: Data for this graph was retrieved from 2019 herbal supplement sales report in the United States [32]. 
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Figure 1.3. Elderberry Sales Performance: Mainstream Channel (2011 to 2019) 
NB: Data for this graph was retrieved from 2011 to 2019 herbal supplement sales reports in the United 
States [32]. 
 
 
 

 
 

Figure 1.4. Sambucol (black elderberry); elderberry dietary supplement 
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Plant Metabolites  

 Metabolites are compounds synthesized by plants for both essential functions, such 

as growth and development, and specific functions, such as pollinator attraction or 

defense against herbivory.34,35, A plant cell produces two types of metabolites: primary 

metabolites involved directly in growth and metabolism (carbohydrates, lipids and 

proteins), and secondary metabolites considered as end products of primary metabolism 

and not involved in metabolic activity.35 Whereas primary metabolites are universal in 

the plant kingdom, secondary metabolites are variously distributed in the plant kingdom, 

and their functions are specific to the plants in which they are found.34,36  

 
Plant Secondary Metabolites or Bioactive Compounds 

 Plant secondary metabolites or bioactive compounds are biosynthetically derived 

from primary metabolites. They are synthesized in specialized cells at particular 

developmental stages and accumulated in smaller quantities making extraction and 

purification difficult.35 In the plant kingdom, they are limited and may be restricted to a 

particular taxonomic group genus, species, or family. They are often colored, fragrant or 

flavorful compounds, and they typically mediate the interaction of plants with other 

organisms. Such interactions include those of plant-pollinator, plant-pathogen, and plant-

herbivore.34, Secondary plant metabolites plays an important role in alleviating several 

aliments in traditional medicine and folk uses. In modern medicine, they provide lead 

compounds for the production of medications for treating various diseases.36 Based on 

their biosynthetic origins, plant secondary metabolites can be divided into three major 

groups: terpenoids; flavonoids and allied phenolic and polyphenolic compounds; and 
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nitrogen-containing alkaloids and sulfur-containing compounds.35, 37, 38 Table 1 shows the 

classes and number of secondary metabolites reported from higher plants.35 

 
Table 1.1 Classes and number of secondary metabolites reported from higher plants [36] 
 
Type of secondary metabolite Approximate numbers 
Nitrogen-containing Secondary metabolites  
Alkaloids 21,000 
Non-protein amino acids (NPAAS)  700 
Amines  100 
Cyanogenic glycoside* 60* 
Glucosinolates  100 
Alkamides  150 
Lectins, peptides, polypeptide  2000 

Secondary metabolites without nitrogen  
Monoterpenes including iridoids   
Sesquiterpenes  5000 
Diterpenes  2500 
Triterpenes, steroids, saponins  5000 
Tetraterpenes  500 
Tannins, Flavonoids* 5000* 
Phenylpropanoids, lignin, coumarins, lignans  2000 
Polyacetylenes, fatty acid, waxes  1500 
Anthraquinones and other polyketides  750 
Carbohydrates, organic acids  200 

 
 
Phenolic compounds 

 The phenolic compounds are a vast class of secondary metabolites performing 

several roles for the defense and survival of plants.39 Characterized by having at least one 

aromatic ring with one or more hydroxyl groups attached, there are in excess of 8000 

phenolic structures reported and widely dispersed throughout the plant kingdom.35  

Depending on their structure they can be classified into simple phenols, phenolic acids, 

hydroxycinnamic acid derivatives and flavonoids.35,40 The main subclasses of flavonoids 

are the flavones, flavonols, flavan-3-ols, isoflavones, flavanones and anthocyanidins as 

shown in Figure 1.5.35 From a human physiological standpoint, phenolic compounds are 



8 
 

vital in defense responses, such as anti-aging, anti-inflammatory, antioxidant and anti-

proliferative activities.41,42,43,  Phenolic compounds have received considerable attention 

for being potentially protective factors against diabetes, cancers, cardiovascular and 

neurodegenerative diseases, in part because of their potent antioxidative properties 

through the management of oxidative stress.41,44,45,46,47,48  

 
 
 

 
 
 
Figure 1.5. Generic structure of major flavonoids 
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Cyanogenic glycosides 

 Cyanogenic glycosides (CNGs) are naturally occurring plant toxins (nitrogenous 

secondary plant metabolites), which consist of aglycone and a sugar moiety [Figure 

1.6].49,50 

 

Figure 1.6. Generic structure for a cyanogenic glycoside, where R1 is often methyl or a 
proton and R2 is a variable organic group. 
 

There are about 60 CNGs widely distributed in the plant kingdom and occurring in over 

2600 plant species, representing more than 130 families.51,52,53,54 Examples of different 

structural classes of cyanogenic compounds are found in Figure 1.7.55 CNGs are stored in 

vacuoles within plant cells, separating them from plant hydrolyzing endogenous enzymes 

(β-1,6-glycosidases, and hydroxynitrile lyases).49,56 Although intact CNGs are non-toxic, 

action by endogenous plant enzymes can release hydrogen cyanide (HCN) causing 

potential toxicity issues (as shown in Figure 1.8).49,50,51,57,58 Plants already contain these 

endogenous enzymes so when their tissues are disrupted, for example by crushing, the 

CNGs come into contact with endogenous enzymes resulting in the release of HCN.56,59 

In plants, consequently, CNGs serve as important chemical defense compounds against 

herbivores and pathogens.51,53,53. Clinical trials have shown mixed results about the 

potency of amygdalin (a CNG) in cancer treatment and as cough suppressant in various 

preparations.60,61 Excessive ingestion of CNGs can however be fatal. In humans, 

consumption of cyanogenic plants can cause sub-acute cyanide poisoning (depending on 
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dose) with symptoms including anxiety, headache, vomiting, nausea, abdominal cramps 

diarrhea, dizziness, weakness, and mental confusion. Acute cyanide toxicity in humans 

(0.5-3.5 mg kg-1 body weight)50,51 can result in decreased consciousness, hypotension, 

paralysis, coma and even death.49,50,51,57,58,62,63 Acute cyanide poisoning has been reported 

from the ingestion of apricot (intoxication may occur from eating 5 - 25 apricot seed) 64, 

bitter almonds (6.2 mg per each bitter almond) 65 and cassava(15-400 mg/kg fresh weight 

of hydrogen cyanide in cassava roots).66 

 

 
 
 

Figure 1.7. Examples of different types of cyanogenic glycosides 
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Figure 1.8.  Enzymatic breakdown of amygdalin (a CNG) by endogenous enzymes: amygdalin 
hydrolase (AH), prunasin hydrolase (PH), mandelonitrile lyase 1(MDL1)57 
 
 
Fatty Acids 

 Fatty acids (FAs) are carboxylic acids with long aliphatic chains, which may be 

straight or branched, saturated or unsaturated.67,68 They are important component of lipids 

(fat-soluble components of living cells) in plants, animals, and microorganisms. FAs are 

present in cells as the acyl moieties of phospholipids which make up the structural matrix 

of cell and subcellular membranes.69 They are classified into 3 groups according to the 

presence and number of double bonds in their carbon chain.  Saturated fatty acids (SFAs) 

contain no double bonds, monounsaturated fatty acids (MUFAs) contain one, and 

polyunsaturated fatty acids (PUFAs) contain more than one double bond. 

 Fatty acids are either called by their systematic names according to the IUPAC 

(International Union of Pure and Applied Chemistry) nomenclature or by their 

trivial/common names.70 The systematic naming can either be delta or omega 

nomenclature.71 The common names and omega nomenclature are used more than the 

delta nomenclature when describing specific fatty acids.71 The shorthand form of the 

omega nomenclature which has evolved over decades where fatty acids are named by the 

abbreviation FA, their number of carbon atoms, their number of double bonds after a 

colon and the positioning of the first double bond from the omega end written in 
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parenthesis (n).71 An example is docosahexaenoic acid which is represented by DHA 

22:16 (n=3) as shown in table 1.2. 

 

Table 1. 2. Some common fatty acids with shorthand omega representation 
 
Common Name Omega Name Number of 

carbons 
Number of 
double bonds 

n 

Docosahexaenoic Acid 22:6 (n-3) 22 6 3 
Arachidonic Acid 20:4 (n-6) 20 4 6 
Eicosapentanoic Acid 20:5 (n-3) 20 5 3 
Alpha-linolenic Acid 18:3 (n-3) 18 3 3 
Linoleic Acid 18:2 (n-6) 18 2 6 
Oleic Acid 18:1 (n-9) 18 1 9 

 

Essential Fatty Acids 

 Although humans can synthesize saturated and monounsaturated fatty acids, n-6 and 

n-3 families of PUFAs cannot be formed de novo by mammalian cells.72,69 The parent 

fatty acids of these families, α-linolenic acid (18:3n-3, ALA) and linoleic acid (18:2n-6, 

LA) are essential fatty acids and must be present in the diet.72,69,73 Once obtained from the 

diet, ALA and LA can be further desaturated and elongated enzymatically to 

eicosapentaenoic acid (C20:5n-3), then to docosahexaenoic acid (C22:6n-3, DHA), 

whereas LA is converted to arachidonic acid (C20:4n-6, AA).72,69 Figure 1.9 shows the 

pathway for conversion of ALA to DHA and LA to ARA.72,73,74 

 



13 
 

 
 
Figure 1.9. Metabolic conversion of the essential fatty acids, linoleic acid (n-6) and 
alpha-linolenic acid (n-3) to long-chain polyunsaturated fatty acids. COX, 
cyclooxygenase; LOX, lipoxygenase. 
 
 
Docosahexaenoic acid and Arachidonic Acid 

 Docosahexaenoic acid (C22:6n-3, DHA) and arachidonic acid (C20:4n-6, ARA) are 

important structural components of the central nervous system.73 The main source of n-3 

and n-6 are through placental transfer and breastfeeding where they accumulate mostly in the 

brain and retina during fetal and infant development.69,75,76 The high concentrations of DHA 

in the retina and of DHA and ARA in brain gray matter suggests that these fatty acids 

have important roles in retinal and neural function.72,73,77  These essential FAs are 

commonly supplemented in diet due to insufficient endogenous synthesis. A balanced 

intake of both series of omega is particularly important, because n-3 and n-6 compete for 

incorporation into cell membranes78 and have opposing physiological functions; whereas 

n-6 promotes systemic proinflammatory states, n-3 promotes anti-inflammatory 
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states.75,79 Although there is no evidence that the ability to form ARA from linoleic acid 

is limiting, supplementation with DHA reduces tissue ARA, possibly creating a 

conditional need for ARA in infants with a dietary intake of DHA.69Animal studies have 

shown that depletion of DHA from the retina and brain results in reduced visual function, 

impaired memory, behavioral abnormalities and learning deficits.69,73,80 Epidemiological 

studies also suggest that consumption of (n-3) PUFAs and fish oil may have significant 

effects on cardiovascular diseases (CVD).81,82  Figure 1.10 shows the structure of DHA and 

ARA.  

 

 

Figure 1.10. Molecular structures of docosahexaenoic acid (DHA) and arachidonic acid 
(ARA) 

 
 
Phospholipids  

 Phospholipids are a key component of all cell membranes.83 They are amphipathic in 

nature and can form lipid bilayers because of its hydrophilic phosphate group head.84 

Brain lipids, including phospholipids, sphingolipids, and cholesterol, are known to play 

critical roles in the structure and functions of cell membranes. Phospholipids in 

mammalian brain, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
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phosphatidylethanolamine plasmalogen (PEpl), phosphatidylserine (PS) and 

phosphoinositides (PI, PIP and PIP2) have PUFAs esterified in the sn-2 position.77 DHA 

is the major PUFA in the outer segments of the retina rods and cones, where it can 

constitute as much as 50% of the FAs in PE and  PS, and  as much as 80% of all the 

PUFAs.85,73 The phospholipids of brain gray matter contain high proportions of DHA in 

PE and PS and high amounts of ARA in phosphatidylinositol (PI). ARA is also present in 

membrane phospholipids, particularly in PI throughout the body. Figure 1.11 shows 

phosphatidylcholine, a major component of lecithin. 

 
 

 
 
Figure 1.11. Phosphatidylcholine (PC), a major component of lecithin. 
 
 
Lipids peroxidation products 

 Lipid peroxidation is a general term, which refers to different mechanisms classified 

as enzymatic, non-enzymatic non-radical and non-enzymatic free-radical mediated 

peroxidation.86 Free-radical non-enzymatic peroxidation of PUFAs is the dominant 

pathway in oxidative stress induced by radiation, heat, free radicals, xenobiotics, metal 

ions or reactive oxygen or nitrogen species (ROS or RNS). Once initiated, results in an 

oxidative deterioration of polyunsaturated lipids.87 The PUFAs in membrane 

phospholipids are metabolically active and undergo turnover through a deacylation-
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reacylation mechanism mediated by enzymes.77 DHA, as well as arachidonic acid (20:4 

n-6, ARA), are two major PUFAs that undergo enzymatic reactions to produce active 

lipid mediators as well as interaction with other oxygen radical species. While 

arachidonic acid (AA) is released from membrane phospholipids by cytosolic 

phospholipase A2 (cPLA2), DHA is linked to action of the Ca2+-independent iPLA2.  

Lipid peroxidation may target these PUFAs in the cell membranes, as well as in the free 

form, releasing 4-hydroxyhexenal (4-HHE) from DHA and 4-hydroxynonanal (4-HNE) 

from ARA as shown in Figure 1.12.77,88 These alkenal products are readily detected in 

biological tissues and plasma. Overwhelming data suggest that reactive lipid mediators 

generated from this process are biomarkers for oxidative stress and important players for 

mediating a number of signaling pathways.87,86 Moreover, they have been implicated in 

the pathogenesis of various diseases including, adult respiratory distress syndrome 

diabetes, cancer, and atherosclerosis.87 Emerging evidence however, shows that sublethal 

concentrations of these compounds exhibit adaptive responses and can actually protect 

neurons against oxidative stress and act as important players for mediating a number of 

signaling pathways. (i.e. induce the production of heme oxygenase-1 (HO1), a potent 

antioxidant enzyme downstream of Nrf2/ARE activation).77,89 
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Figure 1.12. A scheme depicting metabolic pathways for production of 4-HHE and 4-
HNE through different enzymatic (cPLA2 and iPLA2) and non-enzymatic (lipid 
peroxidation) mechanisms. Diagram from Yang et al., 2018 [86]. 
 
 
Chromatography 

Chromatography Overview 

 Chromatography is an important analytical technique that enables the separation, 

identification, and purification of the components of a mixture for qualitative and 

quantitative analysis.90 Separation of components is based on the differential affinities of 

the analytes for a stationary phase relative to a mobile phase. Subtle differences in a 

compound’s partition coefficient result in differential retention on the stationary phase 

and thus affect the separation.91 Chromatography was first employed in Russia by the 

Italian-born scientist Mikhail Tsvet in 1900, primarily for the separation of plant 

pigments. Since then, the technology has advanced rapidly and applied in many different 

ways, resulting in the different varieties of chromatography. 
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Gas Chromatography (GC) 

 The invention of Gas Chromatography (GC) is generally attributed to A.T. James 

and A.J.P. Martin in their 1952 paper.92 GC is used to analyze volatile substances in the 

gas phase. In gas chromatography, the components of a sample are dissolved in a solvent 

and vaporized in order to separate the analytes by distributing the sample between two 

phases: a stationary phase and a mobile phase. The mobile phase is a chemically inert gas 

that serves to carry the molecules of the analyte through the heated column. 

 
High-Performance Liquid Chromatography (HPLC) 

 HPLC relies on pumps to pass a pressurized liquid solvent containing the sample 

mixture through a column filled with a solid adsorbent material. Each component in the 

sample interacts slightly differently with the adsorbent material, causing different flow 

rates for the different components and leading to the separation of the components as they 

flow through the column. The acronym HPLC was coined by Prof. Csaba Horváth for his 

1970 Pittcon paper. In the beginning, pumps only had a pressure capability of 500 psi (35 

bar). This was called high pressure liquid chromatography, or HPLC. The early 1970s 

saw a tremendous leap in technology. These new HPLC instruments could develop up to 

6,000 psi [400 bar] of pressure, and incorporated improved injectors, detectors, and 

columns. With continued advances in performance, the acronym HPLC remained the 

same, but the name was changed to high performance liquid chromatography.93 

Ultra-high Performance Liquid Chromatography (UHPLC) 

 In 2004, further advances in instrumentation and column technology were made to 

achieve very significant increases in resolution, speed, efficiency and sensitivity in liquid 
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chromatography. Columns with smaller particles (1.7 μm) and instrumentation with 

specialized capabilities designed to deliver mobile phase at 15,000 psi (1,000 bar) were 

needed to achieve a new level of performance. This new system was historically created 

to perform ultra-high performance liquid chromatography, trademarked UPLC 

technology by Waters. This allows for a more rapid method development at a lower cost. 

Basic research is being conducted today by scientists working with columns containing 

even smaller 1-μm-diameter particles and instrumentation capable of performing at 

100,000 psi (6,800 bar).94,95 

 
Mass Spectrometry 

Mass Spectrometry overview 

 Mass spectrometry is an analytical technique that involves the study in the gas phase 

of ionized molecules with the aim of one or more of the following: qualitative and 

quantitative analysis of components in a mixture, molecular weight determination,  

structural characterization and gas phase reactivity studies. The birth of mass 

spectrometry in 1912 began with the cathode ray experiments performed by Joseph John 

(J. J.) Thomson in Cambridge.96 Before considering mass spectrometry (MS), one should 

consider the types of analyses and results you expected from them: Do you want to 

analyze large molecules, such as proteins and peptides, or acquire small, aqueous-

molecule data? Do you want to look for target compounds at a determined level of detail, 

or characterize unknown samples? Are your current separations robust, or must you 

develop methods from complex matrices? Do you require unit mass accuracy-say, 400 

MW-or accuracy to 5 ppm, as in 400.0125 MW? Must you process hundreds of samples a 

day? Thousands? Tens of thousands? Mass spectrometry uses an instrument called a mass 
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spectrometer. The main components of a mass spectrometer are: Inlet system, Ion source, 

Mass analyzer, Detector and Data Acquisition as shown in Figure 1.13.   

 

 

Figure 1.13. Schematic of mass spectrometry instrument layout 
 
 
 
Inlet System 

 Samples can be introduced to the mass spectrometer directly via solids probe, or in 

the case of mixtures, by the intermediary of chromatography device (e.g. gas 

chromatography, liquid chromatography, capillary electrophoresis etc.) as earlier 

explained. 

Ionization Sources 

Electron Ionization (EI) 

 Electron ionization (EI) was first described in 1918 by Canadian-American Physicist 

Arthur J. Dempster in the article of "A new method of positive ray analysis”.97 EI, often 

referred to as “hard” ionization method, is suitable for non-thermolabile compounds. The 

volatility of the sample is required. Sample molecules in the vapor state are bombarded 

by fast moving electrons, conventionally 70 eV energy. The energy of the electrons 

interacting with the molecule of interest is generally much greater than that contained in 
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its bonds, so ionization occurs. The excess energy breaks bonds in a well-characterized 

way. The result is predictable, identifiable fragments from which we can deduce the 

molecule's identity. Abstraction of only an electron from the outer shell yields a radical 

cation in the positive mode (M.+) and a rich spectrum of fragments which is fairly 

independent of the source design as shown in equation 1. 

 

M + e- (70eV) -----> M+. + 2e-  (1.1) 

 

Electrospray Ionization (ESI) 

 Among the most used spray ionization techniques is electrospray ionization (ESI). The 

ESI technique was first reported by Masamichi Yamashita and John Fenn in 1984.98  It 

provides the softest ionization for the highly polar compounds that have low volatility or 

are thermally unstable . ESI creates ions at atmospheric pressure rather than in a vacuum. 

It uses an electrical potential between the ESI probe exit (e.g., capillary) and the counter 

electrode, which is located few millimeters from the probe. The process results in the 

generation of highly charged droplets directly from the infused solution as shown in Figure 

1.14. Multiply and/or singly charged analyte molecules desorbed from the sprayed droplets 

are sampled through the rest of the mass spectrometer. ESI has been distinguished for its 

ability to produce multiply charged molecular ions from a large variety of molecules such 

as protein and DNA fragments; it allows for the sensitive detection of singly charged low 

molecular weight polar species such as drugs and drug metabolites. The formation of 

positive or negative ions (depending on the sign of the applied electric field) occurs in high 

yield. In the positive ion mode, protonated and/or alkali adduct analyte molecules are 
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generally observed in the mass spectra. In the negative, ion mode operation peaks 

corresponding to deprotonated analyte molecules are observed. ESI is described as a very 

"soft" ionization technique where the surrounding bath gas has a moderating effect on the 

internal and translational energies of desorbed ions. 

 
 

 
 
Figure 1.14. Electrospray Ionization (ESI) 
 
 
Atmospheric pressure chemical ionization (APCI) 

 Horning was the first to introduced APCI in 1973 to analyze volatile compounds 

using various introduction techniques like HPLC.99 APCI is also a soft ionization 

technique but not as soft as ESI. It operates at higher temperatures (350-550 °C). APCI is 

a techniques which creates ions at atmospheric pressure. A sample solution flows through 

a heated tube where it is volatilized in a mist and sprayed into a corona discharge with the 

aid of nitrogen nebulization. Sample molecules are ionized by ion molecule reactions 

from the ambient corona discharge ions. Ions are produced in the discharge and extracted 

into the mass spectrometer. APCI is best suited to relatively polar, thermally stable, and 
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semi-volatile samples. An APCI mass spectrum usually contains the quasi-molecular ion, 

[M-H]- or [M + H]+. 

Mass Analyzers 

 A mass analyzer is the component of the mass spectrometer that takes ionized 

masses and separates them based on charge to mass ratios and outputs them to the 

detector where they are detected and later converted to a digital output. There are a 

variety of mass analyzers commercially available today that are suitable for different 

applications. Common types include the quadrupole, ion trap (three-dimensional 

quadrupole, linear or cylindrical ion trap), Orbitrap, time-of-flight (ToF), ion cyclotron 

resonance and magnetic /electrostatic double sector mass analyzers. Lately, there is a 

growing trend toward combining different analyzer designs in order to increase the 

versatility and allow multiple experiments to be performed simultaneously using a single 

instrument. One of the most recent examples of such a novel hybrid instrument is the 

linear ion trap-Fourier transform ion cyclotron resonance mass spectrometer (LIT-FT-

ICR).100 

Quadrupole Mass Analyzers 

 A quadrupole mass analyzer or mass filter consists of four hyperbolic- or circular 

shaped rods that are accurately positioned parallel to each other (Figure 1.15). Opposite 

rods are charged by either a positive or a negative direct-current (DC) potential, at which 

an alternating-current (AC) potential in the radiofrequency region is superimposed. At a 

given DC/RF combination, only the ions of a particular m/z show a stable trajectory and 

are transmitted to the detector, while ions with unstable trajectories do not pass the mass 

filter, because the amplitude of their oscillation becomes infinite. Thus, the quadrupole 
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acts as a variable band pass filter.101 By changing DC and RF in time, usually at a fixed 

ratio, ions with different m/z values can be transmitted to the detector one after another. 

 
 

 
 
 
Figure 1.15. A Quadrupole mass analyzer or mass filter (diagram from Wilfried M.A. 
Niessen and David Falck, 2015) 
 
 
Detectors 

 The final element of the mass spectrometer is the detector. The detector generates a 

signal from incident ions by either generating secondary electrons, which are further 

amplified or by inducing a current generated by a moving charge. The detector records 

either the charge induced or the current produced when an ion passes by or hits a surface. 

The most common types of ion detector used in modern instruments are Faraday cup 

detector (or cylinder electrode), electron multiplier and photomultiplier (or scintillation 

counter). 

Photomultiplier 

 Photomultipliers (PM) have emerged as the most common detectors in modern mass 

spectrometers. In a photomultiplier, the ions initially strike a dynode, which results in 
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electron emission. These electrons then strike a phosphorous screen, which in turn 

releases a burst of photons. The photons then pass into the multiplier where amplification 

occurs in a cascade fashion, much like with the electron multiplier. The main advantage 

of using photons is that the multiplier can be kept sealed in a vacuum preventing 

contamination and greatly extending the lifetime of the detector. 

Tandem Mass Spectrometry 

 Tandem Mass Spectrometry, usually referred to as MS/MS, involves the use of 2 or 

more mass analyzers. It is often used to analyze individual components in a mixture. This 

technique adds specificity to a given analysis. Tandem mass spectrometry can be referred 

to MS/MS, MS/MS/MS, etc. 

Triple Quadrupole (QqQ) 

 A triple quadrupole mass spectrometer (TQMS), is a tandem mass spectrometer 

consisting of two quadrupole mass analyzers in series, with a (non-mass-resolving) radio 

frequency (RF)–only a quadrupole between them to act as a cell for collision-induced 

dissociation as shown in Figure 1.16. This configuration is often abbreviated QqQ. The 

arrangement of three quadrupoles was first developed by J.D. Morrison of La Trobe 

University, Australia for the purpose of studying the photodissociation of gas-phase 

ions.102 The triple quadrupole is the most frequently used mass spectrometer for MS/MS, 

because of the cost and ease of use among other factors. 

Essentially the triple quadrupole mass spectrometer operates under the same 

principle as the single quadrupole mass analyzer. Each of the two mass filters (Q1 and 

Q3) contains four parallel, cylindrical metal rods. Both Q1 and Q3 are controlled by 

direct current (dc) and radio-frequency (rf) potentials, while the collision cell, q, is only 
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subjected to RF potential. The RF potential associated with the collision cell (q) allows 

all ions that were selected for to pass through it.  The arrangement of the TQMS allows 

for four different scan types to be performed: a precursor ion scan, neutral loss scan, 

product ion scan, and selected reaction monitoring or multiple reaction monitoring 

(MRM) modes. 

 

Figure 1.16. Schematic of a triple quadrupole mass spectrometer (By MiaJ601 (talk) 18:17, 19 
March 2015 (UTC) -CC BY-SA 3.0 
 

Multiple Reaction Monitoring (MRM) 

 Selected or multiple reaction monitoring (SRM or MRM) are methods used in 

tandem mass spectrometry in which an ion of a particular mass is selected in the first 

stage of a tandem mass spectrometer and an ion product of a fragmentation reaction of 

the precursor ion is selected in the second mass spectrometer stage for detection.103 MRM 

mode is highly selective. Because both MS1 and MS2 are static, greater dwell time on the 

ions of interest is possible, so the sensitivity achieved in better. This mode is the most 

commonly used acquisition mode for quantitative analysis. 
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Figure 1.17. Data acquisition mode: Selected or Multiple Reaction Monitoring (SRM or 
MRM) 
 

Liquid Chromatography Mass Spectrometry (LC-MS) 

Although the coupling of chromatography with MS dates back from the 1950s, 

development of LC-MS systems took longer and was directly related to the development 

of proper interfaces. V.L. Tal'roze and collaborators started the development of LC-MS 

in the early 1970s, when they first used capillaries to connect LC columns and MS ion 

sources. While direct infusion is suitable for use with samples that are pure or that are 

simple mixtures composed of only a small number of constituents, LC-MS is a very 

powerful tool for mass analysis of a complex mixture by separating each analyte into an 

individual component before mass spectrometric analysis. It provides superior specificity 

and sensitivity and serves as powerful tool for toxicology applications in the clinical 

laboratory. LC-MS is the main method for detecting drugs and their major metabolites in 

vivo, and can provide high enough sensitivity, specificity, and molecular structural 

information for the qualitative assay of drugs and their metabolites. 
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CHAPTER 2: Determining and mitigating the potential occurrence of 
cyanide in elderberries 

 
 
2.1 Introduction 

2.1.1 Background on cyanide in elderberry 

The elderberry industry appears poised for major expansion and have increased 

significantly in sales over the years. However, one major concern to growers and 

consumers of raw and processed elderberry products is the possible occurrence of 

cyanide (as cyanogenic glycosides), a class of toxic compounds, in raw or processed 

elderberries. While some consumers remain in a dilemma as to the safety of elderberry, 

others believe that raw ripe elderberries contain cyanide, but that heat treatment or 

fermentation destroys or removes the cyanide. Conventional wisdom and google searches 

make this situation murkier with numerous unsubstantiated claims to that effect. 

A review of the medical literature revealed no reports of elderberry juice poisoning 

within the past 37-years. However, there was a CDC report (Centers for Disease Control 

and Prevention) on a poisoning incident on August 26, 1983 involving several religious 

people in California.1 This was attributed to earlier consumption of juice prepared from 

raw wild elderberries along with leaves and stems of the plant. Cyanide is often 

implicated in that incident, but this was not definitively proven. There remains an 

uncertainty as to the presence of this cyanide containing compound called cyanogenic 

glycosides (CNGs) s in American elderberry (AE). The fact remains that no exhaustive 

work has been done on subsp. canadensis (AE) to conclusively ascertain the presence, 

forms, and levels of CNGs in ripe and unripe berries. And if present, in which tissues of 

the plant (juice, skin, pulp, seed, stem, and pedicel) or ripening stage do they occur more 
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and how safely can we remove or mitigate its effects in AE foods and products?  

Nevertheless, hearsay and uncertainty regarding the occurrence of cyanide in elderberry 

continues to foster hesitancy among both producers and consumers, which is most likely 

significantly hindering the full development of this potentially lucrative agricultural 

specialty crop in Missouri. 

Traditional and modern food-processing techniques such as chopping, grinding, 

soaking, fermentation, drying, roasting, boiling, and steaming have been used to reduce 

the potential toxicity of dietary cyanogenic plants.2,3,4 The effectiveness of these 

techniques however, depends on the processing method, the plant tissues and the intended 

processed forms.2 Soaking for instance could be effective only with discarded soaking 

water due to solubilization of CNGs without enzymatic degradation.2,3,5 Boiling can 

inhibit the activity of endogenous β-glucosidase due to high temperatures to halt HCN 

release.3 However, this is only partially effective in reducing HCN toxicity because the 

CNGs are relatively heat stable3 and HCN is water soluble.6 Therefore, if the CNGs does 

not hydrolyze due to enzyme inactivation, toxicity may still result from the catabolism of 

these cyanogens in the gastrointestinal tract either by microfloral β-glucosidase or by β-

glucosidase contributed by other components of the diet.7,8 This implies any inefficient 

processing may expose consumers to some doses of the glycosides and HCN. 

Quantification of CNGs can be made either indirectly (by determining HCN released 

after hydrolysis) or directly (by determining the intact glycoside).9, 10 In this study, a very 

sensitive, reproducible and robust LC-MS/MS method was developed and optimized for 

accurate identification and quantification of intact CNGs. Ultra-high-performance liquid 

chromatography triple-quadruple mass spectrometry (UHPLC-QqQ MS/MS) was used 
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for this purpose. A complimentary picrate paper method was modified to assess the total 

cyanogenic potential (TCP) by determining the total cyanide concentration following 

action of endogenous enzymes on CNGs.  Analysis was performed using a camera-phone 

and UV-Vis spectroscopy. This study will provide definitive and much needed answers to 

lingering questions regarding the absolute safety of AE. This will enhance confident in 

production, processing and marketing of safe healthy AE products which can compete 

more aggressively with other high antioxidant herbal dietary supplement products within 

and beyond the US. 

2.1.2 Previous cyanide studies 

Numerous studies have confirmed significant cyanide levels and specific types of 

cyanogenic glycosides in several food plants, seeds, and commercially available food 

products.11,12,13,14,15 A study by Islamiyat et al.9 showed significantly high levels of 

amygdalin in the seeds of 15 apple varieties ( 1000- 4000 µg/g) and much lower levels in 

fresh (10-40 µg/g) and processed (1-7 µg/g) apple juices.  Amygdalin has also been 

detected in the seeds of several other fruits related to Rosaceae species (apricot, cherry, 

plum, pear, peach) and non-Rosaceae species (cucumber, melon, Courgette and Marrow), 

kernels and commercially-available food.10,16,17 Although these commercially available 

foods have undergone some kind of processing, minimal levels of cyanogenic compounds 

were still detected in most of them. Lee et al.18 quantified increasing mean concentration 

of amygdalin from nonbitter (63.13 ± 57.54 µg/g), semibitter (992.24 ± 513.04 µg/g) to 

bitter almonds (40060.34 ± 7855.26 µg/g) and suggested the possibility of phenotypic 

classification achieved on the basis of amygdalin levels. Several studies have been done 

to determine the total cyanide levels in cassava14,19,20 and also confirm linamarin as the 
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predominant cyanogenic glycoside in cassava21,22,23 and lima beans.24,25The presence of 

the cyanogenic glucoside dhurrin was also detected in isolated vacuoles from sorghum.26  

Research on cyanogenic glycoside content of berries is very sparse. A study by 

Mazza and Cottrell27 detected prunasin and amygdalin in the seeds of several cultivars of 

Saskatoon berries at several stages of ripeness. Interestingly, the prunasin and amygdalin 

content was high in the seeds and unripe berries in two of the cultivars but was not 

detected in the unripe berries of the other three cultivars. The cyanogenic glycoside 

content was generally higher in the ripe berries. Whereas few reports exist on cyanogenic 

glycosides in European elderberry [Sambucus nigra (subsp. nigra)], no extensive work 

has been made on the subsp. Canadensis (American elderberry). Earlier work by Senica 

et al.2 on the subsp. nigra reported average levels of sambunigrin in fresh control juice 

(18.8 ± 4.3 µg/g) to processed products;  juice (10.6 ± 0.7µg/g), liqueur (0.8 ± 0.21µg/g), 

tea (3.8 ± 1.7 µg/g) and spread (0.8 ± 0.19µg/g). This result shows that higher 

temperatures decreased the levels of harmful cyanogenic glycosides 44% in processed 

elderberry juice, 80% in tea and  as much as 96% in elderberry liqueur and spread. In 

another study with sub.sp nigra, Senica et al.28 investigated the change of CNG in elder 

leaves, flowers, and berries induced by different altitudes and locations. Findings from 

this study showed that elderberries contained the lowest levels of harmful CNG (0.11 

µg/g at the foothills and 0.59 µg/ g at the hilltop) and highest levels in the leaves (153.31 

µg/g at the foothills and 209.61 µg/ g at the hilltop). A recent work by Senica et al.29 on 

the leaves of three different Sambucus species (Sambucus nigra - black elderberry, 

Sambucus ebulus – dwarf elder and Sambucus racemosa - red elderberry) 
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showed  highest values of sumbunigrin accumulated in the leaves of black elderberry 

(103 0 µg/g) and the lowest in the leaves of red elderberry (1 µg/g).  

The only study previously made on Sambucus canadensis (American elderberry) is 

by Buhrmester et. al.30 They examined the presence or absence of cyanogenic glycosides 

for individuals from nine populations of Sambucus canadensis L. (elderberry) in east-

central Illinois. The study tested for cyanogenic glycosides in the leaves. Of the nine 

elderberry populations examined, only one population had a test positive for HCN 

production each of the three times tested. In another population the production of HCN 

was highly variable. The cyanogenic glycoside was determined to be (S)-sambunigrin by 

gas chromatographic separation of the TMS-derivative. 

2.2 Experimental 

2.2.1 Plant material 

Elderberry fruit samples were harvested from experimental field plots that were 

previously described in detail.31,32  Briefly, a replicated evaluation of eight American 

elderberry genotypes was established in Missouri (USA) in 2008. Fruits from six genotypes 

(Bob Gordon, Ocoee, Ozark, Ozone, Wyldewood, and York) were harvested from one of 

the study sites (Mt. Vernon, MO) at peak ripeness in August 2016, and promptly frozen. 

Frozen, de-stemmed, whole berries (> 400 g) from the five genotypes were provided to the 

laboratory, along with frozen unripe and almost-ripe berries (green and red-colored, 

respectively). Additionally, hundreds of individual berries from each genotype were 

thawed and painstakingly separated into skins (epicarp), pulp (mesocarp), seeds, juice, and 

small green stems (pedicels) that connect the berry to the infructescence. After dissection, 

samples were re-frozen. For detailed CNG analysis, tissue and juice samples from the 
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genotypes Ozone and Ozark were analyzed separately. Further, tissue and juice from five 

genotypes (Bob Gordon, Ocoee, Ozark, Wyldewood, and York) were combined into 

pooled samples for a broader analysis. Sufficient material was dissected to produce samples 

exceeding 10 mg. Commercially processed elderberry juice was purchased from River 

Hills Harvest, Hartsburg, MO. 

2.2.2 Chemicals and reagents 

Water, acetonitrile (ACN), methanol, ethanol and formic acid (FA) were purchased 

from Fisher Scientific (Fair Lawn, NJ, USA, HPLC grade). β-Glucosidase enzymes (250 

mg lyophilized powder ≥ 6 U/mg), amygdalin (1 g, ≥ 99%), dhurrin (1 mg ≥ 98%), prunasin 

(1 mg ≥ 95%) and linamarin standards (1 mg ≥ 95%), together with picric acid (100 g 

moisten with water ≥ 98%) and potassium cyanide (≥98%) were purchased from Sigma 

Aldrich Chemical Co. (St. Louis, MO, USA). Whatman no.1 filter paper, sodium 

carbonate, sodium hydroxide and pH 8 phosphate buffer (500 mL) were also purchased 

from Fisher Scientific (Fair Lawn, NJ, USA). Plastic backing and hobby glue (adhesive 

neutral pH) were purchased from the Mizzou Store (Columbia, MO, USA). 

2.2.3 Picrate paper method for cyanide analysis 

The picrate paper method is based on the reaction of enzymes that catalyze the 

release of HCN gas, which reacts with the picric acid on the paper test strip producing 

2,6-dinitro-5-hydroxy-4-hydroxylamino-1,3 dicyclobenzne with an indication color 

change 33 as shown in Figure 2.1. The paper strip can then be analyzed using a camera 

method or UV-Vis spectrometry.  
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Figure 2.1 Indicator reaction of picric acid with cyanide to form 2,6-dinitro-5-hydroxy-4-
hydroxylamino-1,3-dicyclobenzne (bG; β-1,6-glycosidases) 
 

2.2.3.1 Preparation of picrate paper 

A previously published picrate method described by Meredith et al. 20 for 

determination of total cyanogens in cassava roots was adapted and modified for use. The 

picrate paper was prepared beforehand by dipping a sheet of Whatman 3MM filter paper 

in a picrate solution (1.4% w/v moist picric acid diluted in 2.5% w/v Na2CO3 solution), 

allowing the paper to air dry and cutting it into 3 cm x 1 cm strips. These were glued 

using a drop of PVA hobby glue to 5 cm x 1.2 cm clear plastic strips to keep the paper 

clear of the liquid.  The 2.5% w/v sodium carbonate diluent was prepared by diluting 2.5 

g sodium carbonate to 100 mL of water. The 1.4% w/v (saturated) solution of picric acid 

was prepared by diluting 0.75 g of moist picric acid to 50 mL of Na2CO3 diluent (extra 

0.05 g of picric acid adjusts for mass of wet powder.) and stored at room temperature. 

2.2.3.2 Standard calibration 

Different cyanide amounts (1, 3, 5, 10, 20, 50, and 100 µg) were prepared from 100 

µg/mL of CN- equivalent amygdalin solution following success from initial trials using 
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KCN/NaOH stock. 100 μg/mL of CN- equivalent solution from amygdalin (457.17 

g/mol) was prepared by dissolving 0.017 g amygdalin in 10 mL of deionized water and 

stored at 4°C in the refrigerator. One of the most complicated portions of this analysis is 

the enzymatic hydrolysis of amygdalin. Enzymes are macromolecular biological catalysts 

whose amount for a specific enzymatic activity is measured in Units (U). One U is 

defined as the amount of enzyme needed to catalyze the conversion of 1 micromole of 

substrate per minute.34 Enzymatic degradation of amygdalin was achieved using the β-

glucosidase enzyme.  

Approximately 3 U/mL was calculated (mass dependent on U/mg of stock powder) 

as a concentration of β-glucosidase for the preparation of standards. 10 µL of this 

solution will completely catalyzed the conversion of 100 µg of amygdalin solution in 2 

hours, leaving enough time for the released HCN to completely interact with picric acid. 

An excess volume of 50 μL of 3 U/mL β-glucosidase enzyme solution in pH 8 phosphate 

buffer was added to each cyanide equivalent amount of amygdalin in 20 mL scintillation 

vials. To each vial, a picrate test strip was added, capped and incubated overnight (16-24 

hours) in an oven between 30-40 °C as shown below in Figure 2.2. 

 

 

Figure 2.2 Set up for amygdalin (0-100 µg CN- equivalent) + 50 µL of 3 U/mL β-
glucosidase enzymes in pH 8 phosphate buffer and the picrate paper test strip. 
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2.2.3.3 Control test 

Two control experiments were run, first to test the effectiveness of the picrate paper 

method using samples from known literature and second to test the extent of self-

hydrolysis due to endogenous enzymes in the plant tissue. Seeds and juice from two 

apple varieties, Granny Smith (GS) and Gala (G), were used for this test. The seeds were 

pretreated by either grinding raw or following lyophilization. The juice was prepared in 

two ways, juice from the core and juice from the flesh. In effect both apple varieties were 

tested for total cyanogenic potential (TCP) by measuring total cyanide levels in the seeds 

(S), core juice (Jc) and Juice from flesh (J). 100 mg of juice/seeds were treated with the 

same protocol as in the standards to test for total cyanide levels.  

Because cyanogenic plants already contain endogenous enzymes, which are released 

when plant tissues are disrupted35,36 (for example by crushing), there is a need to assess 

the extent of plant self-hydrolysis of CNGs. To achieve this, a control test using ground 

seeds from the two-apple variety and the stems and green berries for AE composite 

samples were made. Two different picrate paper set-ups were made, first a control 

(without an external β-glucosidase solution) and the other, a typical picrate set-up (with 

an external β-glucosidase solution). Set-ups were made in three replicates using 100 mg 

of sample. The same set-up protocol as used for the standards were used. 

2.2.3.4 Sample preparation and test 

Processed elderberry juice was tested first for TCP before all tissues of American 

elderberry variety (Ozone, Ozark and composite samples). While all varieties were tested 

for juice, seeds, skin and stem, composite samples were additionally tested for pulp, green, 

ripe and red berry. Juice from hand pressed berries were tested raw while other tissues were 
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lyophilized and ground into a powder before testing. 100 mg of lyophilized or raw tissues 

of pure (Ozone, Ozark) and composite AE samples were weighed into clean 20 mL 

scintillation vials. 50 µL of β-glucosidase solution (3U/mL) in pH 8 phosphate buffer were 

added alongside the picrate paper test strip. Vials were immediately closed with a screw 

stopper. Each set-up was made in three replicates. These were left overnight (16-24 hours) 

in an oven to warm at temperatures between 30-40 °C.  

2.2.3.5 Sample analysis 

A simple and quick method of analyzing the reacted picric acid is by qualitative 

inspection. This appears to be an effective estimate for quantities of CN- equivalents 

ranging between 1 and 100 µg. However, as the amount of CN- eq. increases, the ability to 

differentiate between the colors decreases.  A color chart shown in Figure 3 can be used to 

relate the color to total CN- evolved. 

 

Figure 2.3. A picrate-paper cyanide color chart for qualitative analysis of CNGs for the 
concentration range of 0-100 µg CN- eq. 
 

A semi-quantitative approach using a camera-phone as a detector was used. Here, the 

image (Figure 2.3) was converted from color to greyscale so that the contribution of all 

colors to the depth of the image can be measured. This was done using “image J” software. 

The method generated mean intensity values corresponding to each CN- eq. greyscale filter 

strip, which was used to generate a calibration curve.  Quantification was alternatively done 
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using a UV-Vis spectrometer (Aligent 8454 photodiode array). The reacted picrate paper 

test strip was extracted in 3.5 mL of water in cuvettes and the resulting solution analyzed 

at a wavelength (λmax) of 510 nm after standing for 30 min. 

2.2.4 UHPLC-MS/MS method for cyanogenic glycosides analysis 

2.2.4.1 Sample preparation and extraction 

Berries were transferred into mini Ziploc bags and gently pressed. Juice was 

transferred into new vial and seeds separated from skin. Sample tissues (excluding juice) 

were transferred into Eppendorf tubes, flash frozen for about 5 mins in liquid nitrogen and 

freeze-dried for 24 hrs using a Labconco FreeZone -105°C 4.5 Liter Benchtop Lyophilizer. 

The lyophilized sample tissues were ground into powder and stored in a desiccator cabinet 

prior to extraction. In order to optimize the extraction process, equal volumes of elderberry 

juice (River Hills Harvest, Springfield, MO) were spiked in three replicates with varying 

amounts of cyanogenic standards (CNS) from a stock mixture (amygdalin, dhurrin, 

prunasin and linamarin) of 10 µg/mL to attain intended spike concentrations of 1000, 100, 

and 10 ng/mL (use for validation). The solutions were extracted with 1 mL of different 

ethanol/methanol and water proportions from 60:40 to 80:20 (v/v). Extraction was done 

via sonication (15-30 mins) at 30 °C or overnight shaking (16-24 hr) or 2 mins vortexing 

at room temperature on a vortex Genie 2 Shaker Mixer at 600 rpm. Extracts were 

centrifuged for 15 mins, dried under nitrogen gas and reconstituted in 1mL of mobile phase 

(0.1% FA in ACN) for SPE clean up. Sample extraction was done on both raw and 

lyophilized samples.  
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2.2.4.2 Solid phase extraction 

An SPE method18 previously used for the determination of amygdalin in almonds was 

adapted and optimized for our use. A Supelco Visiprep™ SPE vacuum manifold was used 

for this purpose. 10 inches Hg (35 kPa) pressure and a flowrate of about 1-2 drops/s was 

maintained throughout the process. To obtain the best washing and elution solvent strength 

for all four CNS mixture, a ten bottle SPE optimization was made with varying proportions 

of methanol/water (0, 10, 20, 30 to 100% v/v). SPE cartridges (Sep-Pak Vac 3cc, 500 mg 

certified C18 cartridge, Waters, USA) were conditioned with 2 mL of methanol and 

equilibrated with 2 mL of water. 1 mL of the sample was loaded onto the column. An 

additional 1 mL of 0.1% FA in water was used to remove remaining residues in the 

extraction tube. The column was flushed with 2 mL of 0.1% FA in water. CNGs were 

finally, eluted with 2 mL of methanol and water proportions. The extracts were dried under 

nitrogen gas, reconstituted into 0.1% FA in water and filtered through a 0.45 μm filter prior 

to UHPLC-MS/MS analysis. 

2.2.4.3 Standard calibration 

Standard curves were initially prepared as follows: top concentration was 10 µg/mL 

for a standards mixture for amygdalin, dhurrin, prunasin and linamarin in water spiked 

with 0.1% FA. The standard mixture was prepared from 1 mg/mL stock (10 μL each 

diluted to 1 mL) provided for each standard. Subsequent standards were made by serial 

dilution to produce calibration curves from which the upper limit of quantification for 

each standard was determined. Once the upper limits of quantification were determined 

for each standard, the top concentration was reduced from 10 µg/mL to 1000 ng/mL to 

enable a more accurate quantification of lower analytes concentration for each standard. 
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Standards were made by 1:2 serial dilution to obtain the following concentration range 

(1000, 500, 250, 125, 62.5, 32.5, 15.63, 7.81, 3.91, 1.95, 0.97, 0 ng/mL). Calibration 

curves were made using the analyte peak areas across the entire range of concentrations 

used (0.97 to 1000 ng/mL). Each concentration was made in three replicates (n). 

2.2.4.4 UHPLC-MS/MS method development 

2.2.4.4.1 Mass spectrometry conditions  
 

A Waters Xevo TQ-S triple quadrupole mass spectrometer with an electrospray 

ionization source operated in the positive-ionization mode was used. Multiple reaction 

monitoring (MRM) scans were conducted by selecting parent and daughter ion pairs of a 

specific cyanogenic glycoside, which were optimized using the IntelliStartTM software. 

A desolvation temperature of 350°C and a source temperature of 150°C were used. A 

capillary voltage of 3.07 kV, cone voltage 21, and nebulizer gas 500 Lꞏh−1 N2 were used. 

Argon was used as the collision gas. The collision energies were optimized and ranged 

from 17 to 30 eV for individual analytes. Column and sample temperature were 40 and 

10°C respectively. Instrument control and data acquisition were performed by using 

MassLynx software (version 4.1, Waters, Milford, MA, USA). Peak integration and data 

processing were made using the TargetLynx software (version 4.1, Waters, Milford, MA, 

USA). Analyte identity was determined based on integrated areas of retention times. 

2.2.4.4.2 UPLC gradient 
 

A Waters Acquity UHPLC system equipped with a quaternary solvent manager was 

used in conjunction with a C18 column (Acquity BEH, 1.7 μm, 100 mm × 2.1 mm2, 

Waters, Milford, MA, USA) for separation of cyanogenic glycosides. A previously 

published gradient for the quantification of amygdalin in almonds was reduced from 20 
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min to 10 min.18 Mobile phases used were 0.1% FA in water (A) and 0.1% FA in 

acetonitrile (B). The gradient used was 95% A, 0−1 min; 95−80% A, 1−3 min; 80−40% 

B, 3−7 min; 40% B, 7−8 min; 95% B 8.1−10 min re-equilibration. The flow rate was 0.2 

mL/min, and the injection volume was 10 μL in full loop mode. The column was heated 

to 40°C and the sample chamber was cooled to 10°C. 

2.2.5 Method validation for UHPLC-MS/MS  
 

An analytical method for validation was performed, including analysis of lower limit 

of detection, lower limit of quantification, linearity, range with upper limit of 

quantification, precision, recovery, and matrix effect.   

2.2.5.1 Lower limit of detection and quantification  
 

The lower limit of quantitation (LLOQ) was taken as the lowest concentration of 

analyte in a sample that could be determined with acceptable precision and accuracy and  

the lower limit of detection (LLOD), was taken as the lowest absolute concentration of 

analyte in a sample that could be detected, but not necessarily quantified.37 The LLOD 

and LLOQ were determined experimentally by performing serial dilutions on cyanogenic 

standards stock until the signal-to-noise ratio (S/N) of candidate concentration 

chromatograms were approximately 3 and 10, respectively. Subsequent repeated 

injections (n= 7) at this predicted LLOD and LLOQ concentration were performed at 

targeted coefficient of variation (CV% ≤  20%) for confirmation.38  

The LLOD and LLOQ values were also theoretically determined using the blank and 

low concentration sample approach for comparison.39 This calculation explicitly takes 

both the blank and the low concentration samples into account using equations   1 and 2 

below for LLOD and LLOQ, respectively. From equation 2.1, μB represents the 
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estimated mean of the blank samples, σB is the standard deviation of the blank samples 

and σS is the standard deviation of the low concentration samples. The equation assumes 

that analyte concentration is estimated using the mean of n replicates, and t(1-β,ν) 

represent the critical value of   student's  t distribution with ν degrees of freedom, which 

equals to the number of sample replicates.40 

 

 
LLOD ൌ  μB ൅

tሺ1 െ βሻሺσB ൅  σSሻ

√n
 

(2.1) 

 

 LLOQ ൌ  3 x LLOD (2.2) 

   

2.2.5.2 Linearity, range and upper limits of quantification 
 

The linearity (R2-value) of an analytical procedure is the ability (within a given 

range) to obtain test results, which are directly proportional to the concentration (amount) 

of analyte in the sample. The range is the interval between the upper and lower 

concentration limits of analyte at a suitable level of precision, accuracy, and linearity.41 

The upper limit was determined as the highest concentration of the linear curve beyond 

which the linearity breaks. Cyanogenic standards were prepared at a top concentration of 

10 µg/mL with serial dilutions to 1 ng/mL, to analyze the linearity, range, and upper 

limits of the analytical method.   

2.2.5.3 Precision and reproducibility 
 

The precision of an analytical procedure is defined as the closeness of agreement 

between a series of analytical measurements obtained from multiple sampling of the same 

homogeneous sample under the same developed conditions.41 Intraday precision and 
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reproducibility were determined by analyzing replicate QC samples (n = 6). The criteria 

for acceptability of the data included a precision of within ±15% (RSD) (±20% at the 

LLOQ).42 

2.2.5.4 Recovery and matrix effects 
 

Recovery (RE) is the yield of a preconcentration or extraction stage of 

an analytical process for an analyte divided by amount of analyte in the original sample.43 

Matrix effects (ME) are the combined effects of all components of the sample other than 

the analyte of interest. RE and ME were evaluated by an approach based on responses 

from pre-extraction spike matrix (a), post-extraction spike matrix (b) and a neat spike 

standard (c). RE and ME were calculated using equations 2.3 and 2.4.44 A positive  ME 

implies ion enhancement and a negative ME signifies ion suppression.45  

 

  𝐑𝐄 ൌ
a
b
∗ 100    (2.3) 

 

 
𝐌𝐄 ൌ  ൤൬

b
c
൰ െ 1൨ ∗ 100 

(2.4) 

2.2.6 Statistical analysis 
 

For the determination of cyanide by UV-Vis and cyanogenic glycosides by LC-

MS/MS, samples were prepared in three biological and three analytical replicates for 

each sample. Statistical analyses were performed in Excel (Microsoft Office 2016). 

Results are expressed as the mean ± standard deviation (SD, n=3). Also, the coefficient of 

variation for six (6) repeated injections (CV% ≤ 20%) was used to confirm candidate 

concentrations for LLOQ and LLOD.  
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2.3 Results and Discussion 

2.3.1 Picrate paper analysis of cyanide 

2.3.1.1 Standard calibration 

The observed picrate color change for amygdalin standards improved significantly and 

became consistent with cyanide amounts only when the adapted method20 was modified by 

using minimal water (<0.5 mL water). This was to enhance HCN reaction with picric acid 

since HCN is highly water-soluble.6 A standard calibration curve showing the amount of 

CN- eq. with its corresponding absorbance is shown in Figure 2.4, using amygdalin as the 

cyanide source. Also shown in Appendix 2 are Figure A2.1 which shows the corresponding 

standard curve using a camera-phone as a detector and Figure A2.2 which shows the 

expanded UV-Vis data from 0 to 10 μg/g. Table 2.1 summarizes the LLOD, LLOQ, ULOQ 

and the Pearson coefficients (R2-values) for camera phone and UV-Vis analysis. UV-Vis 

showed better linearity compared to camera phone method in repeated analysis. 

 

Figure 2.4. Calibration curve for the amount of CN- eq. produced by reaction of picric acid 
with HCN using amygdalin as a CNG standard measured by UV-Vis spectrophotometry at 
λmax = 510 nm (standard deviation for three replicate samples, n=3) 
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Table 2.1. LLOD, LLOQ, ULOQ, Pearson coefficients (R2-values) for calibration curves 
from camera-phone and UV-Vis analysis 
 

Methods/µg CN-eq. ULOQ LLOQ LLOD R2 
UV-Vis (A) 50 0.14 0.047 0.9971 

Camera phone (B) 50 1.59 0.530 0.9889 
 

The LLOQ and LLOD for both methods were determined using equations 2.5 and 2.6 

below. Where “Sy” (Equation 2.5) represents the standard deviation of the blank for three 

replicates analysis and for Equation 2.6 represents the standard deviation of the ordinate 

intercept. “m” in both cases represents the slope from the regression of the calibration 

curve. 

 
𝐋𝐋𝐎𝐐 ൌ

10 x Sy
m

 
(2.5) 

 

 
𝐋𝐋𝐎𝐃 ൌ

3  x Sy
m

 
(2.6) 

2.3.1.2 Control test 
 

Color change on the picrate paper test strip for the control apple seeds occurred 

swiftly at room temperatures even before sample set-ups were transferred into the oven 

for overnight heating (30-40°C). A deep red color change was observed on inspection (as 

shown in Appendix 2 as Figure A2.3) for both raw and lyophilized seeds, juice (core) and 

juice (flesh) for Granny Smith (GS) and Gala (G) apple varieties. Analysis via UV-Vis at 

a wavelength of 510 nm showed high average cyanide concentrations (TCP) ranging 

from (497.50 ± 19.60 to 603.20 ± 28.41 µg CN- eq.)/g of apple seeds as shown in Figure 

2.5. TCP levels in analyzed seeds were higher in Granny Smith as compared to Gala 

apple varieties.  These results were comparable to available literature.9,46 The mean levels 
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of cyanide determined in the juice were very low, slightly higher in core compared to the 

flesh. 

 

Figure 2.5. Picrate Paper results for apple seeds and juice. The error bars represent the 
standard deviation of at least three replicate samples (n=3).  
 

Results from the endogenous enzymes test made using composite AE stems and 

green berry revealed higher cyanide levels in samples with added β-glucosidase than 

those without added β-glucosidase (as shown in Figure 2.6 and in Appendix 2 as Figure 

A2.4). Approximately 43.4% and 24.7% more cyanide were determined in composite AE 

stems and whole green berries respectively, with added β-glucosidase. These findings 

indicated that, AE contains appreciable amounts of endogenous β-glucosidase enzymes to 

initiate self-hydrolysis (56.6 and 75.3% for stems and green berries, respectively) of 

CNG’s. This may not be sufficient for complete hydrolysis of all CNG’s when the tissues 

are disrupted. This also implied that not all available CNG’s in elderberry may 

necessarily translate into HCN. Deductions based on these observations are supported in 

a similar analysis by Miller et al.47 using B. collina foliage and Mischocarpus spp assay. 

Apple seeds however showed no appreciable change in cyanide concentration with or 
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without addition of β-glucosidase enzymes (as shown in Figure 2.7 and Appendix 2 as 

Figure A2.5). It can be suggested that the seeds of the apple varieties used contain 

sufficient endogenous beta glucosidase for complete hydrolysis of all CNG’s when the 

tissues are disrupted. The picrate paper test method is quick and simple and can serve as 

an effective field test for elderberry producers. 

 

Figure 2.6. Picrate paper results for endogenous enzymes test using composite elderberry 
samples. The error bars represent the standard deviation of at least three replicate samples 
(n=3).  

 

Figure 2.7. Picrate paper results for endogenous enzymes test using apples seeds. The 
error bars represent the standard deviation of at least three replicate samples (n=3).  
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2.3.1.3 Cyanide analysis in elderberry 

Qualitative inspection of the picrate paper strips showed no visible color change for 

commercial elderberry juice sample. UV-Vis analysis of the picrate paper test stripes 

showed no detectable trace of cyanide (Concentration < LLOD: 0.047 g CN- eq.) as 

shown in Appendix 2 as Figure A2.6. All sample tissues (juice, skin, stem, seeds) of 

Ozone and Ozark AE also showed no visible color change on qualitative assessment. 

Generally, results obtained for lyophilized samples were comparable to raw samples. 

Quantitative determination by UV-Vis at 510 nm (λmax) however revealed very low traces 

of cyanide detection with average concentrations ranging from (2.60 ± 0.25 - 9.20 ±0.30 

µg CN- eq.) / g of sample. TCP levels obtained were comparable for both genotypes and 

ranges between (2.60 ± 0.25 - 9.20 ± 0.30) and (3.05 ± 0.20 - 8.20 ± 0.21) µg CN- eq. / g 

for all tissues of Ozone and Ozark samples, respectively. TCP concentration increased in 

the order juice < seeds < skin < stem for both genotypes as shown in Figure 2.8. 

 

Figure 2.8. Total cyanogenic potential for different types of tissue of Ozone and Ozark AE 
genotypes using UV-Vis spectrophotometry. The error bars represent the standard 
deviation of at least three replicate samples (n=3).  
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Qualitative inspection of picrate paper test strip for composite AE tissues (seeds, 

skin, pulp, stem, juice and whole green, red and ripe berries) showed a faintly visible color 

change for composite green berries and stem tissues (as shown in Appendix 2 as Figure 

A2.7). UV-Vis analysis showed average concentrations of sample tissues ranging between 

(8.03 ± 0.41-37.43 ±1.87 µg CN- eq.) / g of sample (as shown in Figure 2.9).  TCP levels 

in analyzed tissues increased in the order: whole ripe berries < whole red berries < juice < 

seeds < skin < pulp < whole green berries < stem, with highest average concentrations in 

the stems (37.43 ± 1.87 µg CN- eq. / g) and whole green berries (25.60 ± 1.28 µg CN- eq. / 

g). Koss-Mikolajczyk et al.49 in a recent study observed a weak and unstable signal for a 

peak corresponding to sambunigrin, which happened to decrease with the stage of ripeness 

in elderberry fruit. Analysis by Zahmanov et al.48 also reported metabolic differences in 

mature and immature fruits, and plant leaves of Sambucus ebulus. Moreover, immature 

fruits (green berries) and leaves were shown to have similar metabolomes, which 

apparently undergoes significant changes during the fruit ripening stage. These 

observations may have accounted for the slightly higher levels recorded in green berries. 

Although concentration levels in the stems and green berries are not significant enough to 

pose any threat, a cumulative dose especially in larger quantities may be problematic. It is 

therefore advisable to carefully exclude green elder berries and stems during juice 

preparation.              
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Figure 2.9. Total cyanogenic potential for different types of AE tissue of pooled samples 
made up of five different genotypes using UV-Vis spectrophotometry. The error bars 
represent the standard deviation of at least three replicate samples (n=3). 
 

2.3.2 UHPLC-MS/MS analysis cyanogenic glycosides  
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Table 2.2. Mean recoveries and standard deviations for intended spike concentration of 
100 and 1000 ng/mL 

CNG standards/ Conc. MRM  SIR 

mean recovery% (ng/mL) Amygdalin  Amygdalin Dhurrin Prunasin Linamarin 

  Mean 
RE% 

SD%  Mean 
RE% 

SD% Mean  
RE% 

SD
% 

Mean  
RE% 

SD
% 

Mean  
RE% 

SD
% 

Sonication 1000 85.40 1.01  86.14 1.61 95.34 2.1 91.35 0.95 95.26 1.98 

(30 min at 30°C) 100 91.43 0.92  92.14 3.11 88.54 2.04 79.14 5.1 92.1 0.96 
             
Overnight shaking  1000 93.69 0.31  91.40 0.98 98.19 0.73 106.98 0.86 112.21 0.62 

(16-24 hrs) 100 81.70 3.61  101.54 2.98 109.99 2.75 87.94 1.85 98.11 2.13 

 

 

Figure 2.10. Recoveries for 75% MeOH (sonication vs vortexing) The error bars 
represent the standard deviation of at least three replicate samples (n=3).  
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of all four CNS. Confirmation using water methanol proportions from 0:40 to 40:0 (v/v) 

was made to conclusively determine the elution solvent as 35% methanol. 

 

 

Figure 2.11. Elution profile for amygdalin as a function of methanol content in the 
extraction solvent. (AUC is the area under the curve). 
 

2.3.2.3 Intellistart® optimization 

Stock solutions (1 μM) for four cyanogenic standards (CNS); amygdalin (≥ 99%), 

dhurrin (≥ 95%), linamarin (≥ 98%), and prunasin (≥ 90%) were prepared for each 

standard in HPLC grade water (0.1% formic acid). An attempt was made to find multiple 

reaction monitoring (MRM) transitions for the four CNS’s using both electrospray 

ionization (ESI) and atmospheric pressure chemical ionization (APCI) sources for both 

positive and negative modes. Direct infusion of stock standards into the Xevo TQ-S mass 

spectrometer at flow rates of 5 μL/min was made and IntelliStart software was used to 

generate the optimal cone voltages and collision energies that produce daughter ions with 

the highest intensity. Intellistart was only successful for amygdalin in ESI positive mode 
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with a parent-daughter ion transition of m/z = 458.2 → 296.1 and m/z = 458.2 → 158.1 

as part of a multiple reaction monitoring protocol for quantification (as shown in Figure 

2.12).  

 

Figure 2.12. Product ion mass spectrum for amygdalin (MRM mode). 
  
 

Unfortunately, Intellistart was unable to identify parent-daughter ion transitions for 

dhurrin, prunasin and linamarin compounds using the [M + H]+ or [M – H]- parent ions. 

After further analysis, it was discovered that these three compounds exist primarily as 

sodium adducts, resulting in an increase of m/z = 23 and formed dimers (as shown in 

Table 2.3 and Figure 2.13 and 2.14). IntelliStart optimization was attempted using [M + 

Na]+ as the parent ion for dhurrin, linamarin and prunasin, however, these adducts are 

very stable and the energy applied in the collision cell is not sufficient to cause ample 
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fragmentation. Daughter ions were found, but their intensities were very low (roughly 2% 

relative to the parent), which is unsuitable for proper MRM quantitation. Atmospheric 

pressure chemical ionization (APCI) is an alternative to (ESI) that was used to create the 

ions in this experiment. APCI also failed to produce parent ions that are more suitable for 

fragmentation. 

 

Table 2.3 Observed mass to charge (m/z) peaks observed for direct infusion of 
cyanogenic standards. 

Compound Monoisotopic mass (amu) Observed Peaks (m/z) 
Amygdalin 457.2 458.2 

Dhurrin 311.1 333.9, 360.0 
Linamarin 247.1 269.9, 516.9, 248.1 
Prunasin 295.1 318.1 

 

 

 

Figure 2.13. Parent ion mass spectrum for linamarin as dimers and sodium adduct.  
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Figure 2.14. Parent ion mass spectrum for dhurrin as sodium adduct.  
 

This problem can be overcome by investigating alternate mass spectrometry scans. 

Quantification can also be performed using selected ion recording (SIR), which only 

allows particles of a specific mass-to-charge ratio through the third quadrupole mass 

analyzer. SIR mode, like MRM is also very sensitive but it is not as selective as MRM. 

This is because only one ion is being monitored, instead of a parent and daughter ion pair. 

However, given the fact the cyanogenic glycosides do not form typical [M+H]+ or 

[M−H]- parent ions, we feel this is the best option for quantitative analysis moving 

forward. Thus, Intellistart was used to optimize cone voltages for [M+Na]+ ions for all 

four standards.  



70 
 

2.3.2.4 UPLC gradient performance 

The developed UHPLC and MS method displayed excellent separation of the four 

standards and exhibited retention time repeatability and good peak shape. A 

chromatogram for the separation with retention times (RT) and scanning modes are 

shown in Figure 2.15. Although the run time was 10 mins, it took less than 6 mins to 

separate and elute all 4 CNGs.  

 

  

Figure 2.15. Chromatograms for A) amygdalin (MRM), B) amygdalin, C) dhurrin, D) 
prunasin and E) linamarin (SIR) RT: 4.61; 4.61; 2.54; 5.37 and 1.18 min respectively. 

 
 

 

2.3.2.5 Method validation 

The performance of the analytical method was verified by performing a method 

validation. This included tests for lower limit of detection (LLOD), lower limit of 
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quantification (LLOQ), linearity, linear range with the upper limit of quantification 

(ULOQ), precision, recovery, and matrix effect. Values for these parameters are listed in 

Table 2.2 and 2.4. The dynamic working range was identified for each standard and 

excellent linearity was also observed for all four standards. The calibration curve 

showing the linear range and linearity for amygdalin standard for both MRM and SIR 

method is shown in Figure 2.16. Results from the determination of LLOD and LLOQ 

showed comparable results for both the experimental dilution approach (using the S/N, 

candidate concentration and targeted coefficient of variation) and the theoretical approach 

based on the blank and low concentration. The former appeared more consistent as 

detailed in Table 2.4. Evaluation of recoveries (RE) and matrix effect (ME) based on 

responses from pre-extraction spike matrix (a), post-extraction spike matrix (b) and a neat 

spike standard (c) using equations 2 and 3. Mean recoveries were very high and range 

from 79-110% for all cyanogenic standards and for both sonication and overnight-

shaking extraction methods (as shown in Table 2.2). ME estimation was found to range 

between 10.20-18.34% for all cyanogenic standards in raw juice. This was a negative 

estimation and as such indicated some degree of ion suppression. Although further 

dilution of sample matrix from 10 to 1000-fold reduced this value significantly, it also 

decreased the sensitivity of sample detection. Hence a 10-fold dilution was maintained. 

Reproducibility/precision calculated using data for all standard replicates yielding 

reasonable counts were well within the threshold of 15% CV for each matrix within 

batches. The coefficient of variation for all standards was within 3% < CV < 6%. 
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Table 2.4. Summary of Pearson coefficient, detection and quantification limits (ng/mL) for 
CNGs 
Parameters 
ng/mL 

MRM 
Amygdalin 

 SIR   

Amygdalin Dhurrin Prunasin Linamarin 

LLOD 0.3 3 3 3 1 

LLOQ 1 10 10 5 5 

ULOQ 8000 8000 6000 6000 2000 

R
2 

Reproducibility 

0.9998 
CV=3.09% 

0.9998 
CV=3.50% 

0.9983 
CV=3.09% 

0.9984 
CV=5.80% 

0.9910 
CV=3.54% 

 

 

Figure 2.16. Calibration curve for amygdalin for MRM and SIR quantification method. 
The error bars represent the standard deviation of at least three replicate samples (n). 
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The developed UHPLC-MS/MS method was used to determine the levels of intact 
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(seeds, juice, skin and stem) for both lyophilized and raw pretreated samples showed low 

traces of CNGs (amygdalin, dhurrin, linamarin and prunasin). Levels of CNGs detected 

in lyophilized samples were comparable to raw samples. Concentration levels (µg/g) in 

tissues were generally higher in Ozone (0.12-6.38) compared to Ozark (0.13-3.48). 

Higher concentration (µg/g) levels were recorded in the stems (0.48-5.42; 0.57-3.07) and 

skin (0.12-6.38; 0.90-3.47) tissues as compared to levels in the seeds (0.12-2.38; 0.13-

0.68) and juice (0.29-1.57; 0.31-2.36), respectively, for Ozone and Ozark sample tissues. 

A detailed summary of concentration levels for each detected CNGs in AE tissues is 

shown in Table 2.5. Figure 2.17 and 2.18 shows the concentrations of these cyanogens in 

tissues for Ozone and Ozark respectively. Concentration levels (µg/g) of CNGs in 

analyzed tissues increased in the order: linamarin (0.12-0.75; 0.13-0.90) < dhurrin (0.12-

0.94; 0.22-1.91) < prunasin (0.58-2.84; 0.36-3.07) < amygdalin (1.57-6.38; 0.36-3.48), 

respectively, for Ozone and Ozark samples tissues.  In contrast to this trend, prunasin 

levels were highest in the juice and stems of Ozark AE. 

 

Table 2.5. Mean recoveries and standard deviations for spike concentrations of 100 and 
1000 ng/mL 
Elderberry samples Concentration ± standard deviation (µg/g)  

Amygdalin Dhurrin Prunasin Linamarin 

Seeds Ozone 2.38 ± 0.09 0.27 ± 0.05 0.58 ± 0.04 0.12 ± 0.06  
Ozark 0.68 ± 0.12 0.22 ± 0.03 0.36 ± 0.05 0.13 ± 0.05 

Juice Ozone 1.57 ± 0.08 0.70 ± 0.12 1.45 ± 0.06 0.29 ± 0.03 

  Ozark 0.36 ± 0.03 0.63 ± 0.04 2.36 ± 0.08 0.31 ± 0.01 

Skin Ozone 6.38 ± 0.40 0.12 ± 0.08 2.39 ± 0.04 0.75 ± 0.06 

  Ozark 3.48 ± 0.14 1.46 ± 0.20 2.53 ± 0.08 0.90 ± 0.11 

Stem Ozone 5.42 ± 0.12 0.94 ± 0.06 2.84 ± 0.02 0.48 ± 0.04 

  Ozark 2.15 ± 0.17 1.91 ± 0.03 3.07 ± 0.06 0.57 ± 0.06 
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Figure 2.17. Concentrations of CNGs (µg/g) in tissues (seeds, juice, skin and stem) of 
Ozone elderberry samples as measured by UHPLC-MS/MS. The error bars represent the 
standard deviation of at least three replicate samples (n=3).  
 
 

 

Figure 2.18. Concentrations of CNGs (µg/g) in tissues (seeds, juice, skin and stem) of 
Ozark elderberry samples as measured by UHPLC-MS/MS. The error bars represent the 
standard deviation of at least three replicate samples (n=3).  
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The trend of results from this study is comparable to results obtained from 

European elderberry (EE) studies. Senica et al.2 studies on EE (subsp. nigra) reported 

average levels of sambunigrin (µg/g) in fresh berries (18.8 ± 4.3), processed juice (10.6 ± 

0.7), tea (3.8 ± 1.7), spread (0.8 ± 0.19) and liqueur (0.8 ± 0.21). In another study, Senica 

et al.16 reported the highest amounts of sambunigrin in elder leaves (27.68–209.61 µg/g 

FW), lower amounts in flowers (1.23–18.88 µg/g FW) and lowest amounts in berries 

(0.08–0.77 µg/g FW). They added that the content of sambunigrin in elderberry changes 

depending on the growing altitudes (high on hill tops and low at the foothill). Another 

study by Koss-Mikolajczyk et al.49 on EE (subsp. nigra) observed the highest signal for a 

peak detected as sambunigrin in the elder leaves although this peak became undetectable 

after one day of storage of extracts in the fridge. It was also reported that the level of 

cyanogens in cassava leaves are 10 times more than in the roots.3 Deductions from this 

trend of results suggest that the leaves of most cyanogenic plants accumulate large 

amount of CNGs to which elder leaves are no exception. The trend of results also 

corroborates the fact that elderberry juice, being it AE or EE showed very low levels of 

CNGs. 

2.3.3 Cyanide toxicity 

In humans, consumption of cyanogenic plants can cause sub-acute or acute cyanide 

poisoning depending on the dose. Depending on the body weight (BW), acute cyanide 

toxicity can occur in humans at doses between 0.5 and 3.5 mg/ kg BW.50 This means the 

extent of cyanide toxicity can vary from person to person depending on weight and the 

ingested amount. For cyanide in whole blood, the toxicity threshold for cyanide alone 

ranges from 0.5 to 1.0 mg/L, and the lethal threshold ranges from 2.5 to 3.0 mg/L.51,52 
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Acute cyanide poisoning has been reported from the ingestion of apricots (intoxication 

may occur from eating 5 - 25 apricot seed)52,53,54, almonds (6.2 mg per each bitter 

almond) 55,56, cassava (15-400 mg/kg fresh weight of hydrogen cyanide in cassava 

roots).57 A typical case of acute cyanide poisoning in bitter almonds was recorded by 

Mouaffak et al.56 of a 67-year-old woman weighing 60 kg (132 lb) and diagnosed as 

having carcinoma of the large bowel after consuming a slurry of water with 12 bitter 

almonds the night of admission. The average cyanide content was 6.2 mg per each bitter 

almond. Considering the minimum lethal dose of cyanide of 0.5 mg/kg BW and the 

weight of the woman (60 kg), her calculated lethal dose will be 30 mg of cyanide. She 

however, ingested at least 70-75 mg of cyanide beyond the calculated lethal dose 

resulting in the cyanide poisoning. Fortunately, the patient rapidly and dramatically 

responded to treatment. Another case of cyanide poisoning with apricots was reported by 

Sahin et al.52 for a 28 month old girl presented to the emergency department with sudden 

onset of unconsciousness and seizures following consumption of approximately ten 

apricot seeds. The result of her whole blood cyanide level was more than 3 mg/L at the 

20th hour of presentation. She unfortunately died on the 22nd day of hospitalization 

following supportive care in the intensive care unit.  

High levels of cyanogenic glycosides (1000- 4000 µg/g) are reported in apple 

seeds (for 15 apple varieties)9,19 and further confirmed in this study, with high cyanide 

levels from a control picrate test (497.50 -603.20 µg/g). However, the possibility of 

cyanide toxicity may occur for an average adult male of weight 82 kg, only after 

consuming about 14 or more apples along with chewing all seeds. This estimation was 

made considering the threshold value of 0.50 mg/kg BW for cyanide toxicity, average 
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toxicity per seed (550 µg/g or 0.55mg/g), the average weight of an apple seed (0.75 g), 

the average number of seeds per apple (7 or 8) and assuming maximum enzyme 

activity.58 Although high levels of cyanide or CNGs are present in apple seeds, an 

estimated high number of apples are needed to cause any kind of toxicity at threshold 

lethal levels. Comparing the levels of cyanide or CNGs in apple seeds to much lower 

levels in fresh (10-40 µg/g) and processed (1-7 µg/g) apple juices, which are about 10x 

higher than levels recorded in elderberry juice (0.29-2.36 µg/g), and shows American 

elderberry is safe and poses no threat to consumers.  

2.3.4 Processing techniques for elderberry juice 

Different processing techniques like chopping, grinding, soaking, fermentation, 

drying, roasting, boiling, and steaming have been used to remove or reduce the potential 

toxicity of cyanogens in plants.2,3,4  The effectiveness of these processes are however 

dependent on the specific processing method2, the plant tissues and the intended processed 

forms. Boiling of juice for instance may have a different effect from boiling or soaking 

cassava chips where boiling or soaking water can easily be discarded.2,3,5 This may be due 

to enzyme inactivation and solubilization of CNGs in discarded water.3 A study done by 

Montagnac et al.. further indicated that the effectiveness of these techniques depends on 

the processing steps, the sequence utilized, and often time dependent. They proposed that 

to increase the efficiency of cyanogen removal, efficient processing techniques should be 

combined with others.3 For example, soaking, fermenting and roasting removes about 98% 

of cyanogens.39 Recent study by Senica et al.2 also showed that thermal processing, time 

and type of extraction solution greatly affected phenolics and cyanogenic glycosides in 

different elderberry products. This study applied higher temperatures to decrease the levels 
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of harmful cyanogenic glycosides by 44% in elderberry juice, 80% in tea and as much as 

96% in elderberry liqueur and spread.2 Heat treatment significantly diminished the levels 

of cyanogenic glycosides in elderberry liqueur and spread. It has been confirmed that 

pasteurization effectively decreases the levels of harmful compounds, such as cyanogenic 

glycosides.2  Islamiyat et. al9 observed that holding the apple juice at room temperature for 

120 min either before or after pasteurizing decreased the amygdalin content by about 19% 

compared to the original juice. These methods are very effective and can be applied to 

remove or further reduce the levels of CNGs in elderberry tissues. It is however important 

to establish that the types and levels of CNGs observed in AE are very low and pose no 

threat to consumers in the use of raw or processed AE products.  

2.4 Conclusions 

The UHPLC-MS/MS and picrate paper methods developed were used to reliably 

determine the intact CNGs and assess the TCP in various AE fruit tissue. No quantifiable 

trace of cyanide or CNG was detected in commercial elderberry juice. Moreover, traces of 

CNGs (amygdalin, dhurrin, prunasin, and linamarin) detected in tissues of AE samples 

were generally low with lower levels in the juice and seeds as compared to stems and skin. 

TCP assessed in both pure and pooled AE sample tissues were generally low with higher 

concentrations recorded in pooled stems and unripe (green) berries. The picrate paper 

method can also be used to help detect the presence of CNGs. A camera-phone and UV-

Vis spectrophotometer can both be used as a detector. The camera-phone can give results 

easily with limits of detection that are useful for CNG analysis. Although the TCP and 

CNGs levels in tissues of AE pose no threat to consumers, it is advisable to separate out 

the stems, green berries and leaves2 from AE ripe berries during product preparation. 
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CHAPTER 3: Docosahexaenoic acid supplementation alters 
phospholipid species and lipid peroxidation products in adult mouse 

brain, heart, and plasma 

 
3.1 Introduction 

Docosahexaenoic acid (DHA, 22:6n-3) is an (n-3) polyunsaturated fatty acid 

(PUFA) abundant in the phospholipids in the brain and retina. DHA not only plays a role 

in the maintenance of cell membrane fluidity, it also is involved in the production of lipid 

mediators important in regulating intracellular signaling activities.1,2,3,4 Its pleiotropic 

properties have generated interest in examining its role and mechanism(s) of action in 

health and diseases.5,6,7 There is a suggestion that abnormalities in DHA during brain 

development may be an underlying factor for some psychiatric disorders including 

attention deficit, hyperactivity, and autism spectrum disorders.8,9,10,11 Furthermore, 

studies with animal models have demonstrated the ability for (n-3) PUFAs to ameliorate 

age-related neurodegenerative diseases, and to facilitate brain recovery after ischemic 

stroke and traumatic brain injuries.12,13,14 Aside from its effects on the central nervous 

system, DHA and other (n-3) PUFAs also offer beneficial effects on other body systems, 

including the cardiovascular system.15,2,16 Subsequently, it is not surprising that DHA is 

widely used as a dietary supplement and a nutraceutical across different human 

populations.17 

DHA and arachidonic acid (ARA, 20:4n-6) are major PUFAs linked to the sn-2 

position of membrane phospholipids. These PUFAs are metabolically active and are 

mediated by phospholipases A2 (PLA2), energy dependent fatty acid CoA ligase, and 

acyltransferases through the deacylation-reacylation cycle, also known as the “Land’s 

cycle”.1819 However, depending on the cell type and conditions, different types of PLA2 
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are responsible for regulating the metabolism of DHA and ARA.20,4,21 For example, ARA 

in phospholipids is released through the action of cytosolic PLA2 (cPLA2), and this 

pathway is known to play a role in the production of prostaglandins, thromboxanes, and 

leukotrienes, and lipid mediators, which are largely pro-inflammatory.20 In contrast, the 

release of DHA through the Ca+2-independent PLA2 (iPLA2) is linked to production of 

resolvins, protectins and marisins, which are pro-resolving mediators.22,23 

 Besides interactions with cyclooxygenases and lipoxygenases, PUFAs are also 

susceptible to enzymatic and non-enzymatic reactions with oxygen free radicals, leading 

to the production of reactive aldehydes, namely, 4-hydroxyhexenal (4-HHE) from DHA 

and 4-hydroxynonenal (4-HNE) from ARA.24,21 There is evidence that these lipid 

peroxidation products may offer important physiological functions, due mainly to their 

ability to form adducts with proteins, nucleic acids and phospholipids.25,24,26,25 However, 

in light of the “Yin-Yang” mechanism for the metabolism of DHA and ARA, there is also 

evidence that these peroxidation products are also regulated differently.21 For example, 

our study with microglial cells demonstrated the increase in 4-HNE but not 4-HHE upon 

stimulation of the cPLA2/ARA pathway by lipopolysaccharides.27 Increases in 4-HNE 

are also observed in brain associated with neuroinflammatory diseases, including stroke 

and spinal cord injury.28,29,30 On the other hand, increases in 4-HHE have been shown 

upon consumption of diets enriched in DHA or fish oil.17,26,31 Since both peroxidation 

products are readily detected in tissues and body fluids, there is increasing interest to 

examine regulation of these products in health and diseases. 

 Our recent study demonstrated the effects of maternal DHA-enriched diet to 

alleviate stress-induced behavioral deficits in offspring mice.32 Subsequently, a follow-up 
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study using the same dietary regimen showed that administration of the DHA-enriched 

diet to pregnant mothers resulted in altered fatty acid composition in all brain regions, but 

increases in 4-HHE levels mainly in the cerebral cortex and hippocampus in the offspring 

pups.31 In addition to brain tissue, this study also demonstrated substantial changes in 

fatty acid composition and levels of lipid peroxidation products in the heart and plasma.31 

Considering that (n-3) and (n-6) PUFAs are linked to different classes of membrane 

phospholipids, an important goal in this study is to determine whether the DHA-

supplemented diet may alter lipid peroxidation products and molecular species in 

different phospholipids in adult mice administered a control or DHA-enriched diet. In 

addition to examining the changes in the brain, this study also included determination of 

lipid peroxidation products and phospholipids species in the heart and plasma. 

3.2 Experimental 

3.2.1 Chemicals and reagents 

4-Hydroxyhexenal (4-HHE, 1 mg in 100 µL of ethanol), 4-hydroxynonenal (4-HNE, 

1 mg in 100 µL of ethanol), and 4-hydroxy hexenal-d3 (4-HHE-d3, 100 μg in 100 µL of 

methyl acetate) were purchased from Cayman Chemical Co. (Ann Arbor, MI). 1,3-

Cyclohexanedione (CHD, 97%), ammonium acetate (HPLC grade), acetic acid (ACS 

grade) and formic acid (mass spectrometry grade), were purchased from Sigma-Aldrich 

(St. Louis, MO). C18 Sep-Pak cartridges (1 mL, 100 mg) were obtained from Waters 

Corporation (Milford, MA). Phospholipid removal cartridges (PhreeTM, 1 mL) were 

purchased from Phenomenex Inc. (Torrance, CA). All solvents (HPLC grade) used for 

sample preparation, UHPLC, and MS analysis were obtained from Thermo Fisher 

Scientific Inc. (Fair Lawn, NJ). 
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3.2.2 Animals and diets 

Three-month-old male mice (C57Bl/6J) were purchased from Jackson Laboratories 

(Bar Harbor, ME), and were given a nutritionally complete, control (CTL) diet (modified 

AIN-93G #103619) from Dyets Inc. (Bethleham, PA). The CTL diet contained no 

preformed DHA (as shown in Appendix 3 as Table A3.1), but did contain sufficient 

amounts of α-linolenic acid (ALA,18:3n-3) to meet normal brain DHA requirements.33, 

At the beginning of the study, animals (n = 12) were randomly divided into two groups. 

The control group (n = 5 mice) remained on the CTL diet, whereas the experimental 

group (n = 7 mice) was fed a diet containing 1%, by weight, DHA (#103598) for three 

weeks. The reason for the three-week diet is because this period of time was used in a 

study in which adult mice fed a fish oil diet with a similar amount of DHA resulted in 

substantial changes in fatty acids and lipid peroxidation products in different body 

organs.26 The composition of the control and DHA diets have been previously 

described,34,35 as well as, the final fatty acid profiles (as shown in Appendix 3, Tables 

A3.1 and A3.2). The diets were stabilized against auto-oxidation with 0.02 g tertiary-

butylhydroquinone/100 g fat. All experiments were approved by the University of 

Missouri Animal Care and Use Committee (#8945) and were performed in compliance 

with the National Institutes of Health (NIH) guidelines for the Care and Use of 

Laboratory Animals.  

3.2.3 Sample preparation 

After the feeding regimen, animals were anesthetized with isoflurane and blood was 

obtained by heart puncture using heparin as an anticoagulant, followed by perfusion with 

physiological saline. The brain was dissected to obtain left and right cerebral cortices, 
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striatum, hippocampus, and cerebellum. In addition, the perfused heart was also obtained. 

The blood was centrifuged at 16,100 g for 5-8 min to obtain plasma and was transferred 

to Eppendorf tubes and frozen at -80 °C until use. Samples were placed in sterilized 

aluminum foil, immediately flash frozen in liquid nitrogen, and stored at -80 °C until use. 

For the experiments using LC-MS/MS to determine 4-HHE and 4-HNE, the left 

cerebral cortex, hippocampus, striatum and cerebellum, along with the heart were 

weighed and homogenized in 8-fold volumes of HPLC water using a bullet blender (Next 

Advance, Inc., Averill Park, NY) as describe previously.35 The heart tissue was first 

pulverized in liquid nitrogen prior to homogenization, and the homogenates were 

centrifuged at 16,100 g for 20 min at 4°C. The supernatant was collected and stored at 

80°C prior to use. Total protein concentration in the supernatant was determined using 

the Bicinchoninic Acid Assay (Sigma-Fisher, St. Louis, MO).  

3.2.4 LC-MS/MS analysis of 4-HHE and 4-HNE 

The sample preparation stage involved three main steps: phospholipid removal, 

derivatization, and desalting as previously described.36,35 Briefly, phospholipids were 

removed via solid phase extraction using a 1 mL PhreeTM cartridge. This step removes 

phospholipids and helps eliminate matrix effects to allow for lower limits of detection of 

the peroxidation products. The cartridge was loaded with 30 μL of homogenized sample 

and an equal volume of internal standard (4-HHE-d3, 1000 ng/mL). Acetonitrile (500 μL) 

was spiked with 1% formic acid and was used to elute the analyte of interest. The clear 

eluate was dried under a stream of nitrogen and used for derivatization with the freshly 

prepared acidified CHD reagent. The mixture was incubated at 60°C for 1 h and then 

cooled on ice prior to desalting using a C18 SPE cartridge. The C18 cartridge was pre-
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conditioned with methanol (0.7 mL) and equilibrated with water (0.7 mL). The cooled 

derivatized mixture was loaded onto the cartridge, washed twice with water (0.7 mL) and 

followed by 5% acetonitrile in water (0.7 mL). The derivatized analytes of interest (4-

HHE, 4-HNE, and 4-HHE-d3 derivatives) were eluted with 100% acetonitrile (0.7 mL) 

and dried with a steady stream of nitrogen gas. The samples were reconstituted in 40% 

methanol in water with 0.1% formic acid (300 μL) and were ready for LC-MS/MS 

analysis. A Waters Acquity UHPLC system equipped with a quaternary solvent manager 

was used in conjunction with a C18 reversed phase column, Luna Omega100 Å (1.6 µm 

× 50 × 2.1 mm, Phenomenex). A previously developed and validated UHPLC-MS/MS 

method with a 7 min LC gradient including equilibration was used for the separation and 

detection of the 4-HHE and 4-HNE derivatives.35 A Waters Xevo TQ-S triple quadrupole 

mass spectrometer with an electrospray ionization source operated in the positive-ion 

mode was used. Multiple reaction monitoring transitions m/z 326.3 -> 216.1Da, m/z 

284.2 -> 216.1 Da and 287.2 -> 216.1 Da were chosen for simultaneous monitoring of 4-

HNE, 4-HHE and 4- HHE-d3 (internal standard) derivatives, respectively. Tissue samples 

(~10 mg) were pulverized and homogenized in 0.5 mL of ice-cold diluted PBS (0.1x) 

with a Potter-Evejar tissue grinder. Protein assays on individual homogenates were 

conducted. An aliquot of homogenate was transferred to a disposable glass test tube. A 

mixture of lipid internal standards for quantification of all reported lipid classes was 

added to the tube based on the tissue protein content.37 Lipid extraction was performed by 

a modified Bligh and Dyer method as previously describe.38 
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3.2.5 Analysis of phospholipid species 

3.2.5.1 Sample preparation 

Four randomly selected frozen samples (half of the left cerebral cortex, half of the 

heart tissue, and plasma) from the control and DHA groups were sent to Prof. Xianlin 

Han’s laboratory (University of Texas Health Science Center at San Antonio, TX) for 

analysis of phospholipid species. The reason for selecting only cerebral cortex was 

because a substantial amount of brain tissue is required for this type of lipid analysis, and 

in our previous study, similar changes in fatty acid composition (i.e., decrease in ARA 

and increase in DHA) were observed in all brain regions.35 All of the lipid extracts were 

flushed with nitrogen, capped, and stored at -20ºC. 

3.2.5.2 Mass spectrometric analysis of lipids 

Mass spectrometric analysis of lipids was performed with an Altis triple-quadrupole 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) or a Q-Exactive mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an automated 

nanospray device (Triversa Nanomate, Advion Biosciences, Ithaca, NY) and operated 

with the Xcalibur software as previously describe.39, 40 Identification and quantification of 

all reported lipid molecular species were performed using an in-house automated 

software program.37,40 All lipid levels were normalized to sample protein content. 

3.2.6 Statistical analysis 

For the determination of 4-HHE and 4-HNE levels via LC-MS/MS, three biological 

replicates of each tissue sample and three analytical replicates of each biological replicate 

were completed for each sample. Statistical analyses were performed with GraphPad 

Prism (version 8.3; GraphPad Prism Software Inc., San Diego, CA). Results are 
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expressed as the mean ± standard error of mean (SEM). Depending on the experiments, 

samples were analyzed by non-parametric t-tests or one-way ANOVA to compare among 

control and DHA diet groups. Differences were considered significant at p < 0.05 for all 

analyses. 

3.3 Results 

3.3.1 Feeding mice with control and DHA-enriched diets 

In this study, adult mice were given control and 1% DHA-enriched diets for three 

weeks. Fresh diets were provided every other day, and body weights for each mouse were 

obtained every 4 days. As shown in Figure 3.1, there was no significant change in body 

weights between the two groups during the three-week period with the control and DHA-

enriched diets. 

 

Figure 3.1. Body weights of mice in the control and DHA group over the time of the study 
 
 
3.3.2 Determination of 4-HHE and 4-HNE 

Levels of 4-HHE and 4-HNE in cerebral cortex, hippocampus, striatum and 

cerebellum in control and DHA supplement groups were determined. Among the 
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different brain regions, only the hippocampus showed a small but significant (p < 0.01) 

increase in 4-HHE (Figure 3.2). Although there was an apparent increase in 4-HHE in the 

cerebral cortex, this change was not significant (p = 0.12) due to the large variances. 

Except for the striatum, which showed a small but significant (p < 0.05) increase in 4-

HNE levels in the DHA-enriched diet group, no apparent changes in 4-HNE levels were 

found in other brain regions (Figure 3.2).  

 

 

Figure 3.2. Levels of 4-HHE and 4-HNE in mouse brain regions after feeding with a control 
or DHA-enriched (1%) diet for three weeks. Brain tissues including cerebral cortex, 
hippocampus, striatum, and cerebellum, were dissected, and homogenized as described in 
the text. Levels of 4-HHE and 4-HNE were determined by LC-MS/MS protocol as 
described in text. Data are normalized to tissue weight. Results represent the mean ± SEM 
of control (n = 5) and DHA (n = 7) samples. Analysis using a two-tail unpaired t-test 
indicated significance between DHA group and controls. * p < 0.05; ** p < 0.01. 
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In heart tissue, the levels of 4-HNE were higher than levels of 4-HHE in the control 

group (Figure 3.3A). Nevertheless, supplement with the DHA-enriched diet resulted in an 

almost two-fold increase in 4-HHE (p < 0.05) as compared to the control group (Figure 

3.3A). Again, DHA-enriched diet did not alter 4-HNE levels in the heart tissue (Figure 

3.3A).  

In the plasma samples, there were higher levels of 4-HHE as compared to 4-HNE in 

the control group (Figure 3.3B). Similarly, levels of 4-HHE in the DHA-enriched group 

were increased significantly (p < 0.001) as compared to the controls. In the plasma, the 

level of 4-HNE in the DHA-enriched group showed a small but significant increase (p < 

0.01) (Figure 3.3B). 

 

 

Figure 3.3. Levels of 4-HHE and 4-HNE in mouse (A) heart and (B) plasma after feeding 
with a control or DHA-enriched diet for three weeks. Procedures for processing the heart 
and plasma, and protocol for LC-MS/MS determination of 4-HHE and 4-HNE are 
described in text. Results represent the mean ± SEM of control (n = 5) and DHA (n = 7) 
samples. Analysis using two-tail unpaired t-test indicated significance between DHA group 
and controls. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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3.3.3 Analysis of phospholipid species 

The major phospholipid classes in the cerebral cortex are diacyl-PE, alkenylacyl-PE 

(PE-pl, also PE plamalogen), PC, PS and PI (Figure 3.4A). Analysis also detected small 

amounts of alkylacyl-PE and alkenylacyl-PC species (data not shown). The major 

phospholipids in the heart tissue are PC and diacyl-PE, and unlike those in the cerebral 

cortex, only low levels of PEpl, PI and PS were detected (Figure 3.4B). In the plasma, 

although PC was the major phospholipid, low levels of PI and PS were detected (Figure 

3.4C). However, the levels of diacyl-PE in plasma were too low to allow proper analysis 

of its molecular species. Levels of individual phospholipid classes in the cerebral cortex 

and heart were not different when comparing the DHA supplement group with the control 

group (Figure 3.4). Nevertheless, levels of PC and PI in plasma were significantly lower 

(p < 0.01) in the DHA supplement group as compared with the control group (Figure 

3.4C). 

In the cerebral cortex, analysis of the diacyl-PE species containing (n-6) PUFAs 

showed primarily the 18:0/20:4 species, and those with (n-3) were primarily 18:0/22:6 (as 

shown in Appendix 3 as Table A3.3). For PE-pl, where linkage in the sn-1 position is in 

alkenyl (ake) form, the species with (n-6) were comprised mainly of 18:0 ake/20:4 and 

18:0 ake/22:4, and the (n-3) species were mainly 16:0 ake/22:6. For PC, the (n-6) species 

were primarily 16:0/20:4 and 18:0/20:4, and the (n-3) species were mainly 16:0/22:6 and 

18:0/22:6. For PI, there were high levels of (n-6) species, mainly 18:0/20:4, and low 

levels of the (n-3) species, mainly 16:0/22:6. For PS, there were low levels of (n-6) 

species, mainly 18:0/20:4, and high levels of (n-3) species, mainly 18:0/22:6. 
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Figure 3.4. Levels of phospholipids (diacyl-PE, PEpl, PC, PI, and PS) in mouse (A) 
cerebral cortex, (B) heart, and (C) plasma after feeding a control and DHA-enriched diet 
for three weeks. Lipids were extracted and analyzed by the shotgun lipidomic platform as 
described in text. Data are expressed as nmol/mg protein and are mean ± SEM of control 
(n=4) and DHA (n=4) samples. Analysis using two-tail unpaired t-test indicated 
significance between DHA group and controls. * p < 0.05; ** p < 0.01; *** p < 0.001. 
Abbreviations: dPE, diacyl phosphatidylethanolamine, PEpl, alkenylacyl 
phosphatidylethanolamine or ethanolamine plasmalogen, PC, phosphatidylcholine, PI, 
phosphatidylinositol, PS, phosphatidylserine 
 
 

Among the diacyl-PE species in the cerebral cortex, there were more (n-3) species 

than (n-6) species, whereas in PE-pl, the (n-6) species were higher than (n-3) species 

(Figure 3.5A). PC had similar levels of (n-6) and (n-3) species, whereas PI contained 

high (n-6) species and PS contained high (n-3) species (Figure 3.5A). In all phospholipid 

species analyzed in the cerebral cortex, the DHA-enriched group showed a trend for 

increase in (n-3) species and a decrease in (n-6) species. In fact, significant (p < 0.05) 

decreases in the (n-6) species were observed in dPE, PE-pl and PS. When the ratios for 

(n-6)/(n-3) species in the control and DHA-enriched group were determined, all three 

major phospholipid classes (diacyl-PE, PE-pl, and PC) showed significant decreases (p < 

0.05, p < 0.01) in (n-6) to (n-3) ratios in the DHA-enriched group as compared with the 

control group (Figure 3.5B). 
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Figure 3.5. (A) Levels of (n-3) and (n-6) phospholipid species (dPE, PEpl, PC, PI and PS) 
in mouse cerebral cortex after feeding a control and DHA-enriched diet for three weeks. 
Lipids were extracted and analyzed by the shotgun lipidomics platform as described in text. 
In each phospholipid class, species with fatty acids containing (n-3) or (n-6) were grouped 
and expressed as nmol/mg protein. (B) Ratios of (n-6)/(n-3) phospholipid species of dPE, 
PEpl and PC from control and DHA group in the cortex using the data from (A). Data are 
mean ± SEM of control (n=4) and DHA (n=4) samples. Analysis using two-tail unpaired 
t-test indicated significance between DHA group and controls. * p < 0.05; ** p < 0.01. 
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Analysis of phospholipid species in the heart tissue showed significantly larger 

effects of DHA supplementation of all phospholipid classes. Among the phospholipid 

classes analyzed (diacyl-PE, PC, PI and PS), the DHA-enriched group showed significant 

decreases in (n-6) species (p < 0.001), and significant increases in the (n-3) species (p < 

0.05) in all classes examined (Figure 3.6). These results clearly indicate that a 3-week 

DHA-enriched diet is sufficient to cause alterations of membrane phospholipids in the 

heart tissue. 

In the plasma, PC with (n-6) PUFA is the predominant phospholipid species, and a 

DHA-enriched diet resulted in a large and significant decrease (p < 0.001) in this 

phospholipid species (Figure 3.7). For PI in plasma, a DHA-enriched diet resulted in a 

large decrease in (n-6) and a small increase in (n-3) species (p < 0.001, p < 0.01, 

respectively) (Figure 3.7). Despite low levels, PS in plasma also showed a decrease in (n-

6) and only a small increase in (n-3) species in this phospholipid (p < 0.01, p < 0.05, 

respectively) (Figure 3.7). 
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Figure 3.6. Levels of (n-3) and (n-6) phospholipid species (dPE, PC, PI and PS) in mouse 
heart after feeding a control and DHA-enriched diet for three weeks. In each 
phospholipid class, species with fatty acids containing (n-3) or (n-6) were grouped and 
expressed as nmol/mg protein. Data are mean ± SEM of control (n=4) and DHA (n=4) 
samples. Analysis using two tail unpaired t-test indicated significance between DHA 
group and controls. * p < 0.05; ** p < 0.01; *** p < 0.001. 
 

 

Figure 3.7. Levels of (n-3) and (n-6) phospholipid species (PC, PI, and PS) in mouse 
plasma after feeding a control and DHA-enriched diet for three weeks. In each 
phospholipid class, species with fatty acids containing (n-3) or (n-6) were grouped and 
expressed as nmol/mg protein. Data are mean ± SEM of control (n=4) and DHA (n=4) 
samples. Analysis using two tail unpaired t-test indicated significance between DHA group 
and controls. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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3.4 Discussion 

In many studies, including our own, there is evidence for the ability of DHA-

enriched a or diet with (n-3) fatty acids to alter the fatty acid composition in brain and 

other body organs.26,35,41 In a study by Murphy’s group, they further demonstrated 

increases in (n-3) and decreases in (n-6) fatty acids in different phospholipid classes in 

brain, heart and liver upon feeding rats with fish oil diet for 8 weeks.41 Unlike the 

peripheral organs, linoleic acid (18:2n-6) is low in brain tissue, and thus ARA and DHA 

contributed to the major (n-6) and (n-3) PUFAs linked to the sn-2 position of 

phospholipids. Despite the fact that both PUFAs are abundant in the brain tissue, it is 

well recognized that they undergo different metabolic pathways and participate in 

different reactions: ARA is the precursor for multiple reactions leading to lipid mediators 

that are involved in pro-inflammatory functions, whereas DHA are known for production 

of oxylipins that are pro-resolving.42 Recent studies also demonstrated involvement of 

both PUFAs in lipid peroxidation and production of 4-HNE from ARA and 4-HHE from 

DHA. Although the physiological role of these reactive aldehydes is not clearly 

understood, there is increasing evidence for their engagement in specific cellular 

metabolism.24 In our previous study with the maternal mouse model, weaning pups 

nursed by mothers with the DHA-enriched diet showed an increase in 4-HHE  mainly in 

the cerebral cortex and hippocampus, despite that changes in fatty acid composition were 

observed in all brain regions, including cerebellum.35 In this study with adult mice, a 

three-week supplement with DHA-enriched diet again showed an increase in 4-HHE in 

the hippocampus. These results are in agreement with the contention that the 

hippocampus is responsive to a DHA-enriched diet by producing more 4-HHE. 
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Interestingly, despite that a supplement of DHA-enriched or fish oil diet resulted in a 

decrease in ARA in all brain regions, there was no obvious decrease in 4-HNE in these 

brain regions. The study by Nakagawa et al. reported changes in fatty acids and 

peroxidation products (4-HHE and 4-HNE) in plasma and in multiple organs after 

feeding adult mice with fish oil for three weeks.26 In their study, besides increase in 4-

HHE, a significant decrease in 4-HNE was observed in the plasma. The discrepancy 

between our results and those by Nakagawa et al. is not known. In a study by Calzada et 

al., healthy human subjects given a DHA supplement ranging from 200 to 1600 mg/day 

for two weeks also showed a dose-dependent increase in 4-HHE (but not 4-HNE) in 

plasma.17 Therefore, these studies with animal models and humans provided consensus 

that DHA-enriched and fish oil diets are associated with an increase in 4-HHE. Taken 

together, these results also show that determination of 4-HHE levels in plasma can be a 

useful biomarker for assessing DHA consumption. Since there is a concern that the 

increase in 4-HHE due to DHA-enriched or fish oil diets may be due to contamination of 

this peroxidation product in the diet, an attempt was made to determine the 4-HHE and 4-

HNE content in the control and DHA-enriched diets used in our experiments. Our results 

indicated no detectable 4-HHE in the diets although trace amounts of 4-HNE (control 

7.62 ± 0.21versus DHA 5.73 ± 0.15 ng/g) were detected in both control and DHA-

enriched diet. The rationale for detecting 4-HNE in both control and DHA-enriched diets 

is not clear but since we could not detect 4-HHE, these results clearly show that the 

increase in 4-HHE levels in brain and other organs upon feeding the DHA-enriched diet 

is a physiological phenomenon. Several studies with cell and animal models have 

demonstrated the hormetic effects of 4-HHE through upregulation of the Nrf2 pathway 
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and production of heme oxygenase-1, a potent antioxidant enzyme.26,43,44,45 However, 

more studies are needed to examined possible physiological roles of these lipid 

peroxidation products in the heart and other body systems.24 

In this study, we examined changes in phospholipid species in the brain, heart and 

plasma after feeding with DHA-enriched diet for three weeks. In agreement with the 

presence of the blood brain barrier, uptake of fatty acids to the brain and their turnover 

are slower as compared to peripheral tissues such as the heart.46 Phospholipid classes in 

the cerebral cortex are comprised primarily of dPE, PE-pl, PC, PI and PS (Figure 3.4). 

Analysis of the molecular species of dPE, PE-pl, and PC in this brain region indicate 

small increases in (n-3) and decreases in (n-6) species for these phospholipids (Figure 

3.5A). Although determination of (n-6)/(n-3) ratios showed significant decreases for dPE, 

PEpl and PC, it is obvious that a longer feeding time is required to obtain a significant 

outcome.47,48 In this study, it is of interest that PE-pl showed a high level of (n-6) species, 

and the decrease in (n-3)/(n-6) ratios in PE-pl was greater for diacyl-PE and PC. In a 

study by Rosenberger et al., a two-hour i.v. injection of labeled hexadecanol (precursor 

for the alkyl group) showed a distribution of 97% in the gray matter and only 3% in 

myelin.49 This study demonstrated at least two pools of ether phospholipids, a static pool 

in the myelin and a dynamic pool in the synaptic area. Their findings together with the 

present results highlight the active metabolic function of plasmalogens in brain as well as 

their ability to participate in membrane signaling activity.50 Future investigation should 

examine whether dietary DHA may alter molecular species of this PE-pl in different 

brain regions and subcellular fractions. 
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Upon examining the molecular species of dPE and PC in heart, results showed 

significant decreases (p < 0.001) in (n-6) and concomitant increases (p < 0.05, 0.001, 

respectively) in (n-3) species in both phospholipids comparing the DHA-enriched diet 

group with controls (Figure 3.6). In a previous study by Murphy’s group, analysis of fatty 

acids in phospholipid classes (PC, PE, PI and PS) in rat heart after an 8-week feeding 

with fish oil also indicated an increase in (n-3) and a decrease in (n-6) fatty acids in all 

phospholipid classes.41 In another study, feeding rats with different levels of fish oil diet 

also showed a time- and dose-dependent decrease in (n-6) and increase in (n-3) 

phospholipids in the heart tissue.51As indicated in the review by Oppedisano et al., (n-3) 

fatty acids could offer vaso- and cardio-protective effects through modulation of 

membrane phospholipids and improve cardiac mitochondrial functions.52 In our study, it 

seems that a three-week DHA-enriched diet is sufficient to change phospholipid species 

and peroxidation products in the heart tissue.   

PC is the major phospholipid in plasma, and in the control group, plasma PC are 

comprised with high levels of (n-6) species and only low levels of (n-3) species (Figure 

3.7). In this study, plasma obtained from a DHA-enriched diet showed a more than 70% 

decrease in the PC (n-6) species but only a small increase in the (n-3) species. As a result, 

the total level of plasma PC in the plasma from the DHA-enriched diet group declined by 

almost 50% as compared with the control group (Figure 3.4C). 

In agreement with earlier studies,47,53 PI in brain showed high proportions of 20:4n-

6, and PS with high proportions of 22:6 n-3 (Figure 3.5A). It is also recognized that PI 

and PS have distinctive functions, i.e., PI is involved in inositol metabolism associated 

with second messengers and intracellular calcium mobilization,54 whereas PS plays a role 
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in membrane trafficking and endocytosis.55 In the study here, the three-week DHA-

enriched diet did not greatly alter the (n-6) and (n-3) species in PI and PS in the cerebral 

cortex (Figure 3.5A), but this dietary regimen resulted in more than 50% decrease in (n-

6) species and a concomitant increase in (n-3) species in both PI and PS in the heart 

(Figure 3.6). Considering the diverse functions of these two phospholipids, it is possible 

that a change in the fatty acid composition may link to an interaction to different enzymes 

and thus result in an altered ability to regulate myocardial functions.   

Our results indicate that a DHA-enriched diet not only decrease phospholipid species 

containing 20:4(n-6), but also other (n-6) fatty acids, such as 20:4 (n-6) and 22:4 (n-6). 

These results suggest that changes in the (n-6) fatty acid pool are likely to occur at the 

initiation point of fatty acid elongation and desaturation. This is in agreement with the 

study showing that DHA could suppress metabolism of linoleic acid (18:2 n-6) and its 

ability to form elongation products, including 20:4(n-6) and 22:4(n-6).56 Nevertheless, 

considering that phospholipid species with 20:4 (n-6) undergo active metabolism through 

the diacylation-reacylation cycle, and its release by cytosolic phospholipase A2 is linked 

to inflammatory pathways, the ability for DHA-enriched diet to decrease phospholipids 

with (n-6) species may be advantageous in suppressing cell membranes against 

inflammatory responses.  

3.5 Conclusions 

Albeit to different extents, feeding adult mice a DHA-enriched diet for three weeks 

resulted in changes in (n-6) and (n-3) phospholipid species and an alteration of lipid 

peroxidation products in the brain, heart and plasma. The increase in (n-3) phospholipids 

due to DHA-enriched diet is associated with an increase in 4-HHE but not 4-HNE. In 
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brain, the increase in 4-HHE appears to be mainly observed in the hippocampus, 

suggesting higher lipid peroxidation activity in this brain region. The decrease in (n-6) 

species in the heart tissue suggests the possibility that the DHA dietary regimen can 

mitigate ARA metabolism associated with inflammatory and oxidative activity. 
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CHAPTER 4: Effect of maternal dietary DHA in prenatal gene/stress 
mouse model on lipid peroxidation activity and autistic-like behaviors in 

offspring 
 
 
4.1 Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

restricted social communication and repetitive interests and behaviors.1,2,3,4,5 Autism is 

among the most enigmatic disorders of child development, with a prevalence of about 1 

in 54 among children in the United States according to estimates from the CDC.6 

Globally, the WHO estimates that 1 in 160 children has ASD.7  Annual costs of autism 

have increased to $126 billion in the U.S. and £34 billion in the U.K in 2012.2,8 

Numerous studies have associated prenatal maternal stress to a risk of 

neurodevelopmental disorders in the offspring9,10,11,12,13,14,15 A study by Breen et al.16 

indicate that prenatal exposure to maternal psychological distress induces neuronal, 

immunological and behavioral abnormalities in affected offspring. Several studies have 

also suggested that prenatal stress is a possible risk factor in the development of autism 

spectrum disorders.17,18,19,20,21 However, many children exposed to stress prenatally are 

born healthy and develop normally, suggesting that other factors must contribute to 

autism.22 Genes that contribute to stress reactivity may, therefore, exacerbate prenatal 

stress-mediated behavioral changes in offspring. One candidate gene linked to increased 

stress reactivity is the serotonin transporter gene.23,24,25, In humans, the short allele 

polymorphism of the serotonin transporter gene is linked to ASD in some studies. 24,26 In 

animal models, the heterozygous serotonin transporter (SERT) knockout mouse with 

reduced serotonin uptake activity and transporter binding availability27 is similar to that 

seen in the human short allele carriers. In an earlier study by Beversdorf and co-workers, 



118 
 

they looked at the combined effect of maternal serotonin transporter genotype and 

prenatal stress in modulating offspring social interaction in mice.1 Data from this study 

indicated a possible combined effect of maternal serotonin transporter genotype and 

prenatal stress contributing to the production of autistic-like behavior in offspring. In 

another study, the Beversdorf group examined a maternal genetic variation in the 

promoter region of the serotonin transporter gene (5‐HTTLPR) affecting stress tolerance 

and its interaction with the effect of environmental stressors on ASD risk.28  

Docosahexaenoic acid (DHA, C22:6, n-3), is an omega-3 polyunsaturated fatty acid 

(PUFA) enriched in membrane phospholipids in the brain.29 Recent studies demonstrated 

pleiotropic properties30 of DHA with diverse health effects.31,32,33 While DHA is 

important for adequate brain development and cognition,34,35, 36 its deficiency is 

associated with impaired visual, attention and cognition deficits, psychiatric symptoms 

precipitation and increased vulnerability to neuronal atrophy.37,38,39,40,41 Other studies 

have found that DHA may have an anti-stress function42,43,44 and can be converted to 

oxylipins, which regulate cell redox homeostasis and contribute to anti-oxidant 

pathways.45 A study by Tang et. al46 examining the mental health of weaning female rats 

found that altered dopamine or norepinephrine transmission in the brain may be a key 

neuronal mechanism that contributes to the potential detrimental effects of maternal 

dietary n-3 PUFAs deficiency. While some studies47,48 claimed -3 long chain 

polyunsaturated fatty acid supplementation improved social interaction and repetitive and 

restricted interests and behaviors, outcomes from other studies49,50,51,52,53,54  are 

inconclusive or suggest -3 PUFA’s supplementation has no effect on ASD. An earlier 

study by the Beversdorf group indicated that autism associated behaviors and changes in 
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the dopaminergic system in offspring mice can be mitigated through maternal DHA 

supplementation.48 In a related study by Feng et al.,55 they found that maternal feeding of 

DHA exerts preventive effects on prenatal stress-induced brain dysfunction and that 

modulation of mitochondrial metabolism may play a critical role in DHA protection. A 

study by Gao et al.56 showed that maternal DHA supplementation protected rat offspring 

against learning and memory impairment following prenatal exposure to valproic acid. 

However, a study by Kunio et al.57 also suggested that supplementation with larger 

arachidonic acid (ARA) doses added to DHA improved social interaction in individuals 

with ASD by up-regulating signal transduction. The apparent Yin-Yang mechanism58 

demonstrated that the metabolism of DHA and ARA, via enzymatic and non-enzymatic 

pathways, yields 4-hydoxyhexenal (4-HHE) and 4-hydroxynonenal (4-HNE), 

respectively.59 Our recent study60 showed that a maternal DHA-enriched diet alters the (n-

3)/(n-6) fatty acid balance and 4-HHE levels in the brain as well as in the heart of 

offspring mice. A follow up study61 with a DHA-enriched diet in adult mice showed 

substantial 4-HHE increases in brain, heart and plasma (p < 0.05), with no significant 

change in 4-HNE levels. However, the role of maternal dietary DHA in a gene/stress 

mouse model, and how it may affect lipid peroxidation activity and autistic-like 

behaviors in offspring, is unknown. 

In this study, pregnant heterozygous serotonin transporter knockout-SERT-KO (HT) 

and wild-type (WT) mice were placed in either a non-stressed control condition or a 

chronic variable stress condition and fed either a control diet or a DHA-rich (1% by wt) 

diet. Male offspring from each group were assessed for anxiety and autism-associated 

behavior at post-natal day 60, including an open field test, elevated-plus maze test, 
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repetitive behavior, and the 3-chamber social approach test. Our LC-MS-based method 

was used to follow changes in peroxidation product concentrations in mouse plasma, 

heart, and cerebral cortex. Investigations were carried out to ascertain whether prenatal 

supplementation of DHA alleviates autistic-like behaviors in a gene/stress mouse model 

and whether it alters lipid peroxidation activity in the brain.  

4.2 Experimental 

4.2.1 Chemicals and reagents  

4-Hydroxyhexenal (4-HHE, 1 mg in 100 μL of ethanol), 4-hydroxynonenal (4-HNE, 

1 mg in 100 μL of ethanol), and 4-hydroxy hexenal-d3 (4-HHE-d3, 100 μg in 100 μL of 

methyl acetate) were purchased from Cayman Chemical Co. (Ann Arbor, MI). 1,3-

Cyclohexanedione (CHD, 97%), ammonium acetate (HPLC grade), acetic acid (ACS 

grade) and formic acid (mass spectrometry grade), were purchased from Sigma-Aldrich 

(St. Louis, MO). C18 Sep-Pak cartridges (1 mL, 100 mg) were obtained from Waters 

Corporation (Milford, MA). Phospholipid removal cartridges (PhreeTM, 1 mL) were 

purchased from Phenomenex Inc. (Torrance, CA). All solvents (HPLC grade) used for 

sample preparation, UHPLC, and MS analysis were obtained from Thermo Fisher 

Scientific Inc. (Fair Lawn, NJ) 

4.2.2 Animals, diets, stress, experimental groups  

4.2.2.1 Animals 
 

Male homozygous serotonin transporter (SERT) knock-out (KO) mice with a 

C57BL6/J background and male/female C57BL6/J mice were purchased from Jackson 

Laboratories (Bar Harbor, Maine, USA). From these mice, heterozygous SERT KO 

female (HT) dams and wild-type (WT) dams were generated in our laboratory. Eight-
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week-old experimental dams were paired with WT males and inspected for a vaginal plug 

the following morning. Identification of a plug was designated as gestational day 0. 

Additionally, Hsd:NSA(CF-1) male and female mice were purchased from Jackson 

Laboratories and mated to give birth to induce lactation and maternal behavior (foster 

dams). Within 24 hours of experimental offspring birth, pups from foster dams were 

removed and replaced with experimental offspring. All pups were weaned on postnatal 

day (PD) 21 and sacrificed around post-natal day 70 for subsequent brain lipid analysis. 

Animals were maintained in a temperature- and humidity-controlled room at 25  2C on 

a 12-h light/dark cycle with food and water available ad libitum. All animals were housed 

in clear carbonate cages provided with aspen shaving bedding. All procedures were in 

accord with protocols approved by the University of Missouri Institutional Animal Care 

and Use Committee. 

4.2.2.2 Diet 
 

Two weeks prior to mating, all experimental and foster dams were randomly 

assigned to one of two dietary groups, control diet (AIN-93G, #103619, Dyets Inc., 

Bethlehem, PA) and 1% DHA diet (#103598, Dyets Inc., Bethlehem, PA), which they 

remained on throughout gestation, lactation, and offspring postweaning.  

4.2.2.3 Gene/environment interaction 
 

To generate gene/environment interaction mouse models and the effects of dietary 

DHA supplement, experimental dams were randomly assigned to one of eight conditions 

represented in a 2  2  2 design of genotype  prenatal stress  diet: WT/non-

stressed/AIN-93G (WNA), WT/non-stressed/DHA diet (WND), WT/stressed/AIN-93G 

diet (WSA), WT/stressed/DHA diet (WSD), HT/non-stressed/AIN-93G (HNA), HT/non-
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stressed/DHA (HND), HT/stressed/AIN-93G (HAS), and HT/stressed/DHA (HSD). The 

offspring from each experimental dam was also described by the same group name.  

4.2.2.4 Prenatal chronic variable stress 
 

Chronic variable stress (CVS) was administered on gestational day 6 through birth 

for all mice in the prenatal stress groups. Stressors included: constant light exposure (36 

hours), exposure to fox urine (1 hour), overnight exposure to novel objects (marbles) in 

the home cage, restraint (10 minutes), overnight exposure to novel noise (radio static), 

and multiple cage changes during the light cycle. Each of these stressors were presented 

in succession over 6 days, with one stressor presented per day, and this pattern was 

repeated 2.5 times. Stressors were chosen on the basis that they do not cause pain and 

have minimal influence on food intake and weight gain. 

In summary, we have 8 groups, 8 mice per group (4 males & females) as shown in 

Table 4.1. The focus of this study is on the male mice, so we have 8 groups, 4 mice per 

group (males), left cerebral cortex, plasma, and heart. The numbers in parenthesis 

represents the dams, while the other value represents the number of offspring.    

 

Table 4.1. Summary of experimental groups 
 

  Stressed DHA 
HT 

(HSD) 

Stressed AIN HT 
(HAS) 

Stressed DHA WT 
(WSD) 

Stressed AIN WT 
(WSA) 

  M               F  M               F  M               F  M               F 
Behavior  14 (7)      14(8)  18 (7)      15(6)  6 (3)      5(3)  10 (5)      11(6) 
Brain & Tissue  4 (3)      4(3)  4 (2)      4(2)  4 (3)      4(2)  4 (3)      4(3) 

         

  Non‐stressed 
DHA HT (HND) 

Non‐stressed AIN 
HT (HNA) 

Non‐stressed 
DHA WT (WND) 

Non‐stressed 
AIN WT (WNA) 

  M               F  M               F  M               F  M               F 
Behavior  17 (7)      12(7)  8 (5)      8(5)  10 (4)        7(4)  6 (4)        6(4) 
Brain & Tissue  4 (4)      4(4)  4 (3)      4(3)  4 (4)         4(3)  4 (4)        4(4) 
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4.2.3 Behavioral assays/studies   
 

This part of the study was made by the Beversdorf group in the Departments of  

Radiology and Psychological Sciences. 

4.2.3.1 Open field/repetitive behavior 

Mice were placed in an open arena and allowed to explore for a total of 20 minutes. 

Grooming behavior was measured manually through open field video recording.  

4.2.3.2 Elevated plus maze 
 

The mice were placed in an elevated plus-maze (EPM) that has two open and two 

closed arms for a duration of 10 minutes. 

4.2.3.3 Three (3)-chamber social approach task 
 

A 9" × 21" box is evenly divided by Plexiglass to form 3 chambers. The partitions 

have removable openings that allow experimental mice to freely explore all chambers. 

Prior to the task, experimental mice are habituated to the central chamber for 10 minutes. 

In the task, one stranger mouse is randomly assigned to a non-central chamber, while an 

empty, identical small wire cage is placed in the remaining non-central chamber. The 

experimental mouse is allowed to freely explore the 3 chambers for 10 minutes as shown 

in Figure 4.1.62 
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Figure 4.1. Social Preference index (time with stranger)/(time with stranger + time with 
empty cage) was calculated for the social interaction aspect [62]. 

 

4.2.4 LC-MS/MS analysis of 4-HHE and 4-HNE 

Determination of 4-HHE and 4-HNE by LC-MS/MS analysis was performed as 

described by Yang et al.60 Briefly, blood samples were collected with heparin treated 

syringes by cardiac puncture following CO2 asphyxiation. Samples were immediately 

centrifuged at 1,500 rpm for 5-8 min and supernatant frozen at -80°C prior to analysis. 

The left cerebral cortex and heart were weighed and homogenized in double distilled 

water using a weight to water ratio of 1:8 (wt/vol) for 5 mins in a bullet blender (Next 

Advance, Inc., Averill Park, NY). The heart tissue was first pulverized in liquid nitrogen 

prior to homogenization, the homogenates were centrifuged at 17,000 rpm for 20 min at 

4°C, and the supernatant was collected and stored at -80 °C prior to use. Total protein 

concentration in the supernatant was determined using the Bicinchoninic Acid Assay 

(Sigma-Fisher, St. Louis, MO).  

The sample preparation stage involved three main steps: phospholipids removal, 

derivatization, and desalting as previously described.59,60 Briefly, an aliquot of the sample 
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was added to an equal volume of internal standard (4-HHE-d3), and acetonitrile 

containing 1% formic acid was added to the mixture to elute the analyte of interest. 

Phospholipids were removed using solid-phase extraction (SPE) and was performed 

using a 1 mL PhreeTM cartridge. The clear eluate was dried under a study stream of 

nitrogen and derivatized by adding freshly prepared acidified 1,3-cyclohexanedione 

reagent. The mixture was incubated at 60°C for 1 h and then cooled on ice prior to 

desalting using a C18 SPE cartridge. The derivatization reaction is shown in Figure 4.2. 

The C18 cartridge was preconditioned with methanol (0.7 mL) and equilibrated with 

water (0.7 mL). The cooled derivatized mixture was loaded onto the cartridge, washed 

twice with water (0.7 mL) and followed by 5% acetonitrile in water (0.7 mL). The 

analytes of interest (4-HHE, 4-HNE, and 4-HHE-d3 derivatives) were eluted with 100% 

acetonitrile (0.7 mL) and dried with a steady stream of nitrogen gas. The samples were 

reconstituted in 40% methanol in water with 0.1% formic acid (300 µL) and were ready 

for LC-MS/MS analysis.  

A Waters Acquity UHPLC system equipped with a quaternary solvent manager was 

used in conjunction with a C18 reversed phase column, Luna Omega 100Å (1.6 µm × 50 

× 2.1 mm, Phenomenex). A previously developed and validated UHPLCMS/ MS 

method60  with a 7 min LC gradient including equilibration was used for the separation 

and detection of the 4-HHE and 4-HNE derivatives. Water containing 0.1% formic acid 

(solution A) and methanol containing 0.1% formic acid (solution B) were used as mobile 

phases. The solvent gradient was 60% A 40% B at 0 min, 60% A 40% B at 0.25 min, 

10% A 90% B at 3.55 min, 10% A 90% B at 3.80 min, 60% A 40% B at 3.90 min, and 

60% A 40% B at 7.00 min. The flow rate was 0.3 mL/min. A Waters Xevo TQ-S triple 
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quadrupole mass spectrometer with an electrospray ionization source operated in the 

positive-ion mode was used. Multiple reaction monitoring transition m/z 326.3 -> 216.1 

Da, m/z 284.2 -> 216.1 Da and 287.2 -> 216.1 Da were chosen for simultaneous 

monitoring of 4-HNE, 4- HHE and 4- HHE-d3 (internal standard) derivatives, 

respectively. Compound-dependent parameters in MS/MS analysis are shown in Table 

4.2. 

Table 4.2. Compound-dependent parameters in MS/MS analysis 
 
Compound Dwell time (ms) Q1 Q3 Cone voltage (V) Collision energy (eV) 

4-HHE 25 284.2 216.1 22 25 

4-HNE 25 326.3 216.1 20 23 

4-HHE-d3 25 287.2 216.1 14 23 

 

 

 

Figure 4.2. Reaction showing the derivatization of 4-HHE from freshly prepared acidified 
CHD reagent and the formation of product ions (m/z 216.2) from pseudo precursor ions 
(m/z 248.2). 
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4.2.5 Statistical analysis 

For the determination of 4-HHE and 4-HNE levels via LC-MS/MS, samples were 

prepared in three biological replicates and three analytical replicates for each sample. 

Statistical analyses were performed with GraphPad Prism (version 8.3; GraphPad Prism 

Software Inc., San Diego, CA). Results are expressed as the mean ± standard error of 

mean (SEM). Depending on the experiments, samples were analyzed by non-parametric 

t-tests or one-way ANOVA to compare among control and DHA diet groups. Differences 

were considered significant at p < 0.05 for all analyses. 

 

4.3 Results 

4.3.1 4-HHE and 4-HNE analysis 
 

Levels of 4-HHE and 4-HNE were determined in heart, plasma and left cerebral 

cortex for offspring of heterozygous serotonin transporter knockout-SERT-KO (HT) and 

wild-type (WT) dams placed in either a non-stressed control condition or a chronic 

variable stress condition and fed either a control diet or a DHA-rich (1% by wt) diet.  

Results were obtained for the heart tissues. All values are reported as the mean ± 

SEM in units of ng/g. The values measured showed that there were no apparent changes 

in 4-HHE levels between the control and 1% DHA diet conditions for both stressed 

(2879.2 ± 2.5; 2876.5 ± 2.5) and non-stressed (2882.3 ± 2.5; 2880 ± 2.3) WT, 

respectively (Figure 4.3A). A similar trend was observed for the stressed (2878.4 ± 1.9; 

2882.3 ± 4.6) and non-stressed (2880.9 ± 2.1; 2882.7 ± 2.7) HT groups (Figure 4.3A). 

The levels of 4-HHE determined for the control and 1% DHA diet groups were high and 

similar for WT and HT for both the stress and non-stress conditions (Figure 4.3A). 
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Nonetheless, the DHA-enriched diet resulted in about 1.6-fold increase in 4-HNE (p < 

0.05) for non-stressed (43.1 ± 11.5; 70.1 ± 14.2) WT with a slight increase for the 

stressed (56.3 ± 9.9; 60.1 ± 16.9) WT group as compared to the control diet group (Figure 

4.3A). The DHA-enriched diet did not alter the 4-HNE levels measured for both the DHA 

enriched and control diet groups in HT for both stress (54.1 ± 9.6; 54.1 ± 8.1) and non-

stressed (72.9 ± 19; 75.2 ± 18.2) conditions (Figure 4.3A).  

The ratios of 4-HHE/4-HNE showed an apparent increase in the dietary DHA 

supplement groups for stress and non-stress HT animals. There is significant decrease 

(about 2-fold) for the WT mice in non-stress conditions compared to the control group 

with a 1% DHA diet (Figure 4.3B). Moreover, supplementation with the DHA-enriched 

diet in stress WT mice remained unchanged compared to the control diet (Figure 4.3B). 

The levels of 4-HNE in plasma samples showed significant changes with no 

apparent changes in 4-HHE levels for control and 1% DHA diet respectively in (mean 

±SEM) ng/mL. DHA-enriched diet resulted in significant increases in 4-HNE (p<0.05) 

for stressed (8.4±2.1; 12.1 ±13.5) and non-stressed (6.2±1.7; 8.7 ±1.7) HT mice with no 

significant changes in stressed (6.5±1.7; 7.4 ±1.7) and non-stressed (7.7±1.9; 7.4 ±1.4) 

WT groups compared to the control diet (Figure 4.4A).  

Conversely, no changes in 4-HHE levels were observed for control and 1% DHA 

enriched diet groups, respectively, for both the stressed (359.0 ±0.2; 358.8 ±0.3) and non-

stressed (360.3 ±0.5; 360.4±0.4) HT and stressed (359.3±0.5; 359.2±0.5) and non-

stressed (360.7±0.4; 360.7 ±0.4) WT group (Figure 4.4A).  
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Figure 4.3. Levels of (A) 4-HHE, 4-HNE and (B) 4-HHE/4-HNE ratio of offspring heart 
from pregnant heterozygous serotonin transporter knockout-SERT-KO (HT) and wild-type 
(WT) dams placed in either non-stressed control condition or chronic variable stress 
condition and fed either control diet or DHA-rich (1% by wt.) diet. Procedures for 
processing the heart and protocol for LC-MS/MS determination of 4-HHE and 4-HNE are 
described in text. Data are normalized to tissue weight. Results represent the mean ± SEM 
of control (n = 4) and DHA (n = 4) samples. Analysis using two-tail unpaired t-test 
indicated significance between DHA group and controls. ** p < 0.01. 
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Figure 4.4. Levels of (A) 4-HHE, 4-HNE and (B) 4-HHE/4-HNE ratio of offspring plasma 
from pregnant heterozygous serotonin transporter knockout-SERT-KO (HT) and wild-type 
(WT) dams placed in either non-stressed control condition or chronic variable stress 
condition and fed either control diet or DHA-rich (1% by wt.) diet. Procedures for 
processing the heart and protocol for LC-MS/MS determination of 4-HHE and 4-HNE are 
described in text. Data are normalized to tissue weight. Results represent the mean ± SEM 
of control (n = 4) and DHA (n = 4) samples. Analysis using two-tail unpaired t-test 
indicated significance between DHA group and controls. ** p < 0.01. 
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The ratios of 4-HHE/4-HNE exhibited a significant decrease in the DHA supplement 

stress (42.8±0.1; 29.5 ±0.1) group and the non-stress (57.6±0.3; 41.6 ±0.2) HT group.  

There are no significant changes between the stress (55.2±0.3; 48.7 ±0.3) and non- stress 

conditions (46.7±0.2; 48.8 ±0.3) WT groups from control to 1% DHA diet (Figure 4.4B).  

Among the different brain regions, the left cortex was analyzed for 4-HHE and 4-

HNE. The concentrations are reported as the (mean ±SEM) in units of ng/g for all 

samples. A significant increase in 4-HHE levels for the control and 1% DHA groups was 

observed for the stressed (259.9 ±57.0; 321.0 ±74.9) HT group with no apparent change 

in non-stressed (288.0 ±97.6; 278.4±68.1) HT group. No apparent change was recorded 

for the stressed (362.1±43.9; 343.2±34.9) WT group. The 4-HHE levels for DHA 

enriched diet for the non-stressed (394.8±28.0; 230.1 ± 57.0) WT group showed a 

significant decrease compared to control diet group (Figure 4.5A). 

Supplementation with a DHA-enriched diet resulted in a significant decrease in 4-

HNE (p<0.05) for the non-stressed (76.5±22.2; 53.2 ±20.9) WT group and no apparent 

change in 4-HNE for the stressed (55.9±23.2; 54.3 ±24.4) WT group (Figure 4.5A). On 

the other hand, the levels of 4-HNE increased the DHA enriched diet in stressed 

(53.5±18.0; 65.1 ±16.5) HT mice and a slight decrease was observed for the non-stressed 

(65.6±7.0; 59.0 ±12.3) HT mice (Figure 4.5A). 

No significant changes in the 4-HHE/4-HNE ratios were measured. A slight increase 

in the ratio for the dietary DHA supplement in the non-stress (4.3±1.3; 4.9 ±1.7) HT 

group was observed with a slight decrease in stress (5.1±0.9; 4.9 ±0.6) HT group (Figure 

4.5B). A slight decrease was observed for the DHA-enriched diet in the stressed (7.0±2.1; 

6.7 ±3.5) group and non-stressed (5.3±2.0; 4.9 ±2.1) WT group (Figure 4.5B). 
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Figure 4.5. Levels of (A) 4-HHE, 4-HNE and (B) 4-HHE/4-HNE ratio of offspring left 
cortex from pregnant heterozygous serotonin transporter knockout-SERT-KO (HT) and 
wild-type (WT) dams placed in either non-stressed control condition or chronic variable 
stress condition and fed either control diet or DHA-rich (1% by wt.) diet. Procedures for 
processing the heart and protocol for LC-MS/MS determination of 4-HHE and 4-HNE are 
described in text. Data are normalized to tissue weight. Results represent the mean ± SEM 
of control (n = 4) and DHA (n = 4) samples. Analysis using two-tail unpaired t-test 
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indicated significance between DHA group and controls. * p < 0.05; ** p < 0.01; *** p < 
0.001. 
          

4.3.2 Behavioral studies   

In this part of the study, the group investigated whether prenatal supplementation of 

DHA alleviates autistic-like behaviors by using a serotonin transporter haplo-insufficient 

mouse model, which is similar with genetically stress-susceptible humans and giving 

them a prenatal stress for the final two thirds their pregnancy. Offspring from stressed HT 

dams showed a significantly decreased social preference index and increased grooming 

duration compared to WT non-stressed dams. Maternal DHA diet alleviated reduced 

social interaction and mitigated increased repetitive behaviors in stressed HT offspring as 

shown in Figure 4.6.  No significant difference in EPM suggested increased grooming 

behavior was not associated with anxiety as shown in Figure 4.7.  

 

 

Figure 4.6. Three-chamber social approach task in male offspring. There was a significant 
decreased social preference index in HSA group compared to WNA. Values are means  
SEM. *p<0.05. 
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Figure 4.7. Total grooming time (A) and the number of episodes (B). HSA group showed 
significantly increased grooming time compared to WNA and HSD. Although there was 
no significant difference in number of total grooming episodes, HSA showed a trend 
toward a higher number.  Values are means  SEM. *p<0.05, **p<0.01. 
 
4.4 Discussion 

In the present study, pregnant heterozygous serotonin transporter knockout (SERT-

KO) and wild-type (WT) dams were placed in either a non-stressed control condition or 

in a chronic variable stress condition and fed either a control diet or DHA-supplemented 

diet (1% by wt). A LC-MS/MS protocol60 developed by the group was adapted and 

optimized for the determination of 4-HHE and 4-HNE levels in the left cerebral cortex of 

the brain, heart, and plasma of offspring. In agreement with previous studies by the 

group60,61, endogenous levels of 4-HHE and 4-HNE are present in the left cerebral cortex 

as well as in the heart and plasma for all analyzed sample groups. 
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In contrast to the earlier study60 where maternal DHA resulted in a large increases in 

the levels of 4-HHE (4.3 fold) in the heart tissues of offspring and about two-fold 

increase (p < 0.05) in the heart tissue of adult male mice61, this current study showed no 

apparent changes in 4-HHE levels in heart tissue for a DHA-enriched diet and control 

diets for both the stressed and non-stressed conditions for HT and WT groups. The reason 

why the gene/non-stress condition also showed no variation in 4-HHE levels for DHA 

supplement diet is not known. A theoretical expectation was to at least observe some 

apparent increase in non-stressed DHA groups over stressed group but that was not the 

case for both WT and HT groups as no apparent differences were observed. In a recent 

review by De Crescenzo et al.52, they looked at the impact of PUFAs on patient-important 

outcomes in children and adolescents with autism spectrum disorder. This study was 

based on randomized controlled trials (RCTs) comparing PUFAs versus placebo or a 

healthy diet for the treatment of ASD in children and adolescents. Results showed PUFAs 

were superior compared to placebo in reducing anxiety in individuals with ASD, but 

worsened quality of sleep compared to a healthy and were not better than placebo in 

reducing aggression, hyperactivity, adaptive functioning, irritability, restricted and 

repetitive interests and behaviors and communication.  Findings from the De Crescenzo 

study52 and other similar studies49,50,51,53,54 were inconclusive or suggested that omega-3 

PUFA’s supplementation has no effect on ASD. In this study, although the 4-HNE 

showed no apparent variation for all heart tissues and group except for non-stress WT 

groups, these trends were consistent with earlier studies in heart tissues.60,61 The reason 

why the non-stress WT groups showed significant increases in 4-HNE levels with no 

apparent change in control and dietary DHA supplement groups for stressed WT groups 



136 
 

is not known. The ratio of 4-HHE to 4-HNE did not show any clear trend for distinction 

between the stressed and non-stressed group for control and DHA supplement groups as 

HT showed similar increase for both stress and non-stress group. These results are not so 

conclusive to make any deduction as to the dynamics of 4-HHE/4-HNE ratios in heart 

tissues for gene/stress mice model. It should be noted that the length of time DHA is 

administered may make a difference. Our previous studies60,61  in adult and offspring 

mice were short-term studies (3 weeks). The studies described in this Chapter examine a 

longer-term dose of DHA (2 months). The interplay between 4-HNE and 4-HHE levels 

has been observed in other long-term studies.49,50,51,52,5354 

Results looking at the levels of 4-HHE in plasma showed no direct correlation with 

previous studies.60,61 Maternal DHA supplementation saw about a two-fold increase in 4-

HHE levels in offspring plasma60 with similar levels recorded in the plasma of DHA 

dietary adult male mice.61 Again, both of these studies looked at 4-HHE after three weeks 

of DHA supplementation. However, for both the stress and non-stress conditions with HT 

and WT groups, no apparent variations in 4-HHE were observed. These results showed 

that DHA supplementation had no effect on endogenous 4-HHE levels for both stress and 

non-stress conditions. Deducing from previous studies, an increase 4-HHE levels for non-

stress group was expected compared to the stressed groups, but this was not the case. 

Levels of 4-HNE remained unchanged for non-stressed WT groups with a slight increase 

in stressed WT groups. This variations were consistent with observed variations in the 

plasma of DHA adult mice study.61 The significant increase in 4-HNE (p<0.05) for 

stressed and non-stressed are not distinct enough to differentiate between stress and non-

stress effect. The ratio of 4-HHE/4-HNE levels also showed a consistent significant 
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increase in dietary DHA supplementation groups compared to control groups for stress 

and non-stressed groups of HT group. An apparent increase was also observed in the 

stressed WT group for DHA supplement diet. 

Although the cerebral cortex showed significant increase in 4-HHE levels for DHA 

enriched diet in stressed HT, results for the non-stressed conditions showed no apparent 

changes. This is interesting as an increase in 4-HHE levels for non-stressed instead of 

stressed HT conditions was expected. On the other hand, the HT stressed condition 

showed no changes in 4-HHE levels for a DHA supplement diet. Instead, a significant 

decrease in non-stressed conditions was observed. The reason for the apparent decrease 

in 4-HHE levels is not known. Levels for 4-HNE for the HT group however shows an 

interesting trend with an apparent decrease for non-stress conditions and increase in 

stressed conditions for dietary DHA supplementation. This was consistent with earlier 

studies for non-stressed groups.60,61 The ratio of 4-HHE/4-HNE also showed an increase 

for DHA dietary supplement groups for non-stressed HT with no apparent changes for 

stressed groups. WT groups on the other hand showed a slight decrease in the ratio for 

DHA supplement groups for both stressed and non-stressed groups.    

In our previous study, a prenatal diet in high ratio of omega-6 to omega-3 fatty acid 

decreased sociability of offspring.63  Our previous work revealed that stress-reactive 

polymorphisms found on the serotonin transporter gene may interact with environmental 

stressors during the pregnancy to affect the risk for the development of ASD in the 

child.64 Therefore, we hypothesize that a DHA-rich diet can mitigate the development of 

ASD-associated behaviors in offsprings which would be induced by prenatal stress 

exposure. Results from the behavioral study with dietary DHA appeared to mitigate the 
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repetitive behaviors in this model considering the fact that offspring from stressed HT 

dams showed a significantly decreased social preference index and increased grooming 

duration compared to WT non-stressed dams. Future studies are needed to determine 

whether maternal dietary DHA can reduce risk of autism in offspring of mothers exposed 

to stress during pregnancy in a clinical population, particularly for those who have 

genetic susceptibility to greater responses to stress.  

 Putting all these results together, although a clear link between determined levels of 

4-HHE and 4-HNE levels from dietary DHA supplement and how it is impacted by a 

gene/stress mice model to influence conditions of ASD was not established due to lack of 

variability, a clear trend from the behavioral studies showed the tendency of dietary DHA 

to mitigate repetitive behaviors in this model. The lack of variability and clear trend of 

results from the lipid peroxidation activity may be due to the long supplementation period 

(70 days). Further work is however recommended to establish a clear trend and ascertain 

DHA impact on ASD. Analysis of phospholipids levels in future work is highly 

recommended to correlate these results and make conclusive deductions. 

 

4.5 Conclusions 

In summary, an adapted LC-MS method was successfully used to determine the 

concentrations of 4-HHE and 4-HNE in the plasma, heart, and left cortex for eight 

experimental mice groups represented in a 2  2  2 design of genotype  prenatal stress 

 diet.  Although the findings from the study confirm endogenous levels of 4-HHE and 4-

HNE in all analyzed tissues, variations in observed groups/conditions did not establish 

any conclusive trend. It is recommended that further studies with phospholipids levels 
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and multiple time point levels may provide supporting information to conclusively 

correlate levels of 4-HHE and 4-HNE to conditions of ASD.  Results from the behavioral 

study however showed the tendency of dietary DHA able to mitigate repetitive behaviors 

in this model with offspring from stressed HT dams showing significantly decreased 

social preference index and increased grooming duration compared to WT non-stressed 

dams. Going forward, it will be interesting to examine whether maternal dietary DHA 

can reduce risk of autism in offspring of mothers exposed to stress during pregnancy in a 

clinical population, particularly for those who have genetic susceptibility to greater 

responses to stress. 
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CHAPTER 5: Future directions and extensions 
 
5.1 DHA and myocardial function 

The role of docosahexaenoic acid (DHA) in modulating myocardial function needs to 

be explored further. In an adult mouse study1, a three-week supplementation of DHA in 

diet was sufficient to result in an almost twofold increase in 4-HHE (p < 0.05) as compared 

to the control group in heart with no significant change in 4-HNE levels as shown in Figure 

3.3. Moreover, analysis of the phospholipid species in the heart tissue showed significant 

larger effects of DHA supplementation in all analyzed phospholipid classes (diacyl-PE, 

PC, PI and PS). The DHA-enriched group showed significant decreases in (n-6) species (p 

< 0.001), and significant increases in the (n-3) species (p < 0.05) in all classes examined as 

shown in Figure 3.6. Our previous pup study2 also examined whether maternal DHA-

enriched diet alters FA and peroxidation products in heart, plasma and brain in weanling 

pups. In this study, heart tissue had a large increase in DHA and decrease in ARA (Figure 

5.1A and B), as well as increased levels of 4-hydroxyhexenal (4-HHE) (Figure 5.2A and 

B) in the DHA group. These results suggest possible effects of dietary DHA to moderate 

cardiovascular functions. 

Heart attack and heart failure are the leading causes of death and are especially 

prevalent among the aged population.3,4,5,6,7 Epidemiological studies suggest that 

consumption of (n-3) PUFAs and fish oil may have significant effects on cardiovascular 

diseases (CVD).8,9,10,11 Large scale clinical and pharmacological studies additionally 

revealed that (n-3) PUFAs reduced the mortality of CVD.12 However, mixed results from 

clinical trials indicated multiple factors, such as the quality and quantity of n-3 PUFA 

supplementation and cohort profiles (e.g., age, race, gender and educational status) affected 
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clinical outcomes.13
  The heart tissue is rich in mitochondria which are the energy-

producing organelles important in maintaining cellular homeostasis and proper calcium 

concentrations.14 DHA supplementation is known to alter key properties of cardiac 

mitochondria and attenuates development of ventricular dysfunction in pressure overload-

induced heart failure.15 Besides DHA, fatty acids (FA) in heart tissue are also rich in 

arachidonic acid (ARA, 20:4n-6), which is known to be involved in inflammatory 

responses.16  

Considering the ability of dietary DHA to alter the FA and peroxidation products in 

the young pups and phospholipid species in adult mice, an important goal in future studies 

is to examine whether dietary DHA may impact FA and 4-HHE and offer beneficial effects 

and enhance mitochondrial function in adult and aged heart. Based on this background, it 

would be interesting to test the hypothesis that DHA supplementation leading to an 

increase in (n-3) and decrease in (n-6) fatty acids and increase in 4-HHE in heart tissue 

may imply changes in heart mitochondrial proteins and functions, and subsequently affect 

energy production and oxidative stress.  

A well-designed study with adult (3-5 months old) and aged (15-18 months old) mice 

treated with dietary DHA for 6-8 weeks can be used to obtain information on DHA/ARA 

and 4-HHE/4-HNE ratios in young and old mitochondria. Results from this study may 

provide important information to answer whether dietary DHA may offer protective effects 

on heart failure/attack at old age. Moreover, findings from these studies will add to 

knowledge concerning mitochondrial proteomics and the possible relationships between 

proteins on FA and peroxidation products. 
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Figure 5.1. A and B: Fatty acids in the heart tissue from pups nursed by mothers fed control 
and DHA-enriched diets. Pups nursed by DHA mothers showed a large increase in 22:6 
(n-3) (from 7.5 to 25.8%) and decrease in 20:4 (n-6) (from 10.5 to 3.3%) as compared to 
controls (Figure 5.1A). In addition to 20:4 (n-6), significant decreases in other (n-6) FA, 
such as 22:4 (n-6) and 22:5 (n-6) are also observed (Figure 1A). The DHA/ARA ratios in 
DHA and control pups were 7.8 versus 0.7, indicating an 11.2-fold increase (Figure 5.1B). 
Analysis of FA using one way-ANOVA indicated significance between control and 1% 
DHA diet group. * p < 0.05. Analysis of DHA/ARA ratios using two-tail unpaired t-test 
indicated significance between DHA group and controls. **** p < 0.0001. Figure is 
reproduced from reference [2]. 

 
 

 
 
Figure 5.2. A and B: The levels of 4-HHE and 4-HNE in the heart tissue were 312 ± 55 
and 774 ± 118 ng/g tissue, respectively, in the control group, and 1331 ± 168 and 642 ± 58 
ng/g tissue, respectively, in the DHA pups (Figure 5.2A). These results led to a 4.3-fold 
increase in 4-HHE and a 5.2-fold increase of 4-HHE/4-HNE ratio in the heart when 
comparing the DHA pups with controls (Figure 5.2B). Analysis using two-tail unpaired t-
test indicated significance between DHA group and controls. *** p < 0.001; **** p < 
0.0001. Figure is reproduced from reference [2]. 
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5.2 Changes in phospholipids species in DHA gene/stress model 
 

Analysis of the phospholipid species and their specific polyunsaturated fatty acid 

(PUFA) profiles in the brain regions, heart, and plasma will be a useful extension of the 

maternal DHA gene/stress study. In the original study, investigations were carried out to 

ascertain whether prenatal supplementation of DHA alleviates autistic-like behaviors in a 

gene/stress mouse model and whether it alters lipid peroxidation activity in the brain. To 

achieve this, pregnant heterozygous serotonin transporter knockout-SERT-KO (HT) and 

wild-type (WT) mice were placed in either a non-stressed control condition or a chronic 

variable stress condition and fed either a control diet or a DHA-rich (1% by wt) diet. Male 

offspring from each group were assessed for anxiety and autism-associated behavior at 

post-natal day 60, including an open field test, elevated-plus maze test, repetitive behavior, 

and the 3-chamber social approach test. Our LC-MS-based method was used to follow 

changes in peroxidation product concentrations in mouse plasma, heart, and cerebral 

cortex.  

Although the findings from the study confirm endogenous levels of 4-HHE and 4-

HNE in all analyzed tissues, no significant variations in observed in 4-HHE levels for DHA 

supplement diet were shown to conclusively establish a trend in relation to the gene/stress 

effect (As shown in Figure 4.3 and 4.4 for heart and plasma, respectively). The values 

measured showed no apparent changes in 4-HHE levels between the control and 1% DHA 

diet conditions for both stressed and non-stressed WT and HT groups for both heart and 

plasma samples. 

An important consideration, which may have accounted for less variation in results, 

may be the duration of supplementation. While the pups were weaned on postnatal day 
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(PD) 21 and sacrificed around post-natal day 70 in this study, supplementation in previous 

studies like the DHA adult mice1 and maternal DHA pup study2 lasted for 3 weeks. So 

different supplementation times can also be considered in future work (3, 6, 9 or 12weeks). 

Moreover, in the DHA adult mice study1, an increase in (n-3) phospholipids due to DHA-

enriched diet was associated with  increases in 4-HHE but not 4-HNE as shown in Figures 

3.6 and 3.3 respectively. This result shows a good correlation between 4-HHE and (n-3) 

phospholipids for DHA enriched diet. In a future study, the analysis of phospholipids 

species and specific PUFA profiles can be made and correlated with that from the lipid 

peroxidation products. This correlation could help bring some closure to conclusively 

relate the effect of DHA supplementation in gene/stress mouse model to autistic like 

behaviors.    
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APPENDIX 1: List of abbreviations 
 
ACN Acetonitrile 

AE American elderberry 

AH Amygdalin hydrolase 

AIN Control 

APCI Atmospheric pressure chemical ionization 

ARA Arachidonic acid 

ASD Autism spectrum disorder 

AUC Area under curve 

BW Body weight 

CDC Centers for Disease Control and Prevention 

CHD 1,3-cyclohexanedione 

CNGs Cyanogenic glycosides 

CNS Cyanogenic standards 

COX Cyclooxygenase 

cPLA2 Cytosolic phospholipases A2 

CTL Control 

CV Coefficient of variation 

CVD Cardiovascular diseases 

CVS Chronic variable stress 

DHA Docosahexaenoic acid 

dPE Diacyl-phosphatidylethanolamine 

DSHEA Dietary Supplement Health and Education Act 
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EE European elderberry 

EI Electron ionization 

EPM Elevated plus-maze 

ESI Electrospray ionization 

FA Formic acid 

GC Gas chromatography 

HCN Hydrogen cyanide 

HHE 4-hydroxyhexenal 

HNA Heterozygous non-stressed control 

HND Heterozygous non-stressed DHA 

HND Heterozygous stressed DHA 

HNE 4-hydroxynonenal 

HO-1 Heme oxygenase-1 

HPLC High performance liquid chromatography 

HPLC-DAD High-performance liquid chromatography with photo diode 

array detectors 

HSA Heterozygous stressed control 

HT Heterozygous 

iPLA2 Ca+2-independent phospholipases A2 

KO Knock-out 

LC-MS/MS Liquid chromatography-mass spectrometry/mass 

spectrometry 
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LIT-FT-ICR Linear ion trap-Fourier transform ion cyclotron resonance 

mass spectrometer 

LLOD Lower limit of detection 

LLOQ Lower limit of quantification 

LOX Lipoxygenase 

MDLI Mandelonitrile lyase 

ME Matrix effect 

ME Matrix effect 

MRM Multiple reaction monitoring 

MS Mass spectrometry 

MUFA Monounsaturated fatty acids 

NBJ Nutrition business journal 

Nrf2 Nuclear factor erythroid 2-related factor 2 

PBS Phosphate-buffered saline 

PC Phosphatidylcholine 

PE Phosphatidylethanolamine 

PE-p1 Alkenylacyl-phosphatidylethanolamine or 

phosphatidylethanolamine plasmalogen 

PH Prunasin hydrolase 

PI Phosphatidylinositol 

PL Phospholipids 

PLA2 Phospholipases A2 

PM Photomultipliers 
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PS Phosphatidylserine 

PUFA Polyunsaturated fatty acid 

QqQ  Triple quadrupole 

RCT Randomized controlled trials 

RE Recovery 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

RT Retention time 

S/N Signal to noise ration 

SD Standard deviation 

SEM Standard error of mean 

SERT Serotonin transporter 

SFA Saturated fatty acids 

SIR Selected ion recording 

SPE Solid-phase extraction 

TCP Total cyanogenic potential 

TOF Time-of-Flight 

TQMS Triple quadrupole mass spectrometer 

U Units 

UHPLC Ultra-high performance liquid chromatography 

UHPLC-QqQ-

MS/MS 

Ultra-high performance liquid chromatography triple-

quadrupole mass spectrometry 

ULOQ Upper limit of quantification 
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UV-Vis Ultraviolet visible spectrophotometry 

WNA Wild type non-stressed control 

WND Wild type non-stressed DHA 

WSA Wild type tressed control 

WSD Wild type stressed DHA 

WT Wild type 
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APPENDIX 2: Chapter 2 - Picrate paper qualitative test results 
 
 

 
 
Figure A2.1. Calibration curve for CN- eq. using amygdalin as the standard by the picrate-

paper method and a camera-phone as the detector. The curve generated from a plot of mean 

intensity values verses the natural logarithm of cyanide equivalent amounts. An image the 

picrate-paper was converted from color to greyscale. Conversion to greyscale helped 

increase the upper limit of detection where color saturation became an issue. The 

conversion was done using Image J software (https://imagej.nih.gov/ij/index.html). The 

mean intensity values corresponding for each CN- eq. were used to generate the calibration 

curve. The error bars represent the standard deviation of at least three replicate samples 

(n=3). 
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Figure A2.2. Calibration curve for CN- eq. using amygdalin as the standard by the picrate-

paper method and using a UV-Vis spectrophotometer as the detector (λmax = 510 nm). The 

curve shows as expanded region at the lowest concentrations (0 to 10 μg). The curve 

generated from a plot of average absorbance verses cyanide equivalent amounts. The error 

bars represent the standard deviation of at least three replicate samples (n=3).  

\ 
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Figure A2.3. Picrate-paper results for results for apple seeds, core, flesh, and juice. Granny 

Smith (GS) and Galas (G) apples were used in the test. The top row of strips indicates the 

color changes for different concentrations of amygdalin (μg) as CN- standard.  The units of 

concentration for the CN- standards is in μg. The bottom row shows picrate-paper results 

for apple samples. From left to right the samples are Granny Smith seeds (GS-seed), 

Granny Smith juice taken near the core (GSJ(c)), Granny Smith juice taken from the main 

part of the apple (GSJ(f)), Gala seeds (G-seed), Gala juice taken near the core (GJ(c)), and 

Gala juice taken from the main part of the apple (GJ(f)). 
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Figure A2.4. Picrate-paper results for different tissues (berries, seeds, and stems) of the 

pooled AE samples with and without the addition of endogenous enzymes. The pooled 

samples are a mixture of different AE genotypes. The top row of strips indicates the color 

changes for different concentrations of amygdalin (μg) as CN- standard. The units of 

concentration for the CN- standards is in μg. 
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Figure A2.5. Picrate-paper results for endogenous enzymes test for raw (fresh) and 

lyophilized apple seeds. The top row of strips indicates the color changes for different 

concentrations of amygdalin (μg) as CN- standard. The units of concentration for the CN- 

standards is in μg. 
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Figure A2.6. Picrate-paper results for different tissues (juice, seeds, stems, and skin) of 

Ozone and Ozark AE samples. The top row of strips indicates the color changes for 

different concentrations of amygdalin (μg) as CN- standard. The units of concentration for 

the CN- standards is in μg. The middle row from left to right are Ozone AE samples: 

OZOLSD1 and OZOLSD2 are lyophilized seeds, OZORS1 and OZORS2 are raw/fresh 

seeds, OZOJ1 and OZOJ2 are fresh juice, OZOLSK1 is lyophilized skin, and OZOLST1 

is lyophilized stems. The bottom row from left to right are Ozark AE samples: OZKLSD1 

and OZKLSD2 are lyophilized seeds, OZKRSD1 and OZKRSD2 are raw/fresh seeds, 

OZKJ1 and OZKJ2 are fresh juice, and OZKLSK1 is lyophilized skin 
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Figure A2.7. Picrate-paper results for different tissues (juice, seeds, stems, and skin) of the 

pooled AE samples. Elderberry pulp, fresh green, red and ripe berries are also analyzed. 

The pooled samples are a mixture of different AE genotypes. The top row of strips indicates 

the color changes for different concentrations of amygdalin (μg) as CN- standard.  The 

units of concentration for the CN- standards is in μg. 
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APPENDIX 3: Chapter 3 – Mouse diet analyses and lipidomics 
 
 
                      Table A3.1. Experimental Mouse Diets 
 

 
 
 

            
 
                   Table A3.2. Fatty acid composition of diets. 
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Table A3.3. Lipidomic analysis of mouse cerebral cortex samples. 
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