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ABSTRACT 

Temperature is a fundamental parameter in nature that determines the physical properties 

of materials, the rate and extent of chemical reactions, and the scale and direction of 

thermal radiation. Energy associated with high temperature can affect the survival and 

wellbeing of a living organism, directly through heat stress, and indirectly through 

exposure and consumption of thermally-processed food and chemicals. In this project, the 

direct influences of thermal energy on a biological system were examined by the 

metabolomic analysis of heat stress (HS)-elicited metabolic effects in pigs, while the 

indirect influences of thermal energy on a biological system were investigated by the 

chemometric analysis of heating-induced chemical changes in frying oils and the 

metabolomic analysis of metabolic changes induced by the consumption of thermally-

oxidized cooking oils in mice. The results of these metabolomics and chemometric 

analyses are summarized as follows: (1) HS greatly affected diverse metabolites 

associated with amino acid, lipid, and microbial metabolism, including urea cycle 

metabolites, essential amino acids, phospholipids, medium‐chain dicarboxylic acids, fatty 

acid amides, and secondary bile acids. More importantly, many changes in these 

metabolite markers were correlated with both acute and adaptive responses to heat stress. 

(2) Thermal stress-elicited degradation of triacylglycerols and formation of lipid 

oxidation products (LOPs) in vegetable oils occurred simultaneously at frying 

temperature. Specific aldehydes and aldehyde clusters could be more effective indicators 

of lipid oxidation status for frying oils and fried foods than many traditional markers. (3) 

Feeding heated soybean oil (HSO) significantly altered the composition of the 
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metabolome by introducing diverse LOPs and altering the metabolism of lipids, amino 

acids, and antioxidants. Among these metabolic changes, the decrease of serum 

tryptophan and the increase of urinary tryptophan metabolites were caused by HSO-

elicited activation of tryptophan-NAD+ catabolic pathway. Overall, these results from 

metabolomic and chemometric analyses provide mechanistic insights on thermal energy-

induced chemical and metabolic events.   
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1.1 TEMPERATURE AND METABOLISM 

Metabolism, including catabolic and anabolic processes, sustains the life through 

numerous enzyme-dependent or -independent chemical reactions. All chemical reactions 

comprise substrates, reaction medium, and products, while enzyme-dependent chemical 

reactions also require enzymes and cofactors. Temperature, as a fundamental parameter 

in nature, can affect metabolism through its influences on all these elements of chemical 

reactions, and therefore plays a decisive role in the survival and wellbeing of a living 

organism.  For the metabolic system of humans and animals, high temperature directly 

alters the functions and reactivity of enzymes, subtracts, products, and reaction media in 

metabolic reactions as well as genes, proteins, and signaling pathways responsible for the 

execution and regulation of these metabolic reactions. Moreover, high temperature 

induces chemical changes in food and feeds consumed by humans and animals 1, 2, and 

therefore indirectly affect the metabolic system through altered nutrients and newly 

formed bioactive compounds in food and feeds3 (Figure 1.1).  

In humans and animals, metabolites are the nutrients and chemicals transferred from 

food and feed intakes after digestion or the products of metabolic reactions in energy, 

nutrient, and even microbial metabolism. All the metabolites in a biological system 

construct a metabolome, which coexist and interact with genome, transcriptome, and 

proteome. Functioning as the end products of biological pathways, the building blocks of 

growth, and the regulators of wellbeing, the metabolites in a metabolome not only reflect 

the metabolic status of a biological system, but also carry diverse information on gene 

expression, protein function, and signal transduction events associated with the disruption 

and homeostasis of a biological system, especially after nutritional and xenobiotic 
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challenges or pathophysiological disturbances.  Therefore, examining the composition 

and changes in the metabolome offers the opportunities to understand the metabolic 

phenotype of a biological system as well as their underlying mechanisms. 

In this study, thermal energy-elicited chemical and metabolic events in food and 

animals were examined using chemometrics- and metabolomics-based approaches. Three 

specific aims of this study are: 

1. To identify and characterize the metabolic effects of heat stress in animals.  

2. To identify and characterize the chemical changes in cooking oils at frying 

temperature. 

3. To identify and characterize the biotransformation and metabolic effects of 

thermally-oxidized oils in animals.  

 

New information and valuable insights from this study could serve as a knowledge 

base for alleviating the adverse effects of high temperature on food, feeds, and health 

through chemical prevention or pharmacological intervention.  
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Figure 1.1. Direct and indirect influences of thermal energy on a biological system. 

Energy associated with high temperature can affect the survival and wellbeing of humans 

and animals, directly through heat stress and hyperthermia, or indirectly through the 

exposure and consumption of thermally-processed food and chemicals.  

 

 

1.2 HEAT STRESS 

1.2.1 Adverse effects of heat stress on humans and animals 

High ambient temperature-elicited heat stress (HS) is a detrimental 

pathophysiological event that directly affects the homeostasis of living organisms4-7. In 

humans and animals, heat stress-induced illness can progress from heat exhaustion, 

which is accompanied with heavy sweating and rapid breathing, to heat stroke when the 

core body temperature exceeds a threshold, such as 104°F for humans8. Heat stroke can 

Thermally-oxidized food

Altered nutrients
New metabolites
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Heat

Disposition
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cause lasting damages to organ functions and is associated with a high risk of early 

mortality4, 5, 9. As one of natural hazards, extreme high temperature has significant 

impacts on public health. The heat waves in France and Athens caused 14,802 and 2,000 

deaths in August, 2003 and July, 1987, respectively8, 10. The heat waves have also been 

occurring annually in different regions of the United States, such as the 1995 Chicago 

heat wave11, and are expected to be more frequent and intense according to the current 

climate trends. Besides being a health threat to humans, HS negatively affects the growth 

performance, reproduction, and health status of farm animals and has caused average 

annual loss of 1.7 billion dollars for dairy, beef, swine, and poultry industries6, 7, 12. 

Severe HS is predicted to be an increasing problem for animal industry in near future 

because of global warming progression13. The report from an intergovernmental panel on 

climate change has shown that the earth temperature has been increased by 0.2°C per 

decade, and the global average surface temperature is predicted to raise 1.4-5.8°C by the 

end of this century14. This situation will cause more heat illness in humans and animals 

and heat stress-elicited damages to the ecosystem and agriculture in near future 14. 

1.2.2 Heat stress-induced biological effects 

Elevated core body temperature caused by HS leads to extensive systemic changes 

and physiological responses, such as the changes in cardiovascular and respiratory 

systems, and systemic inflammatory responses15-18. One hallmark event in HS is the 

elevated cardiac and respiratory rates15, 16. In cellular level, HS inhibits DNA synthesis 

and transcription, and triggers denaturation and degradation of proteins, as well as 

disruption of cytoskeletal structure19, 20. HS decreases the number of mitochondria, 

causing dramatic decrease of ATP synthesis21, 22. HS also altered the membrane 
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permeability by changing the ratio of protein to lipids, leading to an imbalance of Na+, 

H+, and Ca2+ between intracellular and extracellular spaces23, 24. In the digestive tract, HS 

can compromise the tight junctions among intestinal epithelial cells, resulting in the 

translocation of bacteria and endotoxins17, 18. The metabolic system is also greatly 

affected by HS. HS induces the changes in metabolism-related hormones, such as thyroid 

and growth hormones, and decreases the basal metabolic rate25-30. At the same time, HS 

alters the expression of genes and proteins involving in energy and nutrient metabolism28-

30. Changes in individual metabolites such as amino acids, lipid, and carbohydrate have 

been observed in HS25, 31-33. However, HS-induced global changes in the metabolome 

were seldom evaluated. 

1.2.3 Molecular events in heat stress 

The composition and dynamics of membrane lipids play an important role in the 

cellular responses to HS34. The membrane structures of cells and intracellular organelles 

are sensitive to thermal stress due to their lipid contents35. The lipid membranes are 

responsible for the integrity of cells and organelles, and also convey the signals for heat 

shock response (HSR). Under HS, the lipid metabolizing enzymes convert the membrane 

lipid species to their downstream signaling metabolites. Together, membrane lipids and 

their metabolites constitute a complex lipid signaling network responsive to the HS36. 

One of the main targets of this complex signaling network is the heat shock proteins 

(Hsps) which are highly expressed under the HS. Hsps function as intracellular 

chaperones that can stabilize the folding structures of proteins and prevent the unwanted 

protein aggregation37. Hsps contain five major families including Hsp70s, Hsp90s, 

Hsp100s, Hsp60s, and small Hsps24. 
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Based on the duration and temperature, HS could be classified into three categories: mild 

(39.5 ± 1°C), severe (42.5 ± 1°C), and deleterious (45 ± 1°C) (Figure 1.2). Under mild 

HS, no protein denaturation occurs inside the cells. Fever and free radicals from mild HS 

could trigger the functional changes in cellular membranes and then release the signal 

lipids for the HSR, which further induces the synthesis of Hsps (Figure 1.2). Under 

severe HS, denatured proteins start to accumulate in the cytoplasm, resulting in stress 

responses. In response, the calcium level is greatly increased and the signal lipids are 

accumulated in severe HS, triggering much higher expression of Hsps than mild HS to 

protect against the HS-induced protein denaturation (Figure 1.2). Furthermore, the 

changes of membrane lipids in severe HS also disturb the electron transport chain and 

oxidative phosphorylation (Figure 1.2). Under deleterious HS, the signals for 

cytoprotection, including the increased levels of Ca2+ and signal lipids, such as free fatty 

acids and ceramide, reach their upper limits. In fact, the excessive ceramide can initiate 

apoptosis38. Moreover, the perturbation of the mitochondrial membrane and the oxidation 

of phosphatidylserine also contribute to the programmed cell death39, 40. At the same time, 

extensive protein denaturation occurs while Hsps synthesis is inhibited due to the 

suppressive effects of hyperthermia on protein synthesis.  All together, these events 

activate the apoptosis and autophagy pathways in HS-affected cells41 (Figure 1.2).  
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Figure 1.2. The sequence of events during and after heat stress in mammalian cells 
(adapted from Balogh et al, 2013)36. 

 

1.2.4 Dietary intervention of heat stress 

Dietary supplementation has been explored as a practice to protect against the HS.  

Supplementation of ascorbic acid and lipoic acid alleviated negative effects of HS on the 

growth performance and meat quality of broilers42. The uses of ascorbic acid and lipoic 
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acid in HS are mainly based on their antioxidant properties as well as their functions as 

enzymatic cofactors43-45. Chromium supplementation improved the production and 

reduced HS-induced lipolysis and the elevation of plasma non-esterified fatty acids 

(NEFAs) levels in dairy cows and broilers, potentially due to its functions as insulin 

activator and the stabilizer of proteins and nucleic acids46-48. Zinc (Zn) is commonly 

supplemented in animal feeds to maintain health status and achieve optimal growth 

performance. Recently, zinc oxide (ZnO) and zinc sulfate (ZnSO4), as well as organic 

zinc have also been explored as the supplements for protecting animals against the 

adverse effects of HS49-53. The protective effects of Zn are attributed to its antioxidant 

property and its cofactor role in metabolizing enzymes54.  

Overall, despite numerous studies that have been carried out to investigate the effects 

of HS, many questions remain unsolved with regarding to the initiation and progression 

of HS-induced adverse health effects. Human-induced climate changes make those 

questions even more important since human society will likely face more extreme 

temperatures and severe HS in near future55. 

 

1.3 CHEMISTRY AND BIOLOGICAL EFFECTS OF THERMALLY-OXIDIZED 

OILS 

In typical American diet, nearly the half of daily lipid intake comes from consuming 

thermally-oxidized cooking oils in food. In addition, waste cooking oils are recycled by 

the rendering industry as a source of energy in animal feeds and thus could affect humans 

indirectly through consuming animal products. Adverse health effects of consuming large 

quantities of thermally-oxidized oils and fats have been observed in animal experiments, 
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leading to the hypothesis that thermally-oxidized cooking oils could be a contributing 

factor in human morbidities. 

1.3.1 Thermally-oxidized oils in human diet and animal feed 

The most commonly used cooking oils are the mixtures of triacylglycerols (TAGs) 

extracted from plant seeds, such as soybean, corn, canola, and sunflower seeds. These 

vegetable oils are used for frying, baking, and other cooking activities due to their 

flavors, low cost, and availability. Less commonly in modern society, animal-derived and 

synthetic fats, which exist in solid forms at ambient temperature, are also used in 

cooking. Deep frying is one of the most popular food preparations methods in the world. 

In the United States, the economy of commercial deep frying, mainly fast food 

restaurants, is estimated to be 83 billion dollars per year, which is more than twice the 

amount for the rest of the world56. Food processing using different heating temperatures 

could significantly change the nutrient profile of foods1, 2 and their biological effects in 

the body3. In a typical deep frying procedure, the food is submerged in the oils and the 

temperatures range from 150 to 190°C. Frying time, surface area, moisture content, and 

oil type determine the amount of oil transferred to the food.  

Triacylglycerols, which are commonly called as fat, are important nutrient 

components in typical American diet. About 1/3 of daily energy intake in the US comes 

from fat57, 58. More importantly, the half of total daily fat intake is thermally-oxidized oils 

from baked and fried food, which is equivalent to daily 36-gram intake59, 60. Besides 

humans, animals are also widely exposed to heavily thermally-oxidized oils through 

rendering practices since yellow grease or used cooking oil recovered from commercial 

or industrial cooking operations is commonly used as a source of energy in livestock 
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feed. Through this practice, the compounds in used cooking oils could affect the 

wellbeing of animals and reach to humans indirectly through meat consumption. The 

estimated annual yellow grease production in the U.S. was about 2.6 billion pounds from 

1995 to 2000, while the estimated annual production in Minnesota ranges from 16 million 

to 48 million pounds61. 

1.3.2 Thermal stress-induced chemical changes in cooking oils 

Deep frying is a widely applied food preparation procedure, in which food is prepared 

in cooking oils at high temperature (150-190°C). During deep frying, thermal stress can 

extensively transform the chemical composition of frying oils, especially the vegetable 

oils enriched with polyunsaturated fatty acids (PUFAs), altering their nutritional value 

and toxicological profile62, 63. Diverse chemical events, such as hydrolysis, radical 

formation, peroxidation, cyclization, polymerization, hemolytic and heterolytic cleavage, 

occur in this process, converting TAGs in frying oils to free fatty acids, mono- and di-

acylglycerols, hydroperoxide primary lipid oxidation products (LOPs), and diverse 

secondary LOPs, such as cyclic fatty acids, polymeric products, aldehydes, ketones, 

alcohols, dienes, and acids64.   

1.3.2.1 Hydrolysis of oil 

In deep frying, the moisture in food forms steam and then evaporate as bubbles. The 

hydrolysis of TAGs occurs when water reacts with the ester bonds of TAGs, producing 

di- and mono-acylglycerols, glycerol, and free fatty acids 65. In general, the free fatty acid 

content in frying oils is positively correlated with the temperature, and duration in frying, 

and thus is a quality indicator of frying oils66. Due to their higher solubility in water, the 

oils enriched with short-chain and unsaturated fatty acids are more susceptible to 
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hydrolysis than the ones with long-chain and saturated fatty acids. Other factors that 

facilitate the hydrolysis of oil include water content67 and the contamination of alkalis, 

such as the reagents from cleaning the fryers68. It has been reported that the free fatty acid 

content in cooking oils increases from less than 0.15 to 4% by frying before discarding69-

72.  

1.3.2.2 Polymerization of oil 

Formation of dimers, trimers, oligomers, and polymers of TAGs occur in heating and 

frying73, 74. Polymerization reactions also occur to PUFAs and the decomposed products 

of TAGs. Without oxygen, polymers can be formed by new -C-C- bonds, while with 

oxygen, polymers can also be formed by new -C-O-C- and -C-O-O-C- bonds69, 75, 76. 

1.3.2.3 Oxidation of oil 

Oxygen and temperature are two essential factors in the autoxidation of oils and the 

formation of LOPs77. The formation rate of LOPs is relatively slow in the induction 

period of frying, but is rapidly increased along with the frying time78. The peroxidation 

reactions initiate the formation of diverse primary LOPs, including lipid hydroperoxides, 

epoxy hydroperoxides, keto hydroperoxides, cyclic peroxides, and their degradation 

products, i.e. secondary LOPs, including alcohol, aldehyde, ketone, ester, furan and 

lactone structures64, 79-81. The mechanism of thermal oxidation involves the initiation, 

propagation, and termination of the reaction (Figure 1.3)82.  
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Figure 1.3. The peroxidation process of linoleic acid in cooking oils to produce 

primary and secondary LOPs. The formation of the alkyl radical from a fatty acid 

molecule by removing hydrogen is the initiation step in the oxidation reaction of oil. 

Generally, the carbon-hydrogen bond on carbon 11 of linoleic acid is the weakest and 

will be broken first to form a radical. The radical at carbon 11 will be rearranged to form 

conjugated pentadienyl radical at carbon 13 or carbon 9. Then, alkyl radicals react with 

oxygen to form peroxy radicals. The peroxy radical abstracts hydrogen from another oil 

molecule forming new hydroperoxide and another alkyl radical. This chain reaction is the 

propagation step and accelerates the thermal oxidation of oil. There are two types of 

terminations. One is the formation of non-polar dimers and polymers by reactions 

between alkyl radicals, alkoxy radicals, and peroxy radicals. The other is the formation of 

non-radical volatile and nonvolatile compounds at the end of oxidation. Volatile 

compounds contain aldehydes, ketones, acids, hydrocarbons, alcohols, esters, lactones 

and aromatic compounds.  

 

1.3.2.4 Chemical changes of oil during frying process 

Heating-induced reactions, including hydrolysis, oxidation, and polymerization, 

transform a TAGs-dominant chemical profile to a profile that is much more diverse and 

complex because it contains acylglycerols, free fatty acids, peroxides, polar materials, 

volatile compounds, polymeric materials, and many other chemical entities. The most 



 

14 

 

prominent features of chemical changes in the time course of frying include transient 

increase of peroxides and volatile compounds, progressive decrease of unsaturated level, 

and progressive increases of foaming, darkness, viscosity, free fatty acids, polar and 

polymeric products (Figure 1.4)62. 

 

Figure 1.4. Physical and chemical changes of oil during deep-fat frying (adapted from 

Choe and Min, 2007)62. 

 

1.3.3 Evaluation of lipid oxidation  

Accurate assessment of lipid oxidation status of frying oils is important for evaluating 

their quality and biological effects, but remains to be a challenge in spite of the 

availability of various assays for determining the status of lipid oxidation83, 84. This 

situation can be largely attributed to the following facts: (1) under thermal stress, various 

lipid oxidation products production originates from multiple precursors and multiple 

degradation routes, resulting in unstable composition of lipid oxidation products in frying 
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oils; and (2) in contrast to the chemical complexity of lipid oxidation products, these 

established assays are targeted in nature and thus are incapable of detecting and analyzing 

multiple LOPs simultaneously. The features of common evaluation assays on the 

chemical changes in frying oils are reviewed as follows. 

1.3.3.1 Peroxide value (PV) 

The PV assays are mainly based on the redox properties of hydroperoxides. Iodide is 

used as the reactant in the American Oil Chemists' Society (AOCS) official method for 

measuring the PV of oils. In the presence of peroxides, iodide ion is oxidized to iodine. In 

the presence of starch, the black color of the solution changes into colorless when iodine 

is titrated with sodium thiosulfate. This method has been criticized for its tediousness. 

Compared to the AOCS official method, ferrous oxidation method is simpler. In this 

method, Fe (II) is oxidized to Fe (III) by hydroperoxides in acidic media. Fe (III) then 

forms the complexes with thiocyanate or xylenol orange (FOX), which could be 

measured with a visible spectrophotometer at 500 and 560 nm, respectively. Other 

methods, including chemiluminescent method85, flow-injection method86, and high-

performance liquid chromatography (HPLC) analysis87, are also available for PV 

measurement. Overall, PV measurement is widely used to evaluate lipid oxidation and 

lots of methods are available. However, PV has limited value in reflecting the real status 

of lipid oxidation in frying oils. This conclusion is based on the fact that the production 

and decomposition of primary LOPs occur simultaneously in frying oils. Previous studies 

have showed that the transient increase of PV in heated ethyl linolenate88 and low PV in 

extensively oxidized frying oils89. These results indicate that when evaluate frying oil, a 

low PV may not solely represent a low level of oxidation (Figure 1.4) 
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1.3.3.2 Thiobarbituric acid reactive substances (TBARS)  

The TBARS assay aims to measure malondialdehyde (MDA), a secondary LOP90. In 

this assay, MDA react with thiobarbituric acid (TBA) adduct to form an adduct with 

maximum absorbance at 530-540 nm wavelength91. The TBARS value is widely used 

parameter in the evaluation of lipid oxidation, but is also criticized for the lack of 

sensitivity and specificity. The concern is partially based on the fact that TBA could react 

with diverse compounds besides MDA, including 2-alkenals, 2,4-alkedienals, sugars, and 

amino acids, and these reactions are expected to interfere MDA measurement92. For 

frying oils, the results of TBARS assay might not reflect the MDA level because many 

TBA-reactive compounds are generated from the frying process93.  

1.3.3.3 p-Anisidine value (AnV) 

The AnV assay detects secondary LOPs, such as 2-alkenals and 2,4-alkedienals. In 

the assay, the reactions between the carbonyl group in aldehydes and the amino group in 

p-anisidine produce Schiff bases (R2C=NR’) that have maximum absorbance at 350 nm. 

It has been shown that AnV is correlated with TBARS value, the levels of aldehydes, and 

the sensory odors of fried foods94, 95. However, AnV assay can be interfered by other 

compounds in testing samples. In addition, unsaturated aldehydes have higher reactivity 

to p-anisidine than saturated aldehydes96. 

1.3.3.4 TOTOX value 

TOTOX value is a calculated as the sum of AnV and two PVs (TOTOX = AnV + 

2PV)91. Even though TOTOX value is widely used to evaluate frying oil97-99, it inherits 

the limitations of PV and AnV in the quality evaluation of frying oils. 
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1.3.3.5 Total polar material (TPM) 

Neutral lipids, mainly TAGs, are the major components of frying oil. The remaining 

polar compounds in frying oils are referred as the total polar materials (TPM). In the 

frying process, the reciprocal changes occur to the percentages of neutral lipids and TPM, 

and are affected by temperature, time, and fatty acid composition. Because aldehydes are 

the major components of TPM in frying oils and are responsible for the toxicity of frying 

oils100, 101, the level of TPM in frying oil and fried goods is an indicator of potential 

health risk. The limit of TPM in frying oil is set as 25% in several European countries102. 

Several methods are available to determine the level of TPM in frying oil. As the 

standard methods for determination of TPM, both AOCS official method Cd 20-91and 

IUPAC method 2.507 use silica gel column chromatography for measurement. Those two 

methods, together with some other similar methods are time-consuming103. Other 

methods such as high performance liquid chromatography–size exclusion 

chromatography (HPLC-SEC) and accelerated solvent extraction (ASE) were developed 

in TPM measurement103, 104.  

1.3.3.6 Polymerized TAGs (PTGs) 

PTGs are a major group of newly formed compounds in used frying oils105. Heating 

induces the modification of fatty acyl groups, mostly through the oxidation reactions.  

Modified fatty acyl groups and non-modified ones in different TAG species can the react 

with each other to form PTGs, including the monomers, dimers and oligomers of TAGs. 

These PTGs can be analyzed by size exclusion chromatography (SEC) and gel 

permeation chromatography Fourier transform infrared (GPC-FTIR) analysis105, 106. For 

example, PTGs, oxidized triacylglycerols, and diacylglycerols were separated by HPLC-
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SEC107. Since the formation of PTGs is well correlated to the TPM106, 108, PTGs is 

becoming more adopted for the quality evaluation of frying oil109, 110. 

1.3.3.7 Hexanal, pentanal, and 2,4-decadienal 

As the components of secondary LOPs, aldehydes such as hexanal, pentanal, and 2,4-

decadienal are used for evaluation of lipid oxidation levels91. The levels of those 

compounds can be quantified by gas chromatography–mass spectrometry (GC-MS) and 

near-infrared spectroscopy (NIR) spectroscopy111, 112. However, the fatty acid profile of 

the lipid may be considered before certain aldehyde is used to evaluate lipid oxidation of 

lipids. For example, hexanal is generally considered as a reliable indicator of lipid 

oxidation in lipids rich in linoleic acid because it mainly comes from linoleic acid during 

oxidation84.  

1.3.3.8 Active oxygen method (AOM) 

The AOM is a method for predicting lipid stability, in which the lipids are keep at 98 

to 100⁰C under constant air flow. The stability of the lipids is determined by either 

measuring the time required to reach the PV of 100 meq O2/kg lipid or measuring the PV 

at a preset time point. Since PV is the target of AOM, the limitations of PV assay, such as 

the lack of reproducibility and the tediousness of analytical procedure, are also applicable 

to AOM.  

1.3.3.9 Oil stability index (OSI) 

The OSI is another method for predicting lipid stability, in which the lipids are keep 

between 110 and 130°C under constant air flow. The volatile compounds produced from 

this process are carried by the air and subsequently dissolved in a reservoir of water. The 

dissolution of volatile compounds in water increases the conductivity of water, which is 
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monitored in this process. The OSI value is defined as the time required to reach a preset 

value of conductivity. Compared to AOM, the conductivity measurement in OSI is more 

reliable and reproducible, and the OSI value is better correlated with the stability84, 113, 114. 

However, to obtain detectable volatile acids, the temperature used in the OSI 

measurement (110 or 130°C) is higher than the temperature in many food preparation 

procedures,  resulting in the concerns on the prediction power of OSI in these 

procedures115. 

1.3.3.10 The need to develop new markers of lipid oxidation 

Based on extensive research on the chemical components and properties of frying 

oils, diverse chemical assays have been developed and established to characterize frying 

oils116. Among these assays, iodine value, AOM, and OSI assays, predict the stability of 

unprocessed frying oils and their susceptibility to stresses by measuring the unsaturation 

level of frying oils or the production of peroxides and volatile compounds under the 

designated conditions117, 118. While the majority of indicative assays determine the status 

of processed frying oils by measuring the end products of hydrolysis and oxidation 

reactions, such as free acid content, PV, AnV, TOTOX value, TBARS, TPM, PTGs, 

hexanal and 2, 4-decadienal levels118, 119.  Despite the availability of a large selection of 

analytical methods for defining the status and susceptibility of frying oils, one reliable 

lipid oxidation marker easy to measure is still missing, mainly due to the undefined 

global profile of thermally-stressed frying oils and the kinetics of thermal stress-induced 

changes. This knowledge gap is mainly due to two facts: (1) all established analytical 

methods only measure a fraction of frying oils and do not cover the chemical diversity of 

frying oils; (2) under thermal stress, the composition and status of frying oils are not 
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stable. Due to the above reasons, TAGs were not characterized to define and monitor the 

status and quality of frying oils. Furthermore, large variety of secondary LOPs have also 

not been studied for their correlation with lipid oxidation of oils. Thus, application new 

and powerful detection platform is a promising strategy for discovering reliable lipid 

oxidation markers. 
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Table 2.1. Summary of evaluation methods for lipid oxidation. 

Oils and fats undergo frying  

Reactions Products Indicative tests Predictive tests 
  

Test Test target Principle Test Test target Principle 

Polymerization Dimer, polymer Polymerized 

triacylglycerols 

Polymerized 

triacylglycerols 

HPLC-SEC 

GPC-FTIR 

   

Hydrolysis Free fatty acids, 

Diacylglycerols 

Free fatty acids 

 

     

Oxidation Peroxides, 

hydroperoxides, 

secondary oxidation 

products (aldehydes, 

ketones, carboxylic 

acids) 

Peroxide value 

(PV) 

Peroxides, 

hydroperoxides 

Iodide ion, starch 

solution, sodium 

thiosulphate 

Active 

oxygen 

method 

(AOM) 

Peroxides, 

hydroperoxides 

Measure the 

time to get to the 

preset PV 

Anisidine value 

(AnV) 

Aldehydes Anisidine-

aldehyde has 

absorbance at 350 

nm 

Oxygen 

stability 

index 

(OSI) 

Volatile acids Measure the 

time to reach a 

preset value of 

conductivity 

TOTOX value(= 

2 × PV + AnV)  

Peroxides, 

hydroperoxides, 

Aldehydes 

 

TBARs MDA Thiobarbituric 

acid-MDA adduct 

has absorbance at 

532 nm 

Hexanal, 

pentanal, 2,4-

decadienal 

Individual 

aldehyde 

GC/MS, LC/MS 

Total polar 

material (TPM)  

Polar compounds HPLC-SEC 
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1.3.4 Disposition of thermally-oxidized oils in vivo  

The fate of consumed thermally-oxidized oils in humans and animal is determined by 

the disposition processes, which include digestion, absorption, distribution, metabolism 

and excretion. 

1.3.4.1 Digestion of thermally-oxidized oils.  

TAGs in thermally-oxidized oils are  digested by lingual lipases in oral cavity, gastric 

lipases in the stomach, and then by pancreatic lipases in the duodenum with the 

assistance of bile salts and colipase120.  Compared to TAGs, PTGs are much more 

resistant to enzymatic digestion. In addition, digestion is not necessary for the absorption 

of LOPs.  

1.3.4.2 Absorption of thermally-oxidized oils.  

Animal feeding studies have shown that heating process affects the absorption of 

cooking oils121, 122. Free fatty acids and monoacylglycerols, as the products of triglyceride 

digestion, are effectively absorbed into the enterocyte through free diffusion. As for other 

compounds in thermally-oxidized oils, polymers are resistant to transmembrane 

absorption123-125, and the absorption of primary LOPs is limited by slow hydrolysis in the 

gut126, 127. In contrast, secondary LOPs, such as 4-hydroxynonal (4-HNE), 4-oxononenal 

(4-ONE), and 4,5-epoxy-2-decenals, are absorbed efficiently as shown by their 

appearance in the circulation system and the detection of their metabolites in the urine128-

132.  

1.3.4.3 Distribution of thermally-oxidized oils.  

Once inside intestinal enterocytes, majority of absorbed free fatty acids and 

monoacylglycerols are reassembled to TAGs through de novo synthesis, and then 
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distributed to target tissues through lipoproteins, including chylomicrons, VLDL, IDL, 

LDL, and HDL. Owing to their poor absorption, primary LOPs have limited distribution 

in the body. In contrast, secondary LOPs could reach the systemic circulation after 

ingestion and then are distributed to various organs, among which the liver has the 

highest concentrations of absorbed LOPs133.  

1.3.4.4 Metabolism of thermally-oxidized oils.  

At target tissue, triacylglycerols are broken down by specific lipoprotein lipases to 

glycerol and fatty acids for either anabolic or catabolic metabolism. Glycerol can enter 

glycolysis, gluconeogenesis, and lipid synthesis pathways. Besides being a component of 

triacylglycerols and other lipids, free fatty acids are transported into mitochondrion or 

peroxisomes for β-oxidation reactions to generate energy and bioactive intermediates.  As 

for the secondary LOPs, their reactive structures could lead to the reactions with various 

functionally biomolecules in vivo. Therefore, the biotransformation of these molecules in 

vivo, especially detoxification reactions, could play a decisive role on whether they could 

produce adverse effects inside the body. For example, MDA is metabolized to carbon 

dioxide134 or its lysine adduct135, while trans-2-alkenals, including 4-HNE and 4-ONE, 

are metabolized by aldehyde dehydrogenases (ALDHs), aldo-keto reductases (AKR), and 

glutathione s-transferases (GST)128, 136-138. However, due to the structural and functional 

diversity of LOPs, their metabolic fates in the body still remain poorly defined. 

1.3.4.5 Excretion of thermally-oxidized oils.  

Through catabolic metabolism, the TAGs in thermally-oxidized oils are mostly 

converted to carbon dioxide and water. LOPs have different excretion routes because the 

rate and extent of their in vivo absorption from the gut into the systemic circulation are 

http://en.wikipedia.org/wiki/Peroxisome
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different. Most of primary LOPs, such as methyl and ethyl esters of linoleate 

hydroperoxide are excreted in feces. The excretion fate of secondary LOPs of oils is more 

diverse. About 50% of an oral dose of secondary LOPs are excreted through feces. 

Within absorbed secondary LOPs, 50% of them were excreted as CO2,  25% in urine132. 

1.3.4.6 Function of ALDHs in the metabolism of LOPs 

Aldehydes, especially α, β-unsaturated aldehydes, are produced as major secondary 

LOPs in thermally-oxidized cooking oils139. Due to the reactivity and toxicity associated 

with these compounds, the enzymes responsible for their biotransformation inside the 

body are expected to significantly affect the biological effects of thermally-oxidized oils. 

Among these enzymes, ALDHs, using NAD+ or NADP+ as the cofactor, are capable of 

converting both endogenous and exogenous reactive aldehydes to their corresponding 

carboxylic acids, which in general are much less reactive than their aldehyde precursors. 

ALDHs are ubiquitous in all organisms and also in almost all intracellular organelles, 

including cytoplasm, nucleus, mitochondria, and endoplasmic reticulum. More than 500 

ALDH genes have been identified in microorganisms, plants, and animals. The human 

genome contains 19 functional ALDH genes that have been classified into 10 families 

and 13 subfamilies140, 141. Because the substrates of ALDHs have diverse functions in 

numerous physiological, pathological, and pharmacological events, the ALDHs-mediated 

reactions could affect cell proliferation, differentiation, and survival. However, at present, 

the role of ALDHs in the disposition and biological effects of thermally-oxidized oils 

remains largely unknown. 

1.3.5 Biological effects of consuming thermally-oxidized oils 
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The health risks of consuming thermally-oxidized oils have been examined in 

epidemiological, clinical, and animal studies. The results from these studies suggested 

that moderately-oxidized oils had either limited or no detrimental effects on animals122, 

142. However, feeding highly-oxidized oils led to apparent toxicities, including loss of 

appetite, diarrhea, growth retardation, elevated kidney and liver weights, altered fatty 

acid composition of tissue lipids132, 143-148. The LOPs in thermally-oxidized oils have been 

considered as major contributors to observed toxic effects149. For example, primary 

LOPs, such as conjugated lipid hydroperoxydienes, are acutely toxic to rodents150, while 

secondary LOPs, such as 2-alkenals, can covalently bind to proteins and DNA, resulting 

in protein inactivation and DNA damage101. In addition, primary and secondary LOPs 

could react with amino acids and lipids in the GI tract, thereby decreasing the 

digestibility of proteins and complex lipids151.  

Among the LOPs in thermally-oxidized oils, the biological activities of 4-HNE have 

been extensively investigated. 4-HNE, as an endogenous metabolite of regular lipid 

metabolism, could mediate cell proliferation and differentiation at the physiological and 

non-toxic concentrations (below 1 μM)152, 153. However, at pathophysiological 

concentrations, 4-HNE can react with proteins and nucleic acids to form adducts, 

disrupting the functions of enzymes and proteins, and modulating gene expression154-159. 

Other LOPs, including 4-ONE, 4,5-epoxy-trans-2-decenal, and 9,12-dioxo-trans-10-

dodecenoic acid, are also capable of forming DNA-adducts and generating pro-mutagenic 

lesions that can contribute to the etiology of cancer131, 136, 160. In addition, the pro-

apoptotic effects of 4-HNE, 4-ONE and 4,5-epoxy-trans-2-decenal on endothelial cells 

suggest a potential role for secondary LOPs in cardiovascular pathogenesis161. 
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Despite previous research efforts on the biological effects of thermally-oxidized oils, 

many issues remain undefined, such as how thermally-oxidized oils affect nutrient 

metabolism in vivo. Traditional biomarkers such as TAGs and cholesterol in the blood are 

inefficient to explain the mechanisms behind complexity of metabolic events induced by 

thermally-oxidized oils. Comprehensive evaluation of the effect of thermally oxidized oil 

on metabolome which could reflect the changes in metabolism as a whole picture, was 

not carried out previously. 

1.3.6 Regulation of gene expression by oxidized lipids 

Even though the health risk of thermally-oxidized oils was widely recognized, 

consumption of thermally-oxidized oils may be considered to be beneficial with 

regarding to its effects of lowering concentrations of hepatic and blood triacylglycerols 

and cholesterol162-164. The mechanism behind this phenomenon was recognized as the 

activation of peroxisome proliferator-activated receptor α (PPARα) as well as a series of 

its target genes. A set of genes involved in fatty acid and lipoprotein metabolism were 

upregulated by the PPARα including acyl-CoA thioesterases (ACOT), acyl-CoA oxidase 

(ACO), cytochrome P450 isoenzyme 4A1 (CYP4A1), carnitine-palmitoyltransferase I 

(CPT I), CPT II, carnitine-acylcarnitine translocase (CACT), medium-chain acyl-CoA 

dehydrogenase, long-chain acyl-CoA dehydrogenase, and 3-ketoacyl-CoA 

dehydrogenase when the animal consume thermally-oxidized oils163-167. The potent 

ligands and activators of PPARα from the thermally-oxidized oil were proposed to be 

hydroxylated fatty acids and cyclic fatty acids monomers168, 169. At the same time, 

animals fed with oxidized fat developed a symptom of liver enlargement163-165, which 

were recognized as a typical response to PPARα agonist inducing peroxisome 
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proliferation170, 171. Organic cation transporter 2 (OCTN2), another PPARα target gene, 

was also upregulated by consumption of thermally-oxidized oils. OCTN2 plays the most 

important role as the carnitine transporter, taking part in reabsorption and distribution of 

carnitine. Consumption of oxidized fat was found to increase the carnitine concentration 

in the liver of rats, most likely due to the upregulation of OCTN2 mediated by 

PPARα172(Figure 1.5). The cholesterol lowering effect of oxidized fat was attributed to 

the inhibition of sterol regulatory element-binding protein (SREBP-2) in previous 

study173. Administration of the thermally-oxidized oils could lower the transcript levels of 

SREBP-2 and then reduce the transcription of low-density lipoprotein receptor and 3-

hydroxy-3-methylglutaryl-CoA reductase genes, subsequently173.  

 

Figure 1.5. Roles of PPARα in HSO-induced fatty acid oxidation (modified based on 

AOCS lipid library: http://lipidlibrary.aocs.org/content.cfm?ItemNumber=39222). 
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1.4 CHEMOMETRICS AND METABOLOMICS 

Though information on high temperature-induced HS, as well as changes in oil 

quality and biological effects associated with consumption of frying oils are available, 

there are still knowledge gaps with regarding to those information. For example, many 

issues related to chemical profile and biological effects of thermally-oxidized oil, such as 

how heating affects the chemical composition of cooking oils, how the body processes 

thermally-oxidized oils, and how thermally-oxidized oils affect nutrient metabolism in 

vivo, remain undefined. To fill up those gaps, traditional methodology is insufficient to 

provide advanced information. However, those information could be provided by high 

throughput methodology such as chemometircs and metabolomics.  Chemometircs and 

metabolomics, which is a powerful methodology served as markers finder by measuring 

small-molecule metabolite profiles in samples, has been applied to find mechanisms in 

many scientific fields174-178. Thus, as a highly effective tool to examine chemical changes 

in a reaction system or metabolic changes in a biological system, chemometircs and 

metabolomics should be capable of detecting newly-formed chemicals in thermally-

oxidized oils and defining the changes in metabolome after the direct exposure of heat 

stress and the indirect exposure through thermally-oxidized oils (Figure 1.6).  
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Figure 1.6. Roles of chemometrics and metabolomics in studying thermal energy-

induced chemical and biological changes in food, feed, animals, and humans.  
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At present, LC is the most commonly used platform in MS-based metabolomics 

owing to its good compatibility with the metabolites in a biological system. LC-MS data 

comprise retention time (RT), mass-to-charge ratio (m/z), and signal intensity. To conduct 

untargeted metabolomic analysis, deconvolution is required to convert these data into a 

data matrix suitable for multivariate data analysis. After LC-MS analysis, 

chromatographic and spectral data need to be properly processed before being used in 

multivariate data analysis. The procedure includes data condensation and reduction by 

centroiding and deisotoping mass spectra, chromatographic alignment for peak 

identification, and filtering for removing noise or isotope signals179. To reduce the 

influence of systematic and sample biases, MS data can be normalized by either the 

parameters of whole dataset (such as total ion count or median ion count) or the 

intensities of single or multiple internal standards (such as creatinine in the case of 

urine)180. After all these procedures, a multivariate data matrix containing information 

about sample identities, ion identities (RT and m/z values) and normalized ion intensities 

can be generated. This dataset can be either directly used for multivariate data analysis, or 

be further statistically transformed and scaled according to the properties of data and the 

purpose of multivariate data analysis. To identify latent components or principal 

components in a complex dataset, data are projected onto a new coordinate system based 

on pattern recognition algorithm181. Thereafter, a model containing one or multiple 

principal components can be established to represent a large portion of examined dataset 

(Figure 1.7). In contrast to other statistical techniques, such as t-test and ANOVA, an 

established multivariate data analysis model and its principal components can be 

presented in the scores plot, in which sample- principal components and sample-sample 
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relationships can be visualized. In LC-MS-based metabolomics, the spatial distance 

between two samples in the scores plot reflects their differences in chemical composition. 

When a clear sample clustering is observed in the scores plot, the contribution of 

individual ions to principal components and to the group separation can be further 

examined in the loadings plot, in which the relationships between ions and principal 

components are depicted. Two major categories of multivariate data analysis methods, 

unsupervised and supervised multivariate data analysis, have been widely used in 

metabolomic data analysis. In unsupervised multivariate data analysis, sample 

classification is unknown or intentionally blinded to the analytical software, while in 

supervised multivariate data analysis this information is provided to the software for the 

purpose of model construction. The most popular unsupervised method is principal 

components analysis (PCA). Because of its indiscriminate nature, the markers identified 

in a robust PCA model can usually be validated. Supervised multivariate data analysis 

encompasses many methods, including partial least squares (PLS), orthogonal partial 

least squares (OPLS), and partial least squares-discriminant analysis (PLS-DA)182. The 

selection of supervised multivariate data analysis method is determined by the data 

properties and the aim of multivariate data analysis. In metabolomics analysis, when a 

clear separation of different treatments is observed in the scores plot, metabolites can be 

conveniently identified in the loadings plot through their correlation with the principal 

components that separate sample groups (Figure 1.7). The concentrations or relative 

abundances of identified metabolite markers in examined samples can be presented in the 

heat maps generated by the R program (http://www.R-project.org), and the correlations 

among these metabolite markers can be defined by hierarchical clustering analysis 

http://www.r-project.org)/
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(HCA). Subsequently, chemical identities of metabolite markers can be determined by 

accurate mass measurement, elemental composition analysis, MS/MS fragmentation and 

searches of metabolite and spectral databases, such as Kyoto Encyclopedia of Genes and 

Genomes (KEGG, http://www.genome.jp/kegg/), Human Metabolome Database 

(http://www.hmdb.ca/), Lipid Maps (http://www.lipidmaps.org/), METLIN database 

(http://metlin.scripps.edu/), BioCyc (http://biocyc.org/), Spectral Database for organic 

compounds (http://sdbs.riodb.aist.go.jp). Recent development in bioinformatics has 

further facilitated metabolite annotation in metabolomics studies183, 184. The relevant 

pathway analysis of metabolite markers can be performed by online databases such as 

MetaboAnalyst 3.0 (www.metaboanalyst.ca) using KEGG pathway database. 
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Figure 1.7. The work flow of untargeted chemometrics or metabolomics. Samples 

from diverse sources need to be processed appropriately to make them compatible with 

MS-based chemometrics or metabolomic analysis. Chemical derivatization can be 

performed to facilitate the chromatographic separation of metabolites and increase the 

sensitivity of metabolite detection in LC-MS systems. Spectral data acquired by MS need 

to be deconvoluted to a data matrix compatible to multivariate data analysis. 

Subsequently, a multivariate model can be established in which the scores plot illustrates 

the principal or latent components of the model as well as sample classification while the 

loadings plot presents the contribution of each ion to sample classification in the model. 

Marker analysis is based on clustering and structural analysis. The confirmed markers 

could be further used for quantitation, bioinformatics and pathway analysis. 
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CHAPTER 2. EFFECTS OF DIURNAL HEAT 

STRESS AND ZINC SUPPLEMENTATION ON 

SWINE METABOLOME 
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2.1 SUMMARY 

Heat stress (HS) dramatically disrupts the events in energy and nutrient metabolism, 

many of which requires zinc (Zn) as a cofactor. In this study, metabolic effects of HS and 

Zn supplementation were evaluated by examining growth performance, blood chemistry, 

and metabolomes of crossbred gilts fed with ZnNeg (no Zn supplementation), ZnIO (120 

ppm ZnSO4), or ZnAA (60 ppm ZnSO4 + 60 ppm zinc amino acid complex) diets under 

diurnal HS or thermal-neutral (TN) condition. The results showed that growth 

performance was reduced by HS but not by Zn supplementation. Among measured serum 

biochemicals, HS was found to increase creatinine but decrease blood urea nitrogen 

(BUN) level. Metabolomic analysis indicated that HS greatly affected diverse metabolites 

associated with amino acid, lipid, and microbial metabolism, including urea cycle 

metabolites, essential amino acids, phospholipids, medium-chain dicarboxylic acids, fatty 

acid amides, and secondary bile acids. More importantly, many changes in these 

metabolite markers were correlated with both acute and adaptive responses to HS. 

Relative to HS-induced metabolic effects, Zn supplementation-associated effects were 

much more limited. A prominent observation was that ZnIO diet, potentially through its 

influences on microbial metabolism, yielded different responses to HS compared to two 

other diets, which included higher levels of short-chain fatty acids (SCFAs) in cecal fluid 

and higher levels of lysine in the liver and feces. Overall, comprehensive metabolomic 

analysis identified novel metabolite markers associated with HS and Zn supplementation, 

which could guide further investigation on the mechanisms of these metabolic effects. 

KEYWORDS: Heat stress, metabolism, metabolomics, zinc supplementation. 

 

ABBREVIATIONS: ADFI, average daily feed intake; ADG, average daily gain; BPM, 
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breaths per minute; BUN, blood urea nitrogen; BW, body weight; D, day; DC, dansyl 

chloride; DG, daily gain; FAA, free amino acid; Fe, iron; FI, feed intake; G:F, gain:feed; 

H, hour; HCA, hierarchical clustering analysis; HMDB, human metabolome database; 

HPLC, high performance liquid chromatography; HQ, 2-hydrazinoquinoline; HS, heat 

stress; IACUC, Institutional Animal Care and Use Committee; KEGG, Kyoto 

encyclopedia of genes and genomes; LC-MS, liquid chromatography-mass spectrometry; 

LysoPC, lyso-phosphatidylcholines; m/z, mass to charge ratio; PC, phosphatidylcholines; 

PCA, principal components analysis; PE, phosphatidylethanolamine; QTOF, quadrupole 

time of flight mass spectrometry; RR, respiratory rate; RT, rectal temperature; SIC, single 

ion counts; SM, sphingomyelins; T, temperature; TIC, total ion counts; TN, thermal 

neutral; UPLC, ultra-performance liquid chromatography; Zn, zinc. 
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2.2 INTRODUCTION 

High ambient temperature-elicited heat stress (HS) is a detrimental 

pathophysiological event. Besides its threat to human health4, 5, HS also negatively 

affects the growth performance, reproduction, and health status of farm animals6, 7. 

Annual cost of HS on the US swine industry is over $300 million12. Under high ambient 

temperature, inadequate release of body heat elevates core body temperature, leading to 

extensive systemic changes and physiological responses. In cardiovascular and 

respiratory systems, HS elevates cardiac and respiratory rates and causes cutaneous 

vasodilation15, 16. Systemic inflammatory responses could also be triggered by HS-

induced translocation of bacteria and endotoxins across compromised tight junctions in 

the gut17, 18. The metabolic system is also greatly affected by HS-induced alterations in 

metabolism-related hormones, genes, proteins, and metabolites25, 26. The well-known 

effects of HS on metabolism-related hormones, genes, and proteins include attenuated 

releases of thyroid and growth hormones, which decrease basal metabolic rate26, 27, and 

alter expression of genes and proteins involving in energy and nutrient metabolism28, 29, 

185. The effects of HS on metabolites have also been examined by both metabolomics31, 32 

and targeted analysis of specific metabolites in AA, lipid, and carbohydrate metabolic 

pathways25, 33. However, the short-term exposure in these metabolomics studies aimed to 

mimic acute exposure in humans but not extended exposure in animals, while targeted 

metabolite analysis lacks the capacity to cover the metabolome and to identify novel 

metabolic changes. Therefore, the metabolic responses to reoccurring diurnal HS remains 

largely unexplored. 
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Zinc (Zn), as an essential mineral, is commonly supplemented in animal feeds to 

maintain health status and achieve optimal growth performance. Inorganic Zn, mainly 

zinc oxide (ZnO) and zinc sulfate (ZnSO4), are widely used for this purpose, though the 

use of organic zinc has also been explored in recent years after observing synergistic 

effects of AAs in Zn absorption51-53. In practice, the pharmacological levels of Zn have 

been widely used to improve the growth performance of young pigs186. Zn has also been 

explored as a supplement for protecting animals against the adverse effects of HS49, 50. 

The protective effects of Zn have been partially attributed to its antioxidant property54, 

while its growth promotion effects are likely due to its functions as the cofactor of 

insulin, transcriptional factors, and metabolic enzymes187-189. Despite these established 

functions of Zn in metabolism, whether Zn supplementation could affect HS-induced 

metabolic changes is largely unknown.   

Through growth performance, blood chemistry, and liquid chromatography-mass 

spectrometry (LC-MS)-based metabolomic analysis of serum, hepatic extract, cecal fluid, 

fecal extract, and urine samples, the present study aims to characterize metabolic effects 

of diurnal HS challenge as well as to determine whether Zn supplementation could affect 

metabolic responses to HS. Comprehensive examination of the metabolomes in these 

biological samples led to identification of time- and site-specific metabolite markers that 

are associated with HS and Zn-induced changes in AA, lipid, and microbial metabolism.   

2.3 MATERIALS AND METHODS 

2.3.1 Chemicals 

LC-MS-grade water and acetonitrile (ACN) (Fisher Scientific, Houston, TX). 2-

Hydrazinoquinoline (HQ) and triphenylphosphine (TPP) (Alfa Aesar, Ward Hill, MA). 
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2,2′-Dipyridyl disulfide (DPDS) (MP Biomedicals, Santa Ana, CA). Dansyl chloride 

(DC) and n-butanol (Sigma-Aldrich, St. Louis, MO). The metabolite standards used for 

structural confirmation were from Sigma-Aldrich, Fisher Scientific, Alfa Aesar, Ark 

Pharm (Libertyville, IL), Frontier Scientific (Logan, UT), and Steraloids (Newport, RI), 

respectively. 

2.3.2 Animals and feeds 

The animal study protocol was reviewed and approved by the Iowa State University 

Institutional Animal Care and Use Committee (IACUC). Forty eight crossbred gilts (pre-

breeding female pigs) in growing phase, with initial body weight (BW) of 71 ± 9 kg, 

were assigned to 1 of 6 treatments in a 2 temperatures × 3 feeds factorial design (8 

pigs/treatment) at the Iowa State University Swine Nutrition Farm (Ames, IA). All 3 

feeds (ZnNeg: no Zn supplementation; ZnIO: 120 ppm ZnSO4; and ZnAA: 60 ppm 

ZnSO4 + 60 ppm Availa®Zn zinc AA complex) were prepared by mixing three mineral 

premixes with corn-soybean meal, respectively. The nutrient contents in formulated diets 

met or exceeded the National Research Council (NRC) requirements (2012) for energy, 

essential AAs, minerals and vitamins (Table 2.1). The mineral contents of premixes and 

feeds were measured by the Minnesota Valley Testing Lab (New Ulm, MN). 

2.3.3 Animal experiment  

The feeding experiment was divided into 3 periods (Figure 2.1A). From day -14 to -4, 

pigs were housed in group pens and fed with one of assigned diets. From day -3 to 0, pigs 

were moved to two separate environment rooms and acclimated to the individual pens for 

4 days under thermal neutral (TN) condition (21°C room temperature). From day 1 to 7, 

diurnal HS (12 h 25°C + 12 h 37°C) was applied in one environment room while TN was 
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maintained in the other room (Figure 2.1B). During whole experiment, pigs were ad 

libitum access to water and diet. For pigs under HS treatment, rectal temperature (RT) 

and respiratory rate (RR) were monitored five times daily at 9 AM, 11 AM, 1 PM, 3 PM 

and 5 PM for the first three days. RT was measured using a digital thermometer. RR was 

determined by counting flank movements for 1 minute. BW was measured on day -14, -4, 

and 0, and then daily during day 1 to 7. Feed intake was measured between day -4 and 0, 

and then daily from day 1 to 7. 

2.3.4 Sample collection  

Blood samples were collected via jugular venipuncture using Vacutainer tubes 

(Becton Dickinson, Franklin Lakes, NJ) at 1 PM of the sampling days (day 0, 2 and 7 of 

TN treatment; day 0, 1, 2, 5, and 7 of HS treatment). After the collection, the samples 

were allowed to clot at room temperature for 20 min, and then placed on ice. Serum were 

obtained by centrifugation of blood samples at 1,400 × g for 10 min and stored at -80°C. 

On day 7, liver, cecal fluid, and fecal samples were collected immediately after sacrifice 

and snap-frozen in liquid nitrogen. Urine samples were drawn from bladder using 

syringes.  All these samples were stored at -80°C until further analysis. 

2.3.5 Blood chemistry  

The levels of cholesterol, triglycerides, glucose, creatinine, blood urea nitrogen 

(BUN), and iron in serum samples were measured using the reagent kits (Pointe 

Scientific, Canton, MI). Serum Zn level was determined using a reagent kit (Sigma-

Aldrich). 

2.3.6 Metabolomics  
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LC-MS-based metabolomic analysis comprises sample preparation, chemical 

derivatization, LC-MS analysis, data deconvolution and processing, multivariate data 

analysis, and marker characterization and quantification190. 

2.3.6.1 Sample preparation 

For serum samples, deproteinization was conducted by mixing one volume of serum 

with 19 volumes of 66% aqueous ACN and then centrifuging at 18,000 × g for 10 min to 

obtain the supernatants. Liver tissue samples were fractionated using a modified Bligh 

and Dyer method191. Briefly, 100 mg of liver sample was homogenized in 0.5 mL of 

methanol and then mixed with 0.5 mL of chloroform and 0.4 mL of water. After 10 min 

centrifugation at 18,000 × g, upper aqueous fraction was harvested while chloroform 

fraction was dried by nitrogen and then reconstituted in n-butanol. After precipitating 

insoluble content by centrifugation, cecal fluid samples were further diluted with 4 

volumes of 50% aqueous ACN and then centrifuged at 18,000 × g for 10 min to obtain 

the supernatants. Feces samples were mixed with 50% aqueous ACN in 1:9 (w/v) ratio 

and then centrifuged at 18,000 × g for 10 min to obtain fecal extract supernatants. Urine 

samples were processed by mixing one volume of urine with 4 volumes of 50% aqueous 

ACN and then centrifuged at 18,000 × g for 10 min to obtain the supernatants.  

2.3.6.2 Chemical derivatization  

For detecting the metabolites containing amino functional group in their structures, 

the samples were derivatized with DC prior to the LC-MS analysis. Briefly, 5 L of 

sample or standard was mixed with 5 L of 100 µM p-chlorophenylalanine (internal 

standard), 50 L of 10 mM sodium carbonate, and 100 L of DC solution (3 mg/mL in 

acetone). The mixture was incubated at 25°C for 15 min and centrifuged at 18,000 × g for 
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10 min, the supernatant was transferred into a HPLC vial for LC-MS analysis. For 

detecting carboxylic acids, aldehydes and ketones, the samples were derivatized with HQ 

prior to the LC-MS analysis192. Briefly, 2 µL of sample was added into a 100 µL of 

freshly-prepared ACN solution containing 1 mM DPDS, 1 mM TPP and 1 mM HQ. The 

reaction mixture was incubated at 60°C for 30 min, chilled on ice and then mixed with 

100 µL of ice-cold H2O. After centrifugation at 18,000 × g for 10 min, the supernatant 

was transferred into a HPLC vial for LC-MS analysis.  

2.3.6.3 LC-MS analysis 

A 5 μl of aliquot prepared from serum, hepatic extract, cecal fluid, fecal extract, or 

urine sample, was injected into an Acquity ultra-performance liquid chromatography 

(UPLC) system (Waters, Milford, MA) and separated in a BEH C18 column (Waters). 

The mobile phase for underivatized and DC-derivatized samples used a gradient ranging 

from water to 95% aqueous ACN containing 0.1% formic acid over a 10 min run, while 

the mobile phase for HQ-derivatized samples contained A: H2O containing 0.05 % acetic 

acid (v/v) and 2 mM ammonium acetate; B: H2O:ACN = 5:95 (v/v) containing 0.05 % 

acetic acid (v/v) and 2 mM ammonium acetate. LC eluant was introduced into a Xevo-

G2-S quadrupole time-of-flight mass spectrometer (QTOFMS, Waters) for accurate mass 

measurement and ion counting. Capillary voltage and cone voltage for electrospray 

ionization was maintained at 3 kV and 30 V for positive-mode detection, or at -3 kV and 

-35 V for negative-mode detection, respectively. Source temperature and desolvation 

temperature were set at 120°C and 350°C, respectively. Nitrogen was used as both cone 

gas (50 L/h) and desolvation gas (600 L/h), and argon as collision gas. For accurate mass 

measurement, the mass spectrometer was calibrated with sodium formate solution with 
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mass-to-charge ratio (m/z) of 50-1,000 and monitored by the intermittent injection of the 

lock mass leucine enkephalin ([M+H]+ = m/z 556.2771 and ([M-H]- = m/z 554.2615) in 

real time. Mass chromatograms and mass spectral data were acquired and processed by 

MassLynxTM software (Waters) in centroided format. Additional structural information 

was obtained tandem MS (MSMS) fragmentation with collision energies ranging from 15 

to 40 eV. 

2.3.6.4 Data deconvolution and processing  

After data acquisition in the UPLC-QTOFMS system, chromatographic and spectral 

data of samples were deconvoluted by MarkerLynxTM software (Waters).  A multivariate 

data matrix containing information on sample identity, ion identity (retention time and 

m/z) and ion abundance was generated through centroiding, deisotoping, filtering, peak 

recognition and integration. The intensity of each ion was calculated by normalizing the 

single ion counts (SIC) versus the total ion counts (TIC) in the whole chromatogram.  

2.3.6.5 Multivariate data analysis  

The processed data matrix was exported into SIMCA-P+TM software (Umetrics, 

Kinnelon, NJ), transformed by Pareto scaling, and then analyzed by unsupervised PCA 

and supervised partial least squares-discriminant analysis (OPLS-DA). Major latent 

variables in the data matrix were determined as the principal components of PCA model, 

and the relationships among examined samples were described in the scores scatter plot. 

Metabolite markers of HS exposure and Zn supplementation were identified by analyzing 

ions contributing to sample separation in OPLS-DA model. After Z score transformation, 

the concentrations or relative abundances of identified metabolite markers in examined 

samples were presented in the heat maps generated by the R program (http://www.R-

http://www.r-project.org)/
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project.org), and the correlations among these metabolite markers were defined by 

hierarchical clustering analysis (HCA).  

2.3.6.6 Marker characterization and quantification  

The chemical identities of metabolite markers were determined by accurate mass 

measurement, elemental composition analysis, searching Human Metabolome Database 

(HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Lipid Maps 

databases using MassTRIX search engine (http://masstrix3.helmholtz-

muenchen.de/masstrix3/)193, MSMS fragmentation, and comparisons with authentic 

standards if available. Individual metabolite concentrations were determined by 

calculating the ratio between the peak area of metabolite and the peak area of internal 

standard and fitting with a standard curve using QuanLynxTM software (Waters). 

2.3.7 Statistics 

The statistical significances among diet and treatment groups were analyzed using the 

PROC MIXED procedure of SAS version 9.1 (SAS Institute, Cary, NC). Data are 

reported as least squares means (LSMEANS). Student’s t-test was used for pairwise 

comparisons of two time points within a treatment. The PROC GLM procedure of SAS 

was used to compare three diet groups. Differences are considered significant if P < 0.05 

and as a tendency if 0.05 ≥ P ≤ 0.10. 

2.4 RESULTS 

2.4.1 Diet analysis  

The concentrations of minerals in the premixes and diets were measured. The Zn 

levels in ZnIO and ZnAA were comparable (Table 2.2). The presence of low-level Zn in 

http://www.r-project.org)/
http://masstrix3.helmholtz-muenchen.de/masstrix3/
http://masstrix3.helmholtz-muenchen.de/masstrix3/
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ZnNeg diet suggested that corn and soybean meal provided about 30 ppm Zn in all three 

experimental diets (Table 2.2).  

2.4.2 Physiological responses and growth performance  

Under TN condition, average RT of pigs was 39.0 ± 0.4°C, and their average RR was 

75 ± 8 breaths per minute (BPM). After diurnal HS challenge, average RT and RR were 

greatly increased (Figure 2.2A,B). On day 1 of HS, average RT rose up to 40.5 ± 0.6°C 

after 2 h of 37°C HS, and average RR became 183 ± 25 BPM (Figure 2.2A,B). 

Furthermore, after 4 h of 37°C exposure on day 1, half of all 24 pigs under HS challenge 

had their RT higher than 41°C, which is the threshold temperature for the mitigation 

treatment required by approved IACUC protocol. This situation led to the adjustment of 

ambient temperature to 35-36°C on day 1-3 to avoid heat stroke. However, on day 4 to 7, 

RT of HS group became comparable to that of TN group, and hence ambient temperature 

was maintained at 37°C during daily 12-h HS challenge (Figure 2.2A).  In contrast, RR 

of HS group was still significantly higher than its value in TN group (Figure 2.2B). 

Overall, these observations suggested that HS led to an initial acute response followed by 

a gradual physiological acclimation. 

HS reduced average daily gain (ADG), average daily feed intake (ADFI), and 

gain:feed ratio (G:F  ratio) (Figure 2.3A,B, Table 2.3) while Zn supplementation did not 

significantly alter live performance metrics  (Figure2.3C,D, Table 2.3).  

2.4.3 Blood chemistry  

Despite some day-to-day fluctuation, serum glucose, triglycerides, and cholesterol 

levels were not significantly affected by either HS or Zn supplementation during 1-week 

treatment (Figure 2.4A-C, Table 2.4). In contrast, serum BUN level was gradually 
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decreased by HS from day 1 to 5, while serum creatinine level was significantly higher 

on day 1 and 7 of HS than its level on day 0 (Figure 2.5A,B, Table 2.4).  Furthermore, 

serum iron level was also not affected by Zn supplementation and HS during 1-week 

treatment (Figure 2.6A, Table 2.4). Serum Zn level on day 0 and 7 was comparable 

among all treatment groups (Figure 2.6B, Table 2.4). 

2.4.4 Metabolomics 

Daily metabolic responses to HS challenge were examined by metabolomic analysis 

of multiple serum samples collected during one week of diurnal HS challenge, while the 

metabolic effects of one-week HS exposure were determined by metabolomic analysis of 

liver, cecal content, feces, and urine samples. 

2.4.4.1 Daily effects of HS and Zn supplementation on serum metabolome 

Effect on serum free amino acids (FAAs). Considering the potential association 

between amino acids and observed changes in BUN and creatinine, the influences of HS 

and Zn supplementation on the composition of FAAs and other amino-containing 

metabolites in serum were examined by LC-MS analysis and PCA modeling. The 

distribution of serum samples in an unsupervised PCA model revealed that HS induced 

dramatic changes in serum metabolome, especially on day 1 of HS, since the principal 

component 1 of the model mainly define the differences between day 0 and day1 HS 

samples (Figure 2.7A,B).  It is also noticeable that the time-dependent differences existed 

in TN groups, but in much smaller scale than HS groups.  Furthermore, Zn did not 

significantly affected the composition of serum metabolome since the samples were not 

grouped based on Zn supplementation (Figure 2.7A,B). The serum metabolites affected 

by HS exposure were identified in an S-plot from an OPLS-DA-based comparison 
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between HS and TN samples. As expected, major contributors to the separation of HS 

from TN samples are FAAs (Figure 2.7C). The concentrations of major free 

proteinogenic and nonproteinogenic AAs in serum were examined by HCA (Figure 2.7D) 

and then quantified (Figure 2.8, 2.9, Table 2.5).  

After one week of experiment, serum AAs profile was affected by HS×Zn 

supplementation interaction, HS or Zn supplementation. 1) Treatment by diet interaction 

occurred on serum methionine (Table 2.5). Under TN condition, ZnAA had lower level 

of methionine than ZnIO. 2) Compared to TN, HS led to higher levels of tryptophan, 

phenylalanine, glutamate, taurine, citrulline and 4-hydroxyproline. On the other side, HS 

had lower levels of alanine, tyrosine, lysine, histidine, asparagine, serine, proline, 

ornithine, isoleucine, leucine, and total FAAs (Table 2.5). 3) ZnIO led to higher 

tryptophan and tyrosine compared to ZnAA, while higher tryptophan, tyrosine, lysine, 

arginine, and citrulline compared to ZnNeg. ZnAA led to higher valine and proline 

compared to ZnNeg, while higher glutamine and proline compared to ZnIO (Table 2.5). 

The distribution patterns of individual AAs in the heat map and their concentrations 

(Figure 2.7D, 2.8, 2.9) further revealed the following conclusions on the daily effects of 

HS and Zn supplementation: 1) Majority of examined FAAs were affected by HS. In 

comparison, the FAA profile of TN samples was much more stable despite some day-to-

day variances. 2) The most dramatic changes induced by HS occurred on day 1. 

Afterwards, some of those changes were attenuated.  This pattern of changes was 

consistent to the acute responses and the acclimation to HS. 3) The level of total FAAs 

tended to increase on day 1 of HS and then was decreased afterwards, but this pattern of 

change was not followed by individual FAAs. Among essential AAs, lysine and histidine 
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were persistently decreased by HS while tryptophan, valine, and isoleucine were 

transiently increased by HS. Among AAs that are closely related by specific metabolic 

reactions, glycine was increased on day 1while serine, the precursor metabolite of 

glycine, was decreased by HS. Similarly, 4-hydroxyproline was increased while proline, 

its precursor, was decreased by HS. Among urea cycle-related AAs, arginine, citrulline, 

glutamate, and glutamine were increased while ornithine was decreased by HS.  

Effect on serum lipids. Besides amino-containing metabolites, serum lipidome was 

also examined by LC-MS analysis and multivariate data analysis modeling. Based on the 

distribution pattern of examined samples in an unsupervised PCA model, HS induced 

dramatic changes in serum lipidome, especially on day 1 of exposure (Figure 2.10A,B). 

Moreover, Zn supplementation appeared to affect the metabolic responses to HS since the 

changes occurred in ZnIQ samples were not very similar to ZnAA and ZnNeg samples 

after HS exposure (Figure 2.10B).  

The lipids responsive to HS were identified in an S-plot from an OPLS-DA model on 

HS and TN samples (Figure 2.10C), and their structural identities as phospholipids, 

including phosphatidylcholines (PC), lyso-phosphatidylcholines (LysoPC), and 

sphingomyelins (SM), were defined by MSMS fragmentation.  Based on their 

distribution patterns in the heat map generated by HCA, the serum lipid markers can be 

roughly classified into 4 groups, containing the phospholipids that were transiently 

decreased, persistently decreased, transiently increased, or persistently increased during 

one-week of HS exposure (Figure 2.10D).  A prominent feature of those persistently-

decreased PCs is the presence of odd chain fatty acids (pentadecanoic acid and 

heptadecanoic acid) in their structures while those persistently-increased markers contain 
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either very long chain fatty acid (carbon number  22) or stearic acid. Furthermore, two 

SM species were transiently increased in the first two days of HS while multiple PC 

species containing palmitic acid or linoleic acid were transiently decreased by HS (Figure 

2.10D).  

2.4.4.2 Weekly effects of HS and Zn supplementation on the metabolomes  

Compared to serum samples harvested on multiple days during 1 week of diurnal HS, 

liver, cecal contents, feces and urine samples were collected at the end of 1-week HS. 

Therefore, metabolomic analyses of these samples potentially reveal accumulative effects 

of HS exposure and Zn supplementation. Major classes of metabolites in these samples, 

such as bile acids, short-chain fatty acids, lipids, and amino acids, were analyzed by 

corresponding LC-MS methods.  

Markers contributing the separation of HS and TN samples were characterized by 

elemental composition analysis, database, MSMS fragmentation, and confirmation with 

authentic standards if available. However, because of the limitations in accuracy of 

database library and availability of standards, not all of the markers acquired though 

metabolomics models were confirmed and discussed in the following statement. The 

markers whose identities were acquired though database and standard confirmation were 

listed in the result. But the ones whose identities cannot be found though database were 

not listed in the result even though some of them were contributors to the model 

separation. The biological importance of these markers is worth further evaluations with 

regarding to understand effects of HS. 

Summary model of hepatic, cecal, fecal, and urinary metabolomes after one-week HS 

challenge. For each type of sample, the LC-MS data from different LC-MS runs were 
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pooled and then analyzed by PCA. Clear separations of HS and TN samples were 

observed in the PCA models on hepatic, cecal, and fecal metabolomes, but not in the 

model on urine metabolome (Figure 2.11A-D). Another noticeable feature is that HS-

ZnIO samples were more separated from TN samples than HS-ZnAA and HS-ZnNeg 

samples in PCA models of hepatic and cecal metabolomes (Figure 2.11A,B). Markers 

contributing the separation of HS and TN samples were summarized based on their 

structures and biochemical functions (Table 2.7).  

Liver. After one week of experiment, liver AAs profile was affected by HS×Zn 

supplementation interaction, HS or Zn supplementation. 1) There was a treatment by diet 

interaction (P < 0.05) on level of glycine, arginine, asparagine, glutamine, methionine, 

threonine, and 4-hydroxyproline (Table 2.6). For arginine, glutamine, methionine and 

threonine, after Tukey adjustment, the differences were not significant. Under TN 

condition, ZnNeg had higher level of glycine than ZnIO. TN-ZnNeg had higher level of 

asparagine than HS-ZnAA and HS-ZnNeg. For 4-hydroxyproline, TN-ZnNeg had higher 

level of it than HS and TN-ZnIO, while TN-ZnAA had higher level of it than HS-ZnAA. 

2) Compared to TN, HS only had higher level of lysine, but lower levels of alanine, 

valine, tyrosine, histidine, glutamate, methionine, serine, taurine, proline, ornithine, and 

isoleucine. 3) ZnIO led to higher level of lysine compared to ZnAA and ZnNeg (Figure 

2.12, Table 2.6). Since the levels of many FAAs in the liver were decreased by HS, total 

FAAs was consequently decreased in the liver. In fact, this phenomenon is consistent 

with the decrease of total FFAs in serum on day 7 of HS. Opposite to this change in total 

FFAs, hepatic ammonia level was increased by HS (Figure 2.12). Multiple PCs and PEs 

in the liver were affected by HS. Similar to the changes in serum lipidome, the PCs 
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decreased by HS contain odd-chain fatty acids (pentadecanoic acid and heptadecanoic 

acid) while the PCs increased by HS contain palmitic acid and stearic acid (Figure 2.12). 

Cecal fluid. HS decreased the levels of oleic acid and linoleic acid, as well as the 

level of fatty acid amide (oleamide). Stercobilin, a bacterial degradation product of 

bilirubin, was increased by HS. The levels of cecal hyodeoxycholic acid and deoxycholic 

acid, two major secondary bile acids in pigs, were also increased by HS. Interestingly, 

inosine, a purine nucleoside, was increased in cecal fluid by HS, accompany with the 

decrease of xanthine, a degradation product of inosine (Figure 2.13A). As major 

metabolites of microflora, SCFAs in cecal fluids were quantified. HS led to higher acetic 

acid versus TN. ZnIO led to higher propionic acid compared to ZnNeg, higher acetic acid 

compared to ZnAA and ZnNeg, and higher butyric acid compared to ZnAA and ZnNeg 

(Figure 2.13B-D). The higher concentrations of SCFAs in ZnIO-HS group suggested that 

ZnIO might promote SCFAs production under HS condition. 

Feces. Higher level of lysine was observed in ZnIO-HS fecal samples. Furthermore, 

HS also increased citrulline and ornithine in feces. Moreover, HS decreased the levels of 

oleic acid and linoleic acid, but increased the levels of medium-chain dicarboxylic acids 

(suberic acid and sebacic acid). Stercobilin, was also increased by HS in feces. Levels of 

LysoPE(16:0), LysoPC(16:0), LysoPC(18:2) and 2,8-dihydroxyquinoline were decreased 

by HS (Figure 2.14). 

Urine. HS increased the level of creatinine, but decreased the level of kynurenic acid 

(Figure 2.15).   

Beside different types of sample, the markers were summarized and discussed 

separately based on their biochemical functions (Table 2.7).  
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---AAs and associated metabolites (summarized in Table 2.7): The levels of many 

FAAs in the liver were decreased by HS, leading to the decrease of total FAAs in the 

liver (Table 2.6). In fact, this phenomenon is consistent with the decrease of total FAAs 

in serum on day 7 of HS (Figure 2.8A). Opposite to this change in total FAAs, hepatic 

lysine levels were increased by HS (Table 2.6). However, the increase in lysine mainly 

occurred in ZnIO diet under HS. Interestingly, the higher level of lysine was also 

observed in ZnIO-HS fecal samples (Figure 2.14). Furthermore, HS also increased 

citrulline and ornithine in feces and creatinine in urine, but decreased kynurenic acid in 

urine (Figure 2.14, 2.15).   

---Fatty acids, phospholipids and associated metabolites (summarized in Table 2.7): 

Multiple PCs and phosphatidylethanolamines (PEs) in the liver were affected by HS 

(Figure 2.12). Similar to the changes in serum lipidome (Figure 2.10D), the PCs 

decreased by HS contain odd-chain fatty acids (pentadecanoic acid and heptadecanoic 

acid) while the PCs increased by HS contain palmitic acid and stearic acid (Figure 2.12). 

Moreover, in cecal and fecal samples, HS decreased the levels of oleic acid and linoleic 

acid, as well as fatty acid amide such as oleamide, but increased the levels of suberic acid 

and sebacic acid, which are medium-chain dicarboxylic acids (Figure 2.13A, 2.14).  

---Microbial metabolites (summarized in Table 2.7): Stercobilin, a bacterial 

degradation product of bilirubin, was increased by HS in both cecal and fecal samples 

(Figure 2.13A, 2.14). The levels of cecal hyodeoxycholic acid and deoxycholic acid, two 

major secondary bile acids in pigs, were also increased by HS (Figure 2.13A). 

Interestingly, inosine, a purine nucleoside, was increased in cecal fluid by HS, 
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accompanying with the decrease of xanthine, a degradation product of inosine (Figure 

2.13A). As major metabolites of microflora, SCFAs in cecal fluids were quantified. The 

higher concentrations of SCFAs, especially acetic acid and propionic acid, in ZnIO-HS 

group suggested that ZnIO might promote SCFAs production under HS condition (Figure 

2.13). 

2.5 DISCUSSION 

Metabolites are both the building blocks of animal growth and the regulators of 

animal health. In both HS exposure and Zn supplementation, metabolism is expected to 

play a central role in determining animal’s growth performance and health status. 

Through metabolomic analysis in this study, diverse metabolites affected by HS and Zn 

were identified and characterized.  The changes in these metabolites were often time 

(transient or persistent) and site (different samples)-specific.  Discussions on the 

significance of these changes are based on the biochemistry of these metabolites, the 

physiology of HS and Zn supplementation, and metabolic functions of gut microflora.  

Effects of HS on swine metabolome  

Almost all biological processes in living entities, i.e. humans, animals, plants, and 

microbes, are conducted within a narrow range of temperature. High ambient temperature 

affects energy and nutrient metabolism through its influences on thermogenesis and 

thermoregulation as well as the functions of biomolecules, such as enzymatic activity, 

protein folding, and lipid membrane integrity. In this study, the disruptive effects of HS 

on metabolic system were reflected indirectly by the changes in physiological parameters 

(RT and RR) and the decrease in growth performance (Figure 2.2, 2.3, Table 2.3), and 

also directly by the metabolic changes detected by blood chemistry and metabolomic 
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analysis (Figure 2.4 to 2.15, Table 2.4 to 2.7). The results from metabolomic analysis of 

diverse samples, including serum, liver, cecal fluid, feces and urine, not only reconfirmed 

the comprehensive impacts of HS on metabolic systems through multivariate modeling, 

but also revealed previously unreported changes in amino acid, fatty acid, phospholipid, 

and microbial metabolism through identification and quantitation of metabolite markers 

(Figure 2.5 to 2.15, Table 2.5 to 2.7). Among these metabolites, FAAs, even though a 

minor fraction of total AA pool in the body, are useful indicators of nutritional and 

metabolic status since their levels are commonly controlled by dynamic equilibrium 

among different metabolic pathways194. Several interesting features were identified 

among many changes in FFAs and their associated metabolites: 1) Even though feed 

intake was reduced by HS, the total FAA level in serum tended to increase on day 1 of 

HS. Protein degradation, as a prominent consequence of HS, is likely contribute to this 

phenomenon.  For example, the increase of 4-hydroxyproline, a major component of 

collagen, could be due to increased activity of collagenase under HS195, while the 

increase of branched-chain AAs (BCAAs: leucine and isoleucine) could originate from 

hyperthermia-induced muscle degradation as BCAAs account for one-third of muscle 

proteins196, 197. 2) Multiple metabolites in urea cycle were greatly affected by HS. Urea 

(BUN) and ornithine (serum and liver), as the products of urea cycle, were decreased by 

HS. In contrast, the nitrogen donors and carriers, including glutamate (serum), ammonia 

(liver), citrulline (serum), and arginine (serum) were increased by HS (Figure 2.7D, 2.12, 

Table 2.5, 2.6). This pattern of changes suggests that HS can significantly disrupt urea 

cycle, potentially through negative regulation on arginase. It has been shown that HS-

induced vasodilation is correlated with the increase of nitric oxide (NO) biosynthesis198, 
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which in return could inhibit the activity of arginase199.  Whether this is a contributing 

mechanism on observed changes in urea cycle requires further studies. 3) Besides urea 

cycle, other changes in amino acid catabolism and biotransformation might also 

contribute to the changes in individual FFAs. For example, tryptophan in serum was 

greatly increased by HS (Figure 2.7D, Table 2.5), while kynurenic acid, a major catabolic 

metabolite of tryptophan, was decreased in urine (Figure 2.15, Table 2.7). Since 

kynurenine pathway connects these two metabolites, the down-regulation of this pathway 

provides a plausible explanation for this observation. Furthermore, the decrease in proline 

and the increase of 4-hydroxyproline could be contributed by the oxidation reaction 

between them, while the decrease in serine and the increase in glycine could also be 

associated with the one-carbon metabolism between them. Further mechanistic studies 

are required to examine the validity of these hypothesis. 4) Lysine, as the first limiting 

AA in swine diet, was consistently decreased in serum during 1-week HS (Figure 2.7D), 

but its level in the liver and feces, especially in ZnIO-HS pigs, was increased after HS 

(Table 2.6, 2.7). This observation could be due to the changes in absorption and 

utilization of lysine, or microflora-mediated lysine biosynthesis in pigs200. Further studies 

are required to determine the underlying mechanism. 

With regard to HS-induced changes of phospholipids in the liver and serum (Figure 

2.10D, 2.12, Table 2.7), the implication of these changes is likely to be the alteration or 

disruption of plasma membrane since PCs, PEs, and SMs are its major components201. 

This is largely consistent to the reported sensitivity of plasma membrane to heat stress202. 

Examining the pattern of HS-responsive phospholipid markers suggested that the 

transient changes in some of these markers are consistent with the general feature of 
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physiological response to HS, such as RT, which proceeds from acute response to 

acclimation (Figure 2.2). Among them, SMs identified in the present study could be 

closely related to the induction of Hsps in response to HS36. In contrast, the decrease of 

PCs containing pentadecanoic acid or heptadecanoic acid in serum persisted during 7 

days of HS (Figure 2.10D). Considering microbial origin of these two odd-chain fatty 

acids203, this pattern of change is consistent with the feature associated with the 

disruption of microflora, which yields more lasting effects than acute physiological 

responses. Furthermore, HS also increased multiple stearic acid-containing PCs in the 

liver and serum. Since heptadecanoic acid is formed by α-oxidation of stearic acid204, it is 

possible that HS might suppress this biotranformation process, resulting in different 

distribution of fatty acids in phospholipids. 

Besides observing the changes of fatty acid composition in phospholipids, examining 

cecal and fecal metabolomes also revealed the changes in fatty acid metabolism by 

observing the increases of medium-chain dicarboxylic acids (suberic acid and sebacic 

acid) and the decreases of unsaturated fatty acids (oleic acid and linoleic acid) and their 

amides (oleamide) after HS (Figure 2.13A, 2.14, Table 2.7). Since medium-chain 

dicarboxylic acids are likely the oxidation products of unsaturated fatty acids205, the 

imbalance between these two types of fatty acids further implicates the potential effects 

of HS on microflora-mediated fatty acid metabolism.  

The influences of HS on GI function and microbial metabolism were also reflected by 

other cecal and fecal metabolites (Figure 2.13A, 2.14, Table 2.7). For example, the 

observed increases of secondary bile acids (hyocholic acid and deoxycholic acid) and 

bilirubin metabolite (sterobilin and sterobiligen) could be due to reduced reabsorption in 
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GI tract or more active microbial metabolism. Moreover, the increase of inosine and the 

decrease of xanthine in cecal samples suggest purine degradation in microflora was 

negatively affected by HS. 

Effects of Zn supplementation on swine metabolome   

Zn supplementation in this study did not significantly affect serum Zn level (Figure 

2.6B), growth performance (Figure 2.3C,D), and blood chemistry (Figure 2.4, 2.5, 2.6). 

The lack of diet-induced changes in serum Zn level could be explained by the existence 

of robust regulation of Zn homeostasis in the body206. Previous studies have shown that 

serum and whole-body Zn levels in humans and animals are relatively stable even under a 

wide range of dietary Zn intake, since higher Zn intake is commonly translated into 

reduced absorption efficiency and higher fecal excretion207-209. Therefore, significant 

change in serum Zn level may only occur under extremely low or high Zn intake when 

there is insufficient Zn input or Zn overload for the exchangeable pool in Zn 

homeostasis210. These two scenarios did not occur in this study since 30 ppm Zn was 

detected in ZnNeg diet while 120 ppm Zn in ZnIO and ZnAA diets is not expected to 

overwhelm the body.   

Even though HS-induced metabolic changes are dominant in defining the differences 

among sample groups in this study, Zn supplementation also elicited subtle metabolic 

differences among pigs under HS challenge. This conclusion is based on both the 

multivariate data analysis models on the metabolomes and the HS-induced changes in 

individual metabolites. A prominent feature is that ZnIO diet appears to elicit stronger 

metabolic responses to HS than ZnAA and ZnNeg diets. As shown in both unsupervised 

PCA models of hepatic and cecal metabolomes (Figure 2.11A,C), HS-ZnIO samples were 
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further away from TN samples than HS-ZnAA and HS-ZnNeg samples. Moreover, the 

PCA model of serum lipids (Figure 2.10A,B) also showed that the time-dependent 

changes in HS-ZnIQ samples did not share a similar pattern with HS-ZnAA and HS-

ZnNeg samples, especially in the first 2 days of HS. On individual metabolites, HS-

induced increase of serum tryptophan in ZnIO pigs was much greater than that in ZnAA 

and ZnNeg pigs (Table 2.5). Furthermore, under HS, ZnIO pigs had higher level of lysine 

in the liver and feces than ZnAA and ZnNeg pigs (Figure 2.12, 2.14, Table 2.7). HS also 

increased the level of acetic acid in cecal fluids from ZnIO pigs (Figure 2.13B). Since 

SCFAs in cecal fluid originate from microbial fermentation, this observation suggested 

that ZnSO4 in ZnIO diet might elevate these fermentation activities, especially the 

formation of acetic acid.  The underlying mechanism of this selective activity requires 

further investigation. However, the function of inorganic Zn, including ZnO and ZnSO4, 

as modulation agents for the stability of microflora and the growth of pathogenic 

microbes have been shown in previous studies211, 212. 

Values and challenges of metabolomics  

Targeted analyses of specific metabolites have been performed in numerous studies 

on HS exposure and Zn supplementation. Despite their merits in confirming expected 

metabolic changes or revealing general metabolic status of study subjects, targeted 

analyses are incapable of defining global profile of metabolic system or identifying 

unexpected metabolic events. Adopting untargeted metabolomics in this study addressed 

these limitations of targeted analyses, resulting in the identification of amino acids, lipids, 

and microbial metabolites responsive to HS challenge or Zn supplementation. The 

procedures of LC-MS-based untargeted metabolomics platform, which include sample 
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preparation, LC-MS analysis, multivariate analysis, marker identification and 

characterization, have been extensively reviewed177, 213. In this study, the values and 

challenges of individual metabolomic analysis procedures in discovering metabolite 

markers are evident and can be summarized as follows. 1) In sample preparation, besides 

adopting respective extraction methods for each type of samples, chemical derivatization, 

using DC and HQ, had greatly extended the coverage of LC-MS analysis and facilitated 

the quantitation of interested metabolites in this study. Considering chemical 

derivatization is a requisite step in GC-MS-based metabolomics, the application of 

chemical derivatization in LC-MS-based metabolomics remains to be limited and can be 

greatly expanded214. 2) PCA and HCA, two multivariate methods, were adopted to 

process complex LC-MS data in this study. Besides revealing the treatment- and diet-

associated grouping of examined samples, PCA modeling was also able to show time-

dependent events, including acute response and acclimation to HS, based on sample 

distribution in the score plots (Figure 2.7B, 2.10B). Subsequently, the metabolite markers 

identified by PCA were processed by HCA, which produced the heat maps revealing both 

the correlations among multiple as well as time-dependent changes (Figure 2.7D, 2.10D). 

This combination of PCA and HCA facilitated data visualization and marker 

identification, and is an efficient approach for examining complex metabolomics datasets. 

3) Despite the progresses in constructing metabolomic databases and bioinformatics 

tools, marker identification remains to be a bottleneck in many metabolomics efforts215. 

In this study, multiple candidate structures with the same elemental composition were 

commonly enlisted for interested metabolites by accurate mass-based database search, 

which reduced the choices for further structural elucidation. However, unambiguous 
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structural identification of these metabolite markers was still achieved by the comparison 

of authentic standards or the analysis of MSMS fragmentograms, which in many cases 

corrected the structure proposed by initial analysis. Since many recent published 

metabolomics works heavily relied on bioinformatics-based structural identification, the 

experience in this study highlights the need to be cautious when processing the results 

from database search. 

2.6 CONCLUSION 

In conclusion, comprehensive metabolomic analysis of diverse biological samples in 

this study revealed HS-induced dramatic metabolic effects and Zn supplementation-

associated subtle metabolic changes in finishing pigs.  Identified metabolite markers and 

their responses to HS and Zn indicate that disruption of urea cycle, amino acid 

biotransformation, fatty acid profile, and microbial metabolism occurred during diurnal 

HS challenge while Zn supplementation, especially ZnIO, affect microbial metabolism 

under HS (Figure 2.16). All these observations warrant further investigations on the 

causes of identified metabolic events as well as their roles in physiological responses to 

HS and Zn supplementation.  
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Table 2.1. Ingredients and formulation of three experimental diets 

  Diet  

Parameter ZnIO ZnAA ZnNeg 
Ingredients (%)    

Corn 88.94 88.94 88.94 
Soybean meal 8.41 8.41 8.41 
L-lysine HCl 0.30 0.30 0.30 
Monocalcium phosphate 0.71 0.71 0.71 
Limestone 0.75 0.75 0.75 
Salt 0.40 0.40 0.40 
Vitamin premix 0.25 0.25 0.25 
Trace mineral premix* 0.24 0.24 0.24 
Total 100.00 100.00 100.00 
*Trace mineral premix    
  Zinpro trace mineral premix (no zinc)† 0.12 0.12 0.12 
  Zinc sulfate, monohydrate 0.12 0.06 - 
  Zinpro - AvailaZn - 0.06 - 
  Carrier (rice hull) - - 0.12 

†Provided the following per kg of diet: Fe, 100 mg; Mn, 10 mg; Cu, 10 mg; Iodine, 0.20 

mg; Se, 0.30 mg. 
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Table 2.2. Concentrations of minerals in premixes and diets 
 Trace mineral premix Diet 
Mineral (%)        ZnIO         ZnAA        ZnNeg      ZnIO    ZnAA    ZnNeg 

 Calcium  16.95  13.57  21.81  0.66  0.57  0.60  

 Copper  0.78  0.56  1.14  0.0012  0.0013  0.0015  

 Iron  5.54  6.28  9.59  0.021  0.022  0.026  

 Magnesium  0.46  0.40  0.61  0.11  0.11  0.11  

 Manganese  0.81  0.70  1.11  0.0022  0.0019  0.0018  

 Phosphorus  0.03  0.05   < 0.02   0.42  0.45  0.48  

 Potassium  0.22  0.16  0.032  0.46  0.45  0.44  

 Sodium  0.089  0.063  0.047  0.17  0.16  0.15  

 Zinc  8.79  7.20  0.097  0.0154  0.0143  0.0030  
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Table 2.3. Effects of HS and Zn Supplementation on growth performance parameters 
 Groups Treatments Diets P 

Parameter TN-ZnIO TN-ZnAA TN-ZnNeg HS-ZnIO HS-ZnAA HS-ZnNeg TN HS ZnIO ZnAA ZnNeg T x D Diet Trt 

ADG (kg) 1.088 1.179 1.254 0.346 0.504 0.461 1.174a 0.437b 0.717 0.841 0.857 0.830 0.294 <0.0001 

ADFI (kg) 3.261 3.208 3.614 2.032 2.184 1.971 3.361a 2.062b 2.646 2.696 2.792 0.083 0.559 <0.0001 

G:F ratio 0.334 0.370 0.347 0.152 0.223 0.216 0.350a 0.197b 0.243 0.297 0.282 0.784 0.356 <0.0001 
a,b,cWithin groups, treatments or diets,  the values with different letter labels are statistically different (P < 0.05). 
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Table 2.4. Effects of HS and Zn Supplementation on blood chemistry parameters 
 Groups Treatments Diets P 

Parameter TN-

ZnIO 

TN-

ZnAA 

TN-

ZnNeg 

HS-

ZnIO 

HS-

ZnAA 

HS-

ZnNeg 

TN HS ZnIO ZnAA ZnNeg T x 

D 

Diet Trt 

Glucose (mg/dL) 109.01 118.89 111.53 108.70 111.84 113.04 113.11 111.18 108.85 115.34 112.28 0.608 0.349 0.598 

Cholesterol (mg/dL) 95.54 98.83 97.92 88.45 94.60 97.78 97.42 93.53 91.93 96.69 97.85 0.717 0.363 0.284 

Triglyceride (mg/dL) 27.27 29.40 27.94 26.83 28.17 29.45 28.20 28.14 27.05 28.78 28.69 0.762 0.589 0.971 

BUN (mg/dL) 15.98 14.90 15.97 12.98 13.09 12.30 15.61a 12.79b 14.44 13.98 14.08 0.325 0.739 <0.0001 

Creatinine (mg/dL) 0.89 0.95 1.00 1.04 1.05 1.15 0.95a 1.08b 0.96 1.00 1.08 0.803 0.039 0.0004 

Iron (µg/dL) 190.41 191.75 195.18 190.93 185.75 191.66 192.44 189.43 190.68 188.73 193.41 0.884 0.783 0.582 

Zn (µM) 8.06 8.66 8.81 9.03 8.27 9.85 8.51 9.05 8.54 8.46 9.33 0.283 0.167 0.191 
a,b,cWithin groups, treatments or diets,  the values with different letter labels are statistically different (P < 0.05). 
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Table 2.5. Serum FAAs concentration* 
 Groups Treatments Diets P† 

FAAs (µM) TN-

ZnIO 

TN-

ZnAA 

TN-

ZnNeg 

HS-

ZnIO 

HS-

ZnAA 

HS-

ZnNeg 

TN HS ZnIO ZnAA ZnNeg T x 

D 

Diet Trt 

Alanine 505.53 494.13 484.73 448.41 504.87 447.87 494.72a 466.33b 476.13 499.50 465.91 0.142 0.153 0.049 

Glycine 865.34 828.97 807.14 823.98 904.51 876.29 833.64 867.93 844.53 866.33 841.36 0.073 0.637 0.142 

Valine 196.59 189.82 182.82 197.28 208.49 184.34 189.67 196.45 196.94ab 198.94a 183.57b 0.266 0.021 0.168 

Phenylalanine 85.47 81.30 85.47 85.47 92.59 89.29 84.03a 89.29b 85.47 86.96 86.96 0.101 0.830 0.022 

Tyrosine 59.37 48.31 50.20 48.44 40.28 39.81 52.52a 42.75b 53.76a 44.20b 44.85b 0.901 0.001 <0.0001 

Tryptophan 44.37 35.17 35.14 64.34 52.82 55.38 38.10a 57.41b 53.89a 43.54b 44.69b 0.893 0.0004 <0.0001 

Arginine 168.28 152.15 141.43 158.5 150.78 142.52 153.96 150.60 163.39a 151.47ab 141.98b 0.651 0.003 0.505 

Histidine 85.17 84.26 86.69 63.58 72.89 70.75 85.38a 69.07b 74.38 78.57 78.72 0.055 0.067 <0.0001 

Lysine 302.45 266.87 256.49 182.66 193.12 158.64 275.27a 178.14b 242.56a 230.00ab 207.57b 0.095 0.004 <0.0001 

Aspartic acid 7.93 8.70 7.53 8.07 8.44 7.25 8.05 7.91 8.00 8.57 7.39 0.886 0.053 0.728 

Asparagine 96.14 90.78 87.66 65.67 72.46 62.29 91.49a 66.74b 80.18 81.37 74.43 0.168 0.073 <0.0001 

Glutamate 130.99 139.83 139.17 169.83 176.94 154.42 136.61a 166.80b 149.16 157.29 146.60 0.273 0.370 <0.0001 

Glutamine 562.32 579.86 564.63 536.71 599.80 553.06 568.91 562.88 549.44a 589.79b 558.84ab 0.360 0.037 0.649 

Methionine 28.36a 23.49b 25.94ab 22.30b 25.11ab 23.76b 25.89a 23.71b 25.23 24.30 24.84 0.002 0.674 0.012 

Serine 175.83 168.45 164.53 128.56 133.15 122.06 169.58a 127.88b 151.27 150.29 142.51 0.526 0.191 <0.0001 

Threonine 71.81 59.87 61.69 62.20 58.59 56.88 64.25 59.19 66.83 59.22 59.24 0.508 0.031 0.056 

Taurine 82.32 74.34 72.62 90.38 88.10 84.34 76.36a 87.59b 86.30 81.07 78.37 0.725 0.111 0.0004 

Proline 283.35 299.23 282.05 204.36 228.10 205.37 288.10a 212.34b 240.64a 261.26b 240.66a 0.688 0.023 <0.0001 

Citrulline 51.82 49.49 43.49 58.82 52.69 51.81 48.20a 54.40b 55.27a 51.08ab 47.56b 0.434 0.002 0.0005 

Ornithine 111.40 99.78 106.79 85.34 86.19 80.01 105.89a 83.80b 97.50 92.74 92.43 0.201 0.374 <0.0001 

Isoleucine 88.62 78.52 80.67 73.13 70.22 62.97 82.49a 68.63b 80.50 74.25 71.27 0.548 0.140 0.0004 

Leucine 222.43 220.75 217.45 209.39 214.95 195.88 220.21a 206.74b 215.91 217.85 206.67 0.478 0.186 0.012 

Hydroxyproline 73.06 74.55 68.09 87.19 86.15 86.90 73.06a 86.75b 79.81 80.14 76.92 0.356 0.439 <0.0001 

Total 4339.64 4198.64 4101.42 3934.00 4186.94 3881.05 4213.24a 4000.66b 4136.82 4192.79 3991.24 0.149 0.118 0.010 

*The FAA concentrations are the means of serum samples belonging to the same groups, treatments, or diets.  
†Statistical significance is calculated by the PROC MIXED procedure of SAS. 

a,b,cWithin groups, treatments or diets,  the values of individual AAs with different letter labels are statistically different (P < 0.05). 
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Table 2.6. Liver FAAs concentration* 
 Groups Treatments Diets P† 

FAAs TN-ZnIO TN-ZnAA TN-ZnNeg HS-ZnIO HS-ZnAA HS-ZnNeg TN HS ZnIO ZnAA ZnNeg T x D Diet Trt 

Alanine 2405.47 2430.86 2754.52 2166.35 2079.54 2092.89 2525.51a 2112.65b 2282.67 2248.46 2400.90 0.318 0.486 0.0004 

Glycine 2722.50a 3098.50ab 3171.00b 3034.60ab 2910.30ab 2876.90ab 2997.33 2940.60 2878.55 3004.40 3023.95 0.010 0.306 0.496 

Valine 330.40 369.80 358.00 350.80 361.10 330.90 362.93a 337.37b 355.90 350.10 344.45 0.576 0.713 0.029 

Phenylalanine 154.00 153.50 162.20 160.70 157.80 158.90 156.57 159.13 157.35 155.65 160.55 0.789 0.806 0.679 

Tyrosine 86.10 81.62 111.46 86.59 54.33 53.97 92.19a 63.32b 86.35 66.59 77.56 0.143 0.364 0.015 

Tryptophan 48.30 42.10 45.40 49.60 46.30 40.00 45.27 45.30 48.95 44.20 42.70 0.351 0.164 0.990 

Arginine 45.67 48.50 58.85 61.81 45.23 45.40 50.70 50.25 53.13 46.84 51.69 0.0499 0.506 0.924 

Histidine 663.30 639.90 677.00 521.30 572.10 593.10 660.07a 562.17b 592.30 606.00 635.05 0.268 0.195 <0.0001 

Lysine 278.70 240.30 236.10 324.50 281.80 259.80 251.70a 288.70b 301.60a 261.05b 247.95b 0.736 0.002 0.004 

Aspartic acid 982.70 1175.09 1156.55 1041.69 1031.43 978.58 1101.25 1016.89 1011.81 1100.92 1063.80 0.389 0.624 0.268 

Asparagine 410.30ab 457.20ab 497.80a 429.10ab 364.80b 373.80b 455.10a 389.23b 419.70 411.00 435.80 0.026 0.641 0.004 

Glutamate 2971.10 3503.30 3802.20 2918.00 2926.30 2985.70 3425.53a 2943.33b 2944.55 3214.80 3393.95 0.225 0.138 0.011 

Glutamine 2543.51 2965.79 3076.97 2934.52 2775.82 2547.84 2852.64 2748.20 2732.03 2869.23 2800.07 0.042 0.747 0.479 

Methionine 83.20 89.50 101.90 88.00 80.90 77.60 91.53a 82.17b 85.60 85.20 89.75 0.032 0.641 0.037 

Serine 974.30 1089.90 1135.00 883.20 861.10 831.20 1066.44a 858.50b 928.75 975.50 983.10 0.218 0.628 0.0001 

Threonine 206.30 216.50 235.20 233.90 205.80 201.80 219.33 213.83 220.10 211.15 218.50 0.033 0.703 0.555 

Taurine 1142.30 1217.80 1116.33 1025.67 889.54 949.94 1158.06a 953.46b 1082.47 1040.75 1029.78 0.188 0.660 0.0002 

Proline 620..70 700.00 693.10 467.30 458.80 447.20 671.27a 457.77b 544.00 579.40 570.15 0.434 0.658 <0.0001 

Citrulline 17.90 15.50 15.00 13.60 10.80 11.80 16.13 12.07 15.75 13.15 13.40 0.960 0.574 0.073 

Ornithine 482.80 435.28 440.41 291.55 280.00 283.13 452.37a 284.86b 375.18 349.11 353.12 0.856 0.498 <0.0001 

Isoleucine 268.50 278.20 264.20 218.90 220.10 222.80 270.30a 220.60b 243.70 249.15 243.50 0.766 0.854 <0.0001 

Leucine 503.80 484.10 479.40 494.30 475.00 464.20 489.10 477.83 499.05 479.55 471.80 0.983 0.320 0.456 

Hydroxyproline 74.20ac 87.20ab 98.90b 73.50ac 67.00c 70.60ac 86.77a 70.37b 73.85a 77.10ab 84.75b 0.008 0.042 <0.0001 

Total 18174 19945 20873 18009 17235 16983 19664a 17409b 18092 18590 18928 0.025 0.461 0.0002 

*Unit is nmol/g liver. 
†Statistical significance is calculated by the PROC MIXED procedure of SAS. 
a,b,cWithin groups, treatments or diets,  the values of individual AAs with different letter labels are statistically different (P < 0.05). 
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Table 2.7. Effects on HS and Zn supplementation on hepatic, cecal, fecal, and urinary metabolomes*.  

 Markers of HS Markers of Zn supplementation 

AAs & associated 

metabolites 

Increased by HS: CreatinineU, LysL, F, CitF, OrnF 

Decreased by HS: AlaL, TyrL, ValL, HisL, AspL, GluL, MetL, 

SerL, TauL, ProL, OrnL, IleL, HypL, Kynurenic acidU 

LysL (ZnIO > ZnAA, ZnIO > 

ZnNeg), 

LysF (ZnIO-HS  > ZnAA-HS > 

ZnNeg-HS)† 

Phospholipids Increased by HS: PE(16:0/18:2)L, PC(16:0/16:0)L, 

PC(16:0/18:2)L, PC(18:2/18:0)L, PC(18:0/20:3)L, PC(18:0/20:2)L, 

PC(18:0/22:6)L  

Decreased by HS: PC(15:0/18:2)L, PC(15:0/18:1)L, 

PC(17:0/18:2)L, PC(17:0/18:1)L, PE(18:1/18:0)L, PE(18:1/20:4)L, 

PC(18:1/20:4)L, PC(18:0/22:3)L, LysoPE(16:0)F, LysoPC(16:0)F, 

LysoPC(18:2)F 

PC(18:0/22:3)L (ZnIO < ZnNeg), 

PC(16:0/18:2)L (ZnIO-HS  > ZnNeg-

HS)† 

Microbial metabolites  Increased by HS: Suberic acidF, Sebacic acidF, Hyodeoxycholic 

acidC, Deoxycholic acidC, InosineC, Acetic acidC, StercobilinC, F 

Decreased by HS: Oleic acidF, Linoleic acidC, F, OleamideC, 

XanthineC, 2,8-DihydroxyquinolineF 

Acetic acidC (ZnIO > ZnAA, ZnIO > 

ZnNeg),   

Propionic acidC (ZnIO > ZnNeg),  

Butyric acidC (ZnIO > ZnAA, ZnIO 

> ZnNeg) 

*Enlisted metabolites are the ones that were significantly affected by HS or Zn supplementation and also had their structures identified 

by either authentic standards or MSMS fragmentograms. The distribution of these markers in liver, cecum, feces or urine was indicated 

by the superscripts “L”, “C”, “F”, “U”, respectively.  

PE, phosphatidylethanolamine; PC, phosphatidylcholines; LysoPE, lysophosphatidylethanolamine; LysoPC, lysophosphatidylcholine. 
†P < 0.05 from the PROC GLM procedure of SAS on the data of HS group. 
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Figure 2.1. Experiment design. A. Timeline of 21-day feeding experiment. Pigs had ad 

libitum access to water and diet and were fed with one of assigned diets (ZnNeg, ZnIO, 

or ZnAA) through entire feeding experiment. B. Designed daily temperature settings in 

TN and HS treatments. 
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Figure 2.2. Effects of HS and Zn supplementation on physiological parameters of 

pigs. T is the room temperature when RT and RR were measured. A. Average RT of pigs 

after 2 h of HS. B. Average RR of pigs after 2 h of HS.  
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Figure 2.3. Effects of HS and Zn supplementation on growth performance of pigs. A. 

Effects of HS on ADG and ADFI. Significant differences are labeled as *** (P < 0.001).  

B. Effects of HS on G:F ratio. Significant differences are labeled as *** (P < 0.001). C. 

Effects of Zn supplementation on ADG and ADFI. D. Effects of Zn supplementation on 

G:F ratio. 
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Figure 2.4. Effects of HS and Zn supplementation on serum level of glucose, 

cholesterol, and triglycerides of pigs. A. Serum glucose. B. Serum triglyceride. C. 

Serum cholesterol.  
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Figure 2.5. Effects of HS and Zn supplementation on serum level of creatinine and 

BUN of pigs. A. Serum BUN. B. Serum creatinine.  
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Figure 2.6. Effects of HS and Zn supplementation on serum level of iron and Zn of 

pigs. A. Serum iron. B. Serum Zn.  
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Figure 2.7. Metabolomics analysis of FAAs metabolites in serum samples. A. The 

scores plot from PCA analysis on serum metabolome. The t[1] and t[2] values represent 

the scores of each sample in the principal component 1 and 2, respectively.  B. The scores 

plot from PCA analysis on serum metabolome. The t[1] and t[2] values of each sample 

group are the average scores of 8 samples in principal components 1 and 2, respectively.  

The numbers of days of each sample group under HS are labeled. C. The S-loadings plot 

on the ions contributing to the separation of HS and TN samples in an OPLS-DA model. 

Major contributing metabolites are labeled. D. The heat map on serum FAAs during 1-

week HS and Zn supplementation. FAAs were grouped by HCA. Concentration of each 

AA at different time points and in different sample groups were compared by its Z scores 

and are presented according to inlaid color keys. Significant differences are labeled as * (P 

< 0.05), ** (P < 0.01), and *** (P < 0.001) when compare day 0 to day 1 within HS group 

using student’s t-test. 
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Figure 2.8. The concentrations of total, individual AAs, and ammonia in HS and TN 

groups. A. Total AAs. B. Lysine. C. Tryptophan. D. Glycine. E. Serine. F. 

Hydroxyproline. G. Proline. H. Arginine. I. Citrulline. J. Ornithine. K. Glutamate. L. 

Ammonia. 
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Figure 2.9. The concentrations of individual AAs in HS and TN groups. A. Alanine. 

B. Valine. C. Leucine. D. Isoleucine. E. Tyrosine. F. Histidine. G. Aspartic acid. H. 

Asparagine. I. Glutamine. J. Threonine. K. Methionine. L. Phenylalanine. 
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Figure 2.10. Metabolomics analysis of lipids metabolites in serum samples. A. The 

scores plot from PCA analysis on serum metabolome. The t[1] and t[2] values represent 

the scores of each sample in the principal component 1 and 2, respectively. B. The scores 

plot from PCA analysis on serum metabolome. The t[1] and t[2] values of each sample 

group are the average scores of 8 samples in principal components 1 and 2, respectively.  

The numbers of days of each sample group under HS are labeled. C. The S-loadings plot 

on the metabolites contributing to the separation of HS and TN samples in an OPLS-DA 

model. Major contributing lipid species are labeled. D. The heat map on lipid species 

during 1-week HS and Zn supplementation. Lipid species were grouped by HCA.  Relative 

abundance of each lipid at different time points and in different sample groups were 

compared by its Z scores and are presented according to inlaid color keys. 
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Figure 2.11. LC-MS-based metabolomic analysis of hepatic extract, cecal fluid, feces 

extract, and urine samples from pigs under HS and Zn supplementation. A. Scores 

plot of a PCA model on hepatic extracts. The distribution of HS-ZnIO samples in the model 

is illustrated by a rectangle. B. Scores plot of a PCA model on cecal fluid samples. The 

distribution of HS-ZnIO samples in the model is illustrated by a rectangle. C. Scores plot 

of a PCA model on feces extract samples. D. Scores plot of a PCA model on urine samples. 

 



 

79 

 

 
Figure 2.12. Metabolite markers from metabolomic analysis of hepatic extracts. In the 

heat map, the concentrations of FAAs and relative abundances of phospholipids in the liver 

are converted to the Z scores and presented according to inlaid color keys. All enlisted 

metabolites have been confirmed by authentic standards or MSMS fragmentation. 
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Figure 2.13. Metabolite markers of HS and Zn supplementation from metabolomic 

analysis of cecal fluid. The markers labeled with * were confirmed with authentic 

standards. Putative identities of other markers were based on database search. A. The heat 

map of cecal metabolite markers. The metabolites are grouped by HCA. Relative 

abundances of each metabolite across sample groups are converted to the Z scores and 

presented in the heat map according to inlaid color keys. B. The concentration of acetic 

acid in cecal fluid. C. The concentration of propionic acid in cecal fluid. D. The 

concentration of butyric acid in cecal fluid. 
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Figure 2.14. Metabolite markers in feces samples. The identities of markers with * were 

confirmed with authentic standards, while the others were acquired from HMDB and 

KEGG database. 
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Figure 2.15. Metabolomics analysis of urine samples. The heat map on markers in urine 

after 1-week HS and Zn supplementation. The identities of markers with * were confirmed 

with authentic standards, while the others were acquired from HMDB and KEGG database.  
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Figure 2.16. Summary of major HS-induced metabolic changes. A. HS-induced 

changes in the metabolites related to nitrogen and amino acid metabolism. B. HS-induced 

changes in fatty acids and phospholipids. 
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CHAPTER 3. IDENTIFICATION OF NOVEL 

LIPID OXIDATION MARKERS THROUGH 

LC-MS BASED CHEMOMETRIC PROFILING 

OF FRYING OILS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this chapter is modified from the manuscript:  

Wang, L.; Csallany, A. S.; Kerr, B. J.; Shurson, G. C.; Chen, C. 

Kinetics of forming aldehydes in frying oils and their distribution 

in French fries revealed by LC-MS-based chemometrics. Journal 

of Agricultural and Food Chemistry. 2016, 64, 3881–3889. 
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3.1 SUMMARY 

Deep-fat frying is a simple process in practice, but yields a complex mixture of chemicals 

with diverse physical, biological, and sensory properties in thermally-stressed cooking 

oils. Although the routes and reactions that generate reactive and bioactive species in this 

process have been extensively investigated, the sequences and kinetics of their formation 

remain poorly defined since traditional targeted analysis platforms lack the capacity to 

simultaneously define and monitor many changes induced by thermal stress.  In this 

study, a platform combining customized sample preparations, high-resolution liquid 

chromatography-mass spectrometry (LC-MS) analysis, PCA, and HCA, was applied to 

compare the chemical profiles of multiple French fry oil extracts and to characterize the 

kinetics of degrading triacylglycerols (TAGs) and forming lipid oxidation products 

(LOPs) in heated soybean oil. Through the PCA modeling of LC-MS data, the likely 

sources of frying oils used in preparing fast food French fries were revealed, and thermal 

stress-induced changes in HSO were modeled. With LC-MS-based structural elucidation 

and quantification, this platform identified the acylglycerol, polar compound, and 

aldehyde markers of thermal stress and then characterized their distinctive kinetic 

profiles.  Analyzing the clustering patterns of these markers in the HCA heat map further 

indicated that distinctive oxidation and degradation of individual fatty acids occurred at 

different stages of prolonged thermal stress. Overall, this LC-MS-based chemometrics 

platform has advantages over many traditional evaluation methods for its capacity to 

conduct both comprehensive profiling as well as specific characterization of frying oils. 

KEYWORDS: TAGs, aldehydes, chemometrics, LC-MS, frying oil, French fries 
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ABBREVIATIONS: CSO, control soybean oil; DAGs, diacylglycerols; FA, fatty acid; 

HCA, hierarchical clustering analysis; HCAO, heated canola oil; HCO, heated corn oil; 

13(S)-HODE, 13(S)-hydroxy-octadecadienoic acid; HPLC, high performance liquid 

chromatography; HQ, 2-hydrazinoquinoline; HSO, heated soybean oil; LC-MS, liquid 

chromatography-mass spectrometry; LOPs, lipid oxidation products; m/z, mass to charge 

ratio; PCA, principal components analysis; PV, peroxide value; PUFAs, polyunsaturated 

fatty acids; QTOF, quadrupole time of flight mass spectrometry; SIC, single ion counts; 

TAGs, triacylglycerols; TBARS, thiobarbituric acid reactive substance; TIC, total ion 

counts; TOTOX, total oxidation; UPLC, ultra-performance liquid chromatography. 
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3.2 INTRODUCTION 

During deep frying of foods, thermal stress can extensively transform the chemical 

composition of frying oils, especially polyunsaturated fatty acids (PUFAs)-enriched 

vegetable oils, and alter their nutritional value and toxicological profile62, 216. Diverse 

reactions and chemical events, such as hydrolysis, radical formation, peroxidation, 

cyclization, polymerization, and homolytic and heterolytic cleavage occur in this process 

to convert triacylglycerols in frying oils to free fatty acids, mono- and di-acylglycerols, 

hydroperoxide primary lipid oxidation products (LOPs), and diverse secondary LOPs, 

such as cyclic fatty acids, polymeric products, aldehydes, ketones, alcohols, dienes, and 

acids217. Among these LOPs, aldehydes, due to their reactivity with proteins and DNA, 

have been defined as major contributors to the adverse effects induced by heated frying 

oils in animal and cell-based toxicity studies100, 101. Besides their bioreactivity, many 

aldehyde species possess organoleptic properties, contributing to the flavor of fried 

foods218, 219.  

Based on extensive research on the chemical components and properties of frying 

oils, diverse chemical assays have been developed and established to characterize frying 

oils116. Among these assays, iodine value, active oxygen method (AOM), and oxygen 

stability index (OSI) assays, predict the stability of unprocessed frying oils and their 

susceptibility to stresses by measuring the unsaturation level of frying oils or the 

production of peroxides and volatile compounds under the designated conditions117, 118. 

However, the majority of these assays determine the status of processed frying oils by 

measuring the end products of hydrolysis and oxidation reactions, such as free acid 
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content, peroxide value (PV), anisidine value (AnV), total oxidation (TOTOX) value, 

thiobarbituric acid reactive substance (TBARS), hexanal and 2,4-decadienal levels118, 119.  

Despite the availability of a large selection of analytical methods for defining the 

status and susceptibility of frying oils, the global profile of thermally-stressed frying oils 

and the kinetics of thermal stress-induced changes remains to be largely undefined. This 

is mainly due to two facts: (1) all established analytical methods only measure a fraction 

of frying oils and do not cover the chemical diversity of frying oils; (2) under thermal 

stress, the composition and status of frying oils are not stable. In addition, the correlations 

between the levels of individual triacylglycerols (TAGs), primary and secondary LOPs 

changes in frying oils and fried foods are also generally undefined. 

In the study herein, a platform combining chemical derivatization, high-resolution 

liquid chromatography-mass spectrometry (LC-MS) analysis, and multivariate 

chemometric analysis was adopted to characterize the kinetics of TAGs, primary and 

secondary LOPs changes in vegetable oils heated at frying temperature and their 

distribution in French fries. The values of specific TAGs, polar compounds, aldehydes 

and aldehyde clusters as the markers of thermal stress and oxidative degradation were 

evaluated based on their kinetic profiles and distribution. 

3.3 MATERIALS AND METHODS 

3.3.1 Vegetable oils and Chemicals  

Refined soybean, corn, and canola oils were purchased from local grocery stores (St. 

Paul, MN). Ammonium formate were purchased from Alfa Aesar (Ward Hill, MA). LC-

MS-grade water, isopropanaol, and acetonitrile were purchased from Fisher Scientific 
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(Houston, TX). Dichloromethane were purchased from EMD Millipore (Billerica, MA). 

n-butanol was purchased from Sigma (St. Louis, MO). Hexanal, triphenylphosphine 

(TPP), and 2-hydrazinoquinoline (HQ) from Alfa Aesar (Ward Hill, MA); 2,2′-dipyridyl 

disulfide (DPDS) from MP Biomedicals (Santa Ana, CA); and LC-MS-grade water and 

acetonitrile from Fisher Scientific (Houston, TX). Aldehyde standards, including 2,4-

decadienal, 2-undecenal, 2-decenal, 2,4-undecadienal, 2-octenal, pentanal, 2,4-

heptadienal, and 2-heptenal were acquired from Bedoukian Research (Danbury, CT); 

acrolein from Sigma-Aldrich (St. Louis, MO); and 4-hydroxynonenal (4-HNE) from 

Cayman Chemical (Ann Arbor, MI).   

3.3.2 Preparation of frying oil samples  

Soybean oil (300 mL) was placed in a 500 mL round-bottom glass flask and then 

heated in an electric heating mantle with power controller. The temperature of soybean 

oil was gradually increased from room temperature (22oC) to 185oC in approximately 1 h 

with bubbling air (50 mL/min). Heated soybean oil (HSO) samples were collected at 

45oC, 65oC, 85oC, 105oC, 125oC, 145oC, 165oC, and 185oC. Afterwards, the temperature 

was held constant at 185oC for 6 h with samples collected at 5 min, 15 min, 30 min, 1 h, 2 

h, 4 h, and 6 h of heating (Figure 3.1A,B). Corn and canola oils were heated by the same 

procedure, but sampled only at 0 min, 30 min, and 6 h of heating at 185oC. Control 

soybean oil (CSO) was stored at room temperature (22oC). 

3.3.3 Oil extraction from French fries 

Ten French fry samples were purchased separately from five brands of fast food 

restaurants (abbreviated as A, B, K, M, W) in St. Paul, Minnesota, representing two 
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samples from each brand. The oil contents in minced French fries were extracted twice 

by 2 volumes of dichloromethane (v/w). The extracts were filtered through a column 

packed with anhydrous sodium sulfate to remove water and insolubles. After evaporating 

the solvent by nitrogen, the samples were stored at -80oC prior to further analysis. 

3.3.4 Measurement of PV 

The PV of oil samples were determined by a modified colorimetric assay220. Briefly, 

10 µL of 20 mM FeCl2 solution (in 200 mM HCl) and 1 µL of oil sample were added into 

100 µL of 1 mM xylenol orange solution (in a 1:1 butanol-methanol mixture) in a 96-well 

plate. After 10 min of shaking and incubation at room temperature, the absorbance of 

reaction mix was measured at 560 nm using a Molecular Devices SpectraMax 250 

microplate reader (Sunnyvale, CA). The standard curve was prepared with FeCl3 with a 

linear range from 1 to 20 µg/mL. 

3.3.5 Measurement of TBARS value  

The TBARS values of oil samples were measured using a modified method221. 

Briefly, 20 µL of oil sample or malondialdehyde standard was added to 200 µL of a 

solution containing 15% w/v trichloroacetic acid, 0.375% w/v thiobarbituric acid, and 

0.25 M HCl in a 2 mL screw-top tube, and then heated at 100oC for 30 min. After cooling 

on ice, the reaction mixture was then centrifuged at 3,000 × g for 5 min. The aqueous 

phase was transferred to a 96-well plate and measured at 535 nm using a Molecular 

Devices SpectraMax 250 microplate reader. The TBARS values were calculated using a 

multivariate data analysis standard curve ranging from 2.5 to 200 µM. 

3.3.6 LC-MS analysis of acylglycerols 



 

91 

 

Neutral lipid contents in vegetable oils and French fry oil extracts were examined by 

LC-MS analysis of their ammonium adducts222. Both oils and oil extracts were firstly 

dissolved in n-butanol by 10,000 × dilution, and then transferred to HPLC vials. Five µL 

of sample was injected into a Waters Acquity UPLC system (Milford, MA) and then 

separated by a BEH C18 column (Waters) using a gradient of mobile phase (A1: 40% 

aqueous acetonitrile containing 10 mM ammonium formate and 0.1 % formic acid; B1: 

isopropanol:acetonitrile = 9:1, v:v, containing 10 mM ammonium formate and 0.1 % 

formic acid) at 60°C over a 10-min run. The LC eluant was introduced into a Xevo-G2-S 

system for ionization and MS scan. Capillary voltage and cone voltage for electrospray 

ionization was maintained at 3 kV and 30 V for positive mode detection, respectively. 

Source temperature and desolvation temperature were set at 120 °C and 350 °C, 

respectively150. Nitrogen was used as both cone gas (50 liters/h) and desolvation gas (600 

liters/h) and argon as collision gas. For accurate mass measurement, the mass 

spectrometer was calibrated with sodium formate solution (range m/z 50–1500) and 

monitored by the intermittent injection of the lock mass leucine enkephalin ([M + H]+ = 

556.2771 m/z. Mass chromatograms and mass spectral data were acquired and processed 

by MassLynxTM software (Waters) in centroided format. Additional structural 

information was obtained by tandem MS (MS/MS) fragmentation with collision energies 

ranging from 15 to 60 eV.  

3.3.7 LC-MS analysis of polar contents of oil samples 

The polar contents of oil samples were extracted using isopropanol223. Briefly, 100 

µL of oil sample was mixed with 100 µL of extract solution (90% isopropanal in water). 
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After vortex, the mixture was centrifuged at 18,000 × g for 10 min. The supernatant was 

5 times diluted in isopropanol before introduced into UPLC-Xevo-G2-S-MS system for 

analysis. The sample was separated by a BEH C18 column (Waters) using a gradient of 

mobile phase (A2: H2O containing 10 mM ammonium acetate, pH = 9; B2: 

H2O:acetonitrile = 5:95, v:v, containing 10 mM ammonium acetate, pH = 9). The MS 

analysis was conducted in negative mode with capillary voltage and cone voltage set at -3 

kV and -30 V, respectively. 

3.3.8 LC-MS analysis of aldehydes in oil samples 

Prior to the LC-MS analysis, aldehydes in oil samples were first derivatized by HQ 

using a modified method192. Briefly, 4 µL of oil sample was added into a 200 µL of 

freshly-prepared acetonitrile solution containing 1 mM DPDS, 1 mM TPP, 1 mM HQ, 

and 100 µM acetone-d6 (internal standard). The reaction mixture was incubated at 60°C 

for 30 min, chilled on ice, and then centrifuged at 18,000 × g for 10 min. A 100 µL of 

supernatant was mixed with 100 µL of ice-cold H2O. After centrifugation at 18,000 × g 

for 10 min, the supernatant was transferred into a HPLC vial for LC-MS analysis. The 

sample was separated by a BEH C18 column (Waters) using a mobile phase (A3: H2O 

containing 0.05 % acetic acid, v:v, and 2 mM ammonium acetate; B3: 

H2O:acetonitrile=5:95, v:v, containing 0.05 % acetic acid, v:v, and 2 mM ammonium 

acetate). The MS analysis was conducted in positive mode. Quantitative analysis of 

secondary LOPs were determined by the integration of peak area and fitting with the 

standard curve using QuanLynxTM software (Waters). 

3.3.9 Structural analysis of interested compounds in oil samples  
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The chemical identities of interested compounds were determined by accurate mass 

measurement, elemental composition analysis, database search using MassTRIX search 

engine (http://masstrix3.helmholtz-muenchen.de/masstrix3/)193, MS/MS fragmentation, 

and comparisons with authentic standards if available. 

3.3.10 Chemometric analysis and data visualization  

After data acquisition in the UPLC-QTOFMS system, the chromatographic and 

spectral data of samples were deconvoluted by MarkerLynxTM software (Waters). A 

multivariate data matrix containing information on sample identity, ion identity (retention 

time and m/z), and ion abundance was generated through centroiding, deisotoping, 

filtering, peak recognition and integration. The intensity of each ion was calculated by 

normalizing the single ion counts (SIC) versus the total ion counts (TIC) in the whole 

chromatogram. The data matrix was exported into SIMCA-P+TM software (Umetrics, 

Kinnelon, NJ) and transformed by Pareto scaling. PCA was then performed to model the 

data matrix and define the correlations among the samples. The compounds contributing 

to the sample separation in the model were identified in the loadings plot of the model. 

After Z score transformation, the relative abundance of identified compounds in samples 

were presented in heat maps generated by the R program (http://www.R-project.org), and 

correlations among these compounds were defined by HCA224. 

3.3.11 Statistics 

The statistical significances among frying oils were analyzed by one-way ANOVA 

and Tukey’s multiple comparison tests using PROC GLM procedure of SAS version 9.1 

(SAS Institute, Cary, NC). A P value of < 0.05 was considered as statistically significant.  

http://masstrix3.helmholtz-muenchen.de/masstrix3/
http://www.r-project.org/
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3.4 RESULTS 

3.4.1 Determining the composition and likely sources of frying oils in fast food 

French Fries through LC-MS-based chemometric analysis of acylglycerols  

To determine the acylglycerol composition of frying oils in fast food products and 

also to identify their likely sources, the oil extracts of ten French fries samples from the 

restaurants of five fast food chains were compared with retail samples of soybean, corn, 

and canola oil. The composition of acylglycerols in these oils and oil extracts were 

evaluated by the LC-MS analysis and chemometric modeling. Visual examination of base 

peaks in the chromatograms of three vegetable oil samples revealed clear differences 

among them (Figure 3.2). Furthermore, the variances in the chromatograms of oil extracts 

suggested that diverse frying oils were used in the preparations of French fries (Figure 

3.2). To clearly define the relationships among these samples, a three-component PCA 

model was constructed based on the LC-MS data (Figure 3.3). The sample distribution 

pattern in the scores plot showed the resemblances of K1, W1, B1 and B2 with soybean 

oil; the frying oils in K2, M1, M2, A1, A2, and W2 might originate from other sources or 

the mixtures of vegetable oils (Figure 3.3A). Individual diacylglyerols (DAGs) and TAGs 

contributing to the sample separation in the model (D1-D4 and T1-T16) were identified 

in the loadings plot (Figure 3.3B). The structural identities of these markers were 

elucidated by accurate mass measurement, elemental composition analysis, and analyzing 

the MSMS fragmentograms of ammonia adducts of DAGs and TAGs, in which the FA 

composition of individual acylglycerols were revealed by both the peaks from neutral 

loss of acyl groups and the fragment peaks of individual acyl groups (Table 3.1 and 
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Figure 3.4). For example, T2 (m/z = 896.7758) as TAG (18:2, 18:2, 18:2) on the sole 

presence of a fragment (m/z: 599.5085) caused by the neutral loss of linoleoyl group from 

the parent ion (Figure 3.4A), while the identity of T8 (m/z = 870.7574) as TAG (16:0, 

18:3, 18:2) was partially based on its three fragments (m/z: 597.4886, 575.5043 and 

573.4885) caused by respective neutral loss of palmitoyl, linoleoyl, and linolenoyl group 

from the parent ion in positive mode (Figure 3.4B). The relationships between these 

markers and all examined samples were further defined by clustering analysis and then 

visualized by a heat map, which covers the distribution of individual acylglycerol species 

as well as the hierarchical clustering of all examined samples (Figure 3.5). The 

taxonomical information revealed by the heat map on the oils and oil extracts (Figure 3.5) 

largely confirmed the conclusions from the PCA modeling (Figure 3.3A) on the likely 

sources of frying oils in French fries samples. In addition, the distribution of acylglycerol 

markers in the heat map (Figure 3.5) is also consistent with their distribution in the 

loadings plot (Figure 3.3B). The FA compositions of these markers are summarized as 

follows: (1) α-linolenic acid (18:3)-containing TAGs, including T1, T8, and T13, are 

more enriched in soybean oil, K1, and W1 samples; (2) oleic acid (18:1)- and eicosanoic 

acid-containing TAGs, including T4, T5, T14, and T16, are more enriched in canola oil, 

K2, M1 and M2 samples; (3) palmitic acid (16:0)-containing TAGs, including  T9, T10, 

and T12, are more enriched in corn oil, B1 and B2; (4) DAGs are more enriched in A1, 

A2 and corn oil (Figure 3.5). Overall, these observations suggested that FA composition 

is not enough to reflect TAG composition in frying oils. LC-MS-based chemometrics are 
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effective in determining the neutral lipid profile of frying oils while PCA and HCA are 

effective to find latent markers. 

3.4.2 LC-MS-based chemometric analysis of thermal stress-induced changes in 

TAG composition of soybean oil 

Even though the likely sources of frying oils in French fries samples were effectively 

identified through the LC-MS-based chemometric comparisons of vegetable oils and 

French fries oil extracts, noticeable differences between individual oil extracts and their 

likely sources, such as K1 and W1 versus soybean oil, were also observed (Figure 3.3A 

and Figure 3.5). A plausible explanation is that thermal stress has been applied to the 

French fries samples but not to retail vegetable oil samples. Therefore, the LC-MS-based 

chemometric analysis was conducted to determine the impacts of thermal stress on the 

composition of TAGs in soybean oil by comparing CSO with K1, W1, and a series of 

heated soybean oil samples collected at the temperatures ranging from 25ºC to 185ºC or 

different time points after reaching 185ºC. The distribution of all examined samples in 

the scores plot of a PCA model indicated that the changes in TAG profile mainly 

occurred after 1 h of heating at 185ºC (Figure 3.6A). In addition, the proximity of W1 

and K1 samples to HSO-6h samples in the model suggested that the frying oils in these 

two French fry samples might have been exposed to extended thermal stress (Figure 

3.6A). Analyzing the TAGs in the loadings plot led to the identification of T1, T2, T6-

T11 and T13 as the markers contributing to the sample separation in the model (Figure 

3.6B). The distribution of these TAG markers were defined in a heat map (Figure 3.6C). 

Based on the FA composition of these markers, thermal stress-induced changes in TAGs 
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are summarized as follows: (1) the relative abundances of α-linolenic acid (18:3) 

containing TAGs, including T1, T2, and T8, while TAGs containing three linoleic acid 

(18:2), such as T13, are greatly reduced by the frying condition; (2) in contrast, the 

relative abundances of palmitic acid (16:0)-containing TAGs which were without α-

linolenic acid, including T6, T7, T9, T10, and T11, are increased by the frying condition 

even though these TAGs also contain linoleic acid; (3) Major TAGs changes happened 

after 2 h of heating under 185°C. Similar TAG profiles between 6-h HSO and two French 

fries samples suggested that the designated experimental conditions could yield the 

samples that are comparable to the frying oils in human diet. 

3.4.3 LC-MS-based chemometric analysis of thermal stress-induced production 

of polar compounds in soybean oil 

Frying-induced hydrolysis and oxidation of TAGs yield polar compounds in cooking 

oils. The polar contents of CSO and HSO in this study were extracted by aqueous 

isopropanol and then examined by LC-MS analysis and PCA modeling. As shown in the 

scores plot of a PCA model, the samples were separated in a time-dependent pattern, 

showing: (1) the samples harvested from 45ºC to 165ºC remained close to the control 

(CSO); (2) the samples in the first hour of 185ºC heating mainly moved away from the 

control along the 2nd principal component; (3) the samples collected after 1 h of 185ºC 

heating were separated from the others mainly along the 1st principal component of the 

model (Figure 3.7A). This distribution pattern of oils samples in the PCA model 

suggested that different changes occurred in the early (within the 1st hour) and late 

periods of heating at the frying temperature. Subsequently, the compounds affected by 
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heating, which are also the ones contributing to the separation of samples in the PCA 

mode, were identified in the loading plot (Figure 3.7B, Table 3.2). The presence of free 

fatty acids in the polar fractions, including linoleic acid (P1), α-linolenic acid (P2), 

palmitic acid (P3), and oleic acid (P4), was confirmed by comparing with authentic 

standards (data not shown). Consistent to the expected susceptibility of PUFAs to thermal 

stress, the relative abundances of linoleic acid (P1) and α-linolenic acid (P2) decreased at 

185ºC while the relative abundances of palmitic acid (P3) and oleic acid (P4) increased at 

the end of 6-h heating (Figure 3.7C-F). Together with palmitic acid (P1) and oleic acid 

(P2), four newly-formed keto- and hydroxy-fatty acids were also identified as the 

compounds contributing to the sample separation along the 1st principal component of the 

model (Figure 3.7B). Their structural identities as 13(S)-HODE (P5), 9-oxononanic acid 

(P6), hydroxy-octadecenoic acid (P7), and 13-oxo-9,11-tridecadienoic acid (P8) were 

based on elemental composition analysis, database search, MSMS fragmentation, 

comparisons with published MSMS fragmentograms, and examination of the products 

from lipoxygenase-catalyzed reactions on linoleic acid and α-linolenic acid (Figure 3.8A-

D). Among them, the increase in hydroxy-octadecenoic acid (P7) and 13-oxo-9,11-

tridecadienoic acid (P8) occurred more rapid within the first hour of heating at 185ºC 

than others (Figure 3.7I,J), while the increases in 13(S)-HODE (P5) and 9-oxononanic 

acid (P6) were stable during the heating (Figure 3.7G,H). Correspondingly, as the source 

of LOPs, α-linolenic acid and linoleic acid were found dramatically decrease, after 2h 

heating under 185oC (Figure 3.7C,D). Moreover, a group of newly-formed compounds 

corresponding to the early changes in the heating (along the 2nd principal component of 
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the model) were also identified (Figure 3.7B), and their levels in the polar fraction peaked 

with in the first hour of heating at 185ºC but decreased dramatically afterwards (Figure 

3.7K-N). However, the MS-based structural analyses were only able to offer some 

information on their elemental composition and functional groups, but did not yield more 

definite structures (data not shown). Since many of these newly-formed compounds are 

likely generated through the autooxidation reactions of hydroperoxides, the presence of 

linoleate and linolenate hydroperoxides (13-HPODE and HPOTrE) in the polar fractions 

was compared with their presence in the products formed by the lipoxygenase-catalyzed 

reactions on linoleic acid and α-linolenic acid. Even though both HPODE and HPOTrE 

were conveniently detected in the mixtures from lipoxygenase-catalyzed reactions on 

linoleic acid and α-linolenic acid, they were not detected in the polar factions of HSO 

samples (data not shown).  

3.4.4 Lipid oxidation status in HSO based on kinetic changes of PV and TBARS 

concentrations 

PV and TBARS value are two widely used indicators of the presence of primary and 

secondary LOPs in frying oils, respectively. In this study, soybean oil was sampled 

multiple times at different temperatures to determine changes in PV and TBARS values. 

The PV of soybean oil started to increase from 145oC, peaked when heating temperature 

reached 185oC, and then decreased rapidly thereafter (Figure 3.9A). This transient 

increase of PV in the early time points of heating is consistent with other PV profile 

results reported at various frying conditions88, 225, suggesting that hydroperoxide primary 

LOPs are highly unstable within this temperature range. Compared to PV, the TBARS 
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value, which reflects the concentration of multivariate data analysis, a secondary LOP of 

PUFA, also increased at 145oC and began to plateau within the first hour of heating at 

185°C (Figure 3.9B). Overall, even though PV and TBARS values partially reflect 

heating-induced chemical changes in soybean oil, the transient increase of PV and the 

plateauing of TBARS value in their kinetic profiles do not allow an accurate assessment 

of the duration of thermal stress on frying oils or enable the establishment of dose-

response relationships in toxicological evaluation of heated oils. 

3.4.5 LC-MS-based chemometric analysis of thermal stress-induced production of 

aldehydes in soybean oil 

Considering that reactive aldehydes are major secondary LOPs responsible for the 

adverse biological effects associated with frying oil consumption, the kinetics of forming 

aldehydes in HSO was examined by LC-MS-based chemometrics to determine whether 

individual aldehydes or the aldehyde profile may serve as better indicators of thermal 

stress exposure in frying oils. Because direct detection of aldehydes in LC-MS analysis is 

hampered by their poor retention in common C18 reverse-phase columns, and their 

insufficient ionization efficiency in electrospray MS system, HQ was adopted as the 

derivatization agent to facilitate chromatographic separation and MS detection of 

aldehydes192. As shown in the scores plot (Figure 3.10A), heating-induced changes in 

soybean oil are reflected by the distribution pattern of HQ-derivatized samples in the 

PCA model, and can be summarized as follows: (1) Increasing the temperature from 45ºC 

to 165ºC did not significantly increased aldehyde production because the samples 

collected in this temperature range were clustered together with CSO in the model 
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(Figure 3.10A). The increase of PV began at 145oC (Figure 3.9A), which suggests that 

aldehyde production lagged behind the formation of hydroperoxides, which is consistent 

to the sequence of forming primary and secondary LOPs62; (2) Increasing the temperature 

from 165ºC to 185ºC triggered dramatic changes of aldehyde profile in HSO, which was 

reflected by the clear separation of samples collected at these two temperatures in the 

model (Figure 3.10A); (3) Time-dependent chemical changes in HSO occurred from 0 

min to 6 h when HSO was held at 185ºC (Figure 3.10A). Subsequently, a group of 

aldehydes were identified as the major contributors to the separation of CSO and 

different HSO samples in a loadings plot (Figure 3.10B). Their structural identities were 

further determined as 2,4-decadienal (I), 2-undecenal (II), 2-decenal (III), 2,4-

undecadienal (IV), 4-HNE (V), 2-octenal (VI), pentanal (VII), hexanal (VIII), acrolein 

(IX), 2,4-heptadienal (X), and 2-heptenal (XI) after comparing their retention time and 

MSMS fragmentograms with authentic standards (Table 3.3, Figure 3.11). In addition to 

confirming the structures of these aldehydes, other markers of thermal stress were also 

identified in the model. For example, compound XII was tentatively defined as a 4-

oxononanal, based on its molecular formula of C9H16O2 and MSMS fragmentogram, but 

was not confirmed due to the lack of a standard. Moreover, the distribution pattern of 

these aldehydes in the loading plot indicated that individual aldehydes had different 

contributions to principal components 1 and 2 of the PCA model, which underlie the 

temperature- and time-dependent sample separation. To further define the kinetics of 

aldehyde formation and thermal stress-induced changes, a HCA was performed on these 

aldehyde markers together with PV and TBARS. Twelve aldehydes were divided into 
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three clusters, named as A1, A2, and B based on the branching of dendrogram and their 

kinetic patterns in the heat map (Figure 3.10C). The TBARS was grouped with cluster A1 

aldehydes, while PV was separated from others in the dendrogram due to its distinctive 

pattern of change (Figure 3.10C). 

Quantitative analysis of these aldehyde markers further confirmed the conclusions on 

the kinetics of individual aldehydes from the PCA and HCA models (Figure 3.12A-L), 

and the results can be summarized as follows: (1) 2,4-Decadienal (I) was the most 

abundant among all identified aldehydes (Figure 3.12A); (2) Concentrations of cluster B 

aldehydes, including 2,4-hepatadienal (X), 2-heptenal (XI), and acrolein (IX), peaked at 

30 min of heating at 185ºC and then decreased thereafter (Figure 3.12I-K); (3) In contrast 

to cluster B aldehydes, concentrations of aldehydes belonging to clusters A1 and A2 (I-

VIII) increased continuously at 185ºC (Figure 3.12A-H). The increases of cluster A1 

aldehydes, including hexanal (VIII), pentanal (VII), 2,4-decadienal (I), and 2-octenal 

(VI), were attenuated after 1 h of heating at 185ºC while the increases of cluster A2 

aldehydes, including 2,4-undecadienal  (IV), 2-decenal (III), 2-undecenal (II), and 4-HNE 

(V), were more sustained (Figure 3.10C, 3.12A-H); (4) Different from other aldehydes, 

pentanal (VII) and hexanal (VIII) existed in detectable amounts in CSO (Figure 

3.12G,H), while 4-HNE (V) was formed at a relatively constant rate (r2 = 0.99) during 

heating at 185ºC (Figure 3.12E). Overall, the total aldehyde concentrations in HSO, 

which is the sum of all eleven identified aldehydes, had a similar kinetic profile with 

cluster A1 aldehydes (Figure 3.12L). More importantly, analyzing the relative abundance 

of three aldehyde clusters in the total aldehydes indicated that the percentage of cluster 
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A1 was relatively stable across 6 h of heating while the increase of cluster A2 aldehydes 

as a proportion of total aldehydes was accompanied with a decrease of cluster B 

aldehydes (Figure 3.12M). The opposite trends of changes between cluster A2 and B 

aldehydes were further reflected by the values of A2/B ratio, which were in a good linear 

correlation (r2 = 0.96) with the duration of thermal stress (Figure 3.12N). 

3.4.6 LC-MS-based chemometric analysis of thermal stress-induced production of 

aldehydes in frying oils and their distribution in French fries 

Soybean, corn and canola oils are three widely used vegetable oils for preparing fried 

food. To understand the distribution of aldehydes in these frying oils and fried foods, 

soybean, corn and canola oil samples collected before and during heating (0, 30, and 360 

min at 185ºC) and ten French fry oil extract samples were derivatized by HQ and then 

compared by LC-MS-based chemometric analysis. The distribution of control oils, HSO, 

heated corn oil (HCO) and heated canola oil (HCAO) samples in the scores plot of a PCA 

model indicated that progressive and time-dependent changes in the chemical 

composition occurred in all of these oils (Figure 3.13A). More importantly, changes in 

HCAO were greatly different from that in the other two oils, while the changes in HCO 

and HSO were relatively comparable (Figure 3.13A). The aldehydes contributing to the 

separation of three frying oils in the PCA model were identified as two groups of 

compounds in the loadings plot (Figure 3.13B), in which 2-undecenal (II), 2-decenal (III), 

and 2,4-heptadienal (X) were better correlated to HCAO while 2,4-decadienal (I), 

hexanal (VIII), and 2-heptenal (XI) were better correlated to HSO and HCO (Figure 

3.13B). Another prominent feature of this PCA model is the clear separation of French 
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fry extracts from frying oils (Figure 3.13A). The markers contributing to this separation 

were also identified in the loadings plot (Figure 3.13B) and likely contained oxo fatty 

acids such as 8-oxo-octanoic acid based on elemental composition analysis, MSMS, and 

database search (data not shown). This observation suggests that the chemical 

composition of French fry extracts was greatly different from that of heated oils. 

The concentrations of aldehydes (I-XI) in three heated oils and ten French fry extracts 

were further quantified. Consistent to the results of PCA modeling, the formation and 

distribution of aldehydes differed greatly among the three heated oils, in which HCO had 

higher levels (P<0.05) of 2,4-decadienal (I), 2,4-undecadienal  (IV), 2-octenal (VI), 

pentanal (VII), and hexanal (VIII); HSO had higher levels (P<0.05) of HNE (V) and 2-

heptenal (XI); and HCAO had higher levels (P<0.05) of 2-undecenal (II), 2-decenal (III), 

acrolein (IX), and 2,4-hepatadienal (X) (Figure 3.14A-K). Despite these differences in 

their aldehyde profiles, the total aldehyde concentrations in the HCO and HCAO were 

comparable (Figure 3.14L). Moreover, a comparison between heated oils and French fry 

oil extracts revealed that the concentrations of the majority of identified aldehydes (I-VI 

and X-XI) in French fry extracts were at least one order of magnitude lower than their 

highest concentrations determined in  heated oils (Figure 3.14A-F, Figure 3.14J,K). The 

exceptions were the concentrations of pentanal (VII), hexanal (VIII), and acrolein (IX) in 

the French fry extracts, which were of the same magnitude as the concentrations in 

heated oils (Figure 3.14G-I). Furthermore, the distribution of three aldehyde clusters in 

three heated oils was compared. Interestingly, although the relative abundance of three 

clusters in total aldehydes differed greatly among three heated oils, the percentage of 
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cluster A1 within individual oils was relatively stable at the three time points of 

sampling, while the proportion of increase of clusters A2 of total aldehydes was 

accompanied with a decrease of cluster B aldehydes (Figure 3.14M). The A2/B ratios of 

French fry extracts were also within comparable range of its values in the three heated 

oils (Figure 3.14N). 

3.5 DISCUSSION 

Strengths and challenges of a LC-MS-based chemometric platform for analyzing 

chemical and oxidative status of frying oils.  

In complement to existing targeted chemical analyses of frying oils, chemometrics 

platform, especially partial least-squares regression (PLS), have been adopted in 

examining the data from gas chromatography(GC), refractive index detector (RID), 

fluorescence, near infrared/visible (NIR/VIS), Fourier transform infrared (FT-IR), FT-

Raman spectroscopic procedures to monitor the quality and identify the adulteration226-

229. However, a combination of LC-MS analysis and chemometrics has not been widely 

used on frying oils for the same purpose, potentially due to the challenges of detecting 

major chemicals species in frying oils using LC-MS platform as well as the challenges of 

processing large volume of data. In this study, the challenges of detecting major 

chemicals species in frying oils using LC-MS platform were handled by adopting 

appropriate sample preparation procedures, mobile phase (such as adding isopropanol 

and ammonium formate to facilitate the separation of acylglycerols in common C18 

column and their ionization in the MS system), and MS conditions (such as accurate mass 

measurement and MSMS fragmentation), leading to the identification and structural 
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elucidation of a series of TAGs and LOPs that were differs by the sources of oils and 

affected by thermal stress. Compared to other oil analysis platforms in practice, the high-

resolution LC-MS analysis has its strengths in structural identification and high-

throughput data acquisition230. As for the challenges of processing large volume of data, 

the multivariate data analysis-based chemometrics, including PCA and HCA, were 

adopted in this study to define the thermal stress-induced changes in frying oil. Using the 

identities (RT and m/z) of individual ions as the variables, the unsupervised PCA 

constructed multivariate models on the LC-MS data matrices containing sample 

identities, ion identities, and normalized ion intensities, and then identify the principal 

components in the model to illustrate the relationships among the samples177. 

Furthermore, the relationships among the detected chemicals in frying oils were defined 

by HCA and then visualized by heat map. The efficacy of these multivariate data analysis 

approached was demonstrated by the revelation of potential sources of frying oils used in 

commercial French fries samples (Figure 3.3A, 3.5) and the characterization of kinetics 

of heating-induced changes in TAGs and LOPs (Figure 3.6C, 3.10C).  

Novel information revealed by sample distribution pattern in PCA models, 

clustering of individual markers in heat map, and kinetics profiles of individual 

markers.  

In this study, the status of soybean oil was determined by examining acylglycerols, 

polar compounds, and aldehydes, and then visualized by the PCA models. Based on the 

sample distribution and grouping patterns in these three models, heating-induced 

progressive changes in the chemical composition of soybean oil were clearly defined by 
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this experimental approach (Figure 3.6A, 3.7A, 3.10A), and the markers/compounds 

contributing to these patterns were identified accordingly (Figure 3.6B, 3.7B, 3.10B). 

Hierarchical clustering of identified markers from three PCA models revealed several 

important features of heating-induced changes in soybean oil (Figure 3.6C, 3.10C). 

FA composition and the index associated with it such as unsaturated level and iodine 

value, have been used to evaluate oil for authenticity and oxidation susceptibility for a 

long term. In contrast, the profile of intact acylglycerols, especially TAGs, in edible oils 

is less commonly used for the same purposes, largely due to the diversity of TAG species 

and the challenges of structural elucidation. The progresses in LC-MS technology in 

recent years have facilitated the chromatographic separation and structural identification 

of TAGs in oils226, 231, 232. As shown in the present study, the acylglycerol profiles of 

French fries oil extracts and oil samples can be effectively defined by high resolution LC-

MS analysis, leading to the revelation of likely sources of frying oils in French fry 

samples (Figure 3.3, 3.5) and the oxidation level of these samples (K1 and W1 in Figure 

3.6). Therefore, compared to 10-20 features (number of FA species) in FA profile, 

hundreds features of acylglycerols obtained by LC-MS and chemometric analyses should 

make acylglycerol profile a better indicator of quality and authenticity. Certain amount of 

studies had checked TGs profiles to evaluate authentication and identification of 

adulteration233-235. However, the comparisons of the oils in previous studies are not as 

simple as the visualization of comparison in the present study which was shown by scores 

plot and heatmap. The markers identified by the loadings plots could be used for 

comparison between the frying oils from fast food chains and the retail oils such as 
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soybean, canola, and corn oil. For example, similar acylglcerols profiles shared by frying 

oil from K1 and soybean oil were easily shown by the PCA and HCA result (Figure3.3, 

3.5). The platform used in the present study could be simply applied for authentication 

and identification of adulteration.  

Meanwhile, the status of HSO was determined by examining TAGs and then 

visualized by the PCA model in the present study. Even though various kinds of 

chemicals had been evaluated in deep frying oils62, 64, TAGs as the major component of 

frying oil, were seldom characterized. In the present study, based on the sample 

distribution and grouping patterns in the model, heating-induced progressive changes in 

the TAGs composition of soybean oil were clearly defined by this experimental approach 

(Figure 3.6A), and the markers/compounds contributing to these patterns were identified 

accordingly (Figure 3.6B). Changes in relative abundances of the identified markers 

suggest that TAGs containing α-linolenic acid or TAGs containing three linoleic acids 

were vulnerable to heating under frying condition. While TAGs containing palmitic acid 

were more resistant to heat induced lipid oxidation (Figure 3.6C).  

The decrease of linoleic acid (Figure 3.7C) are well correlated with the increase of 9-

oxononanoic acid, 13-HODE, and 4-HNE, (Figure 3.7G, H, 3.12E). The similar patterns 

among 4-HNE, 9-oxononanoic acid, and 13-HODE, are consistent with a proposed 

mechanism of HNE formation through Hock cleavage of C9-C10 bond236-238, in which 

13-HODE is an intermediate product from 13-HPODE while 9-oxononanoic acid is 

another product from Hock cleavage. Compounds U1, U2, U3, and U4 had a kinetics 

profile that is distinctively different from other newly formed compounds in HSO since 
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their levels peaked within the first hour and then decreased afterwards (Figure 3.7K-N). 

At present, the chemical identities of these compounds are still under the investigation. 

To best of our knowledge, their molecule formula did not match any reported compounds 

in frying oils.   

Kinetic profiles of aldehydes and fatty acid degradation. Oleic acid, linoleic acid, 

and α-linolenic acid are major fatty acids in many vegetable-derived frying oils, including 

soybean, corn, and canola oils used in this study63. As the precursors of frying-derived 

aldehydes, these three unsaturated fatty acids not only have different susceptibilities to 

thermal stress-induced oxidation, but also yield different LOPs from this process77. In the 

present study, by analyzing the kinetics and composition of aldehydes in frying oils, this 

association between individual fatty acids and aldehyde production was clearly shown by 

the three clusters of aldehydes identified by the HCA (A1, A2, and B in Figure 3.10C). 

----Linoleic acid as a major source of cluster A1 aldehydes: Concentrations of 

aldehydes in cluster A1, including 2,4-decadienal (I), 2-octenal (VI), pentanal (VII), and 

hexanal (VIII) increased continuously, but their relative abundance to total aldehydes 

remained relatively stable during 6 h of heating at 185ºC (Figure 3.12A, F-H, M). It is 

known that 2,4-decadienal, 2-octenal, pentanal, and hexanal are formed by hemolytic β-

scission of 9-hydroperoxy and 13-hydroperoxy linoleic acid77. Furthermore, all of these 

aldehydes were present in greater concentrations in corn oil than those in soybean and 

canola oil after 6 h of heating at 185ºC, which are correlated with the greater 

concentrations of linoleic acid in corn oil (Figure 3.14A, F-H). It is known that PUFAs 

containing three or more double bonds are preferred precursors of malondialdehyde, the 
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target of TBARS assay239. However, peroxidized linoleic acid was also determined as a 

precursor for malondialdehyde240. Because soybean oil contains a greater concentration 

of linoleic acid than α-linolenic acid, linoleic acid may be a significant contributor of 

TBARS value in HSO. 

---Oleic acid as a major source of cluster A2 aldehydes: In contrast to cluster A1, 

concentrations of aldehydes in cluster A2, including 2-undecenal (II), 2-decenal (III), 2,4-

undecadienal (IV), and 4-HNE (V), and their relative abundance in total aldehydes, 

increased gradually in heated soybean oil (Figure 3.12B-E, M). According to their kinetic 

profiles, 4-HNE was further separated from other aldehydes in the dendrogram (Figure 

3.10C). It is known that 2-undecenal and 2-decenal are produced by hemolytic β-scission 

of 8-hydroperoxy and 9-hydroperoxy oleic acid, respectively241, 242. Despite being a 

dienal structure, 2,4-undecadienal has also been identified as an oxidation product of 

triolein218. Furthermore, canola oil had much greater concentrations of 2-undecenal and 

2-decenal than soybean and corn oil after 6 h of heating at 185ºC, which is correlated 

with the greater concentration of oleic acid in canola oil (Figure 3.14B-C). The exception 

in cluster A2 aldehydes was 4-HNE because linoleic acid is generally considered as the 

main precursor of 4-HNE. The reaction mechanism of 4-HNE formation may contribute 

to its separation from the cluster A1 aldehydes and other cluster A2 aldehydes in the 

dendrogram because 4-HNE is formed through Hock cleavage of C9-C10 bond in linoleic 

acid, instead of hemolytic β-scission routes in the formation of other aldehydes236-238. 

---Alpha-linolenic acid as a major source of cluster B aldehydes: Compared to cluster 

A2, concentrations of aldehydes in cluster B, including acrolein (IX), 2,4-hepatadienal 
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(X), and 2-heptenal (XI), increased rapidly at the beginning of 185ºC but decreased or 

plateaued later in heated soybean oil (Figure 3.12M). This kinetic profile matches the 

susceptibility of α-linolenic acid to thermal stress. It is known that α-linolenic acid is the 

major precursor of acrolein when heating vegetable oils243. Furthermore, α-linolenic acid 

is also a more preferred precursor of 2,4-heptadienal than linoleic acid244. This 

association was further supported by the quantitative comparisons of these aldehydes in 

soybean, corn, and canola oil, in which a greater concentration of α-linolenic acid (canola 

> soybean > corn) was correlated to greater concentrations of acrolein and 2,4-

heptadienal (canola > soybean > corn) (Figure 3.14I,J). As for 2-heptenal, it can be 

generated from both linoleic acid and α-linolenic acid218, 245. However, the results from 

this study suggest that it shares a similar kinetic profile with acrolein and 2,4-heptadienal 

in HSO (Figure 3.12K). 

Overall, combining the existing knowledge on the oxidative degradation of 

unsaturated fatty acids, the observed kinetic profiles of aldehydes suggests strong 

correlations between individual aldehydes and fatty acid precursors, and further supports 

the use of specific aldehydes and aldehyde profiles as more accurate markers of thermal 

stress than PV and TBARS. 

Potentials of using 4-HNE and aldehyde profiles as markers of thermal stress for 

heated oils and fried foods. Chemometric modeling and quantitative analysis utilized in 

this study offers an opportunity to examine the benefits and limitations of some existing 

oxidation evaluation methods by comparing their kinetic profiles with the profiles of 

other aldehydes in heated oils. Four common markers of lipid oxidation including PV, 
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TBARS, hexanal, and 2,4-decadienal levels were evaluated. The kinetic profile of PV 

reflected the transient increase of lipid hydroperoxides in soybean oil, but it differed from 

the profiles of aldehyde LOPs greatly (Figure 3.9A, 3.10C). Thus, PV does not represent 

the actual oxidative status of heated oil, especially after prolonged thermal stress. The 

plateauing of the TBARS curve after 1 h of frying temperature also does not accurately 

reflect the actual status of forming LOPs in HSO (Figure 3.9B, 3.10C). The kinetic 

profiles of hexanal and 2,4-decadienal were similar to each other and also to the profiles 

of other linoleic acid-derived aldehydes in HSO (Figure 3.10C), but differed from the 

profiles of aldehydes derived from oleic acid and α-linolenic acid. Overall, these four 

markers, like many other established assays, only target the oxidation products from 

specific degradation pathways, and thus cannot reflect general oxidative status of heated 

oils83, 89. Furthermore, the lack of a linear correlation (time vs level) in the kinetic curves 

of these markers also diminishes their value as accurate indicators of the length of time 

that oils have been subjected to thermal-stress conditions.  

Novel information obtained from profiling aldehydes in this study provide some 

insights on how to overcome the drawbacks of using traditional markers (i.e. PV, 

anisidine value, TOTOX value, TBARS, hexanal, and 2, 4-decadienal assays). Among all 

examined aldehydes, 4-HNE is an established marker of in vivo lipid peroxidation246, and 

was only recently identified as a secondary LOP in heated oil247, 248. Compared to other 

identified aldehydes in this study, including 2,4-decadienal and hexanal, the 

concentration of 4-HNE in HSO had a greater linear correlation with the duration of 

thermal stress (Figure 3.12E), suggesting that 4-HNE may be a more accurate aldehyde 
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marker to use when monitoring the oxidation status of soybean oil, than 2,4-decadienal 

and hexanal. Moreover, 4-HNE was also detected in HCO and HCAO (Figure 3.14E), 

and its levels in both oils increased progressively at three sampling time points (0, 30, 

360 min when heated at 185ºC). Besides 4-HNE, the ratio between cluster A2 aldehydes 

and cluster B aldehydes (A2/B ratio), also had a sound linear correlation with the 

duration of thermal stress in HSO (Figure 3.12N), and had its value increased 

progressively at three sampling time points (0, 30, 360 min heating at 185 ºC) in HCO 

and HCAO (Figure 3.14N). Considering oleic acid and α-linolenic acid are major 

contributors to A2 and B aldehyde clusters, respectively, the A2/B ratio reflects the 

sensitivities of oleic acid and α-linolenic acid to oxidative degradation. Overall, these 

observations warrant future studies on whether 4-HNE and A2/B ratio could function as 

general markers to assess oxidative stress for diverse frying oils. 

Human exposure to aldehyde LOPs is mainly through consuming fried foods which 

comprise LOPs from both frying oils and inherent lipid content. To explore whether 

individual aldehydes or aldehyde profiles could serve as effective markers of oxidative 

status in fried foods, the concentrations and composition of aldehydes in the extracts of 

commercial French fry samples were examined. The majority of aldehydes had their 

concentrations in French fry extracts far below their concentrations in the heated oils 

prepared under current experimental conditions (Figure 3.14A-F, J-K), which was likely 

due to the reactions between unsaturated aldehydes in frying oil and the chemical 

components of the potatoes, such as primary amines249-251. Therefore, the concentrations 

of these aldehydes (I-VI and X-XI) in French fries might not reflect the actual oxidation 
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status of oils used in cooking. However, the concentrations of pentanal (VII), hexanal 

(VIII), acrolein (IX), and A2/B ratio were within the range of their values in the three 

heated vegetable oils (Figure 3.14G-I, 3.14N). This selective retention of pentanal and 

hexanal in French fries may be explained by the fact that these two saturated alkanals are 

much less reactive than other unsaturated alkenals, alkadienals, and hydroxyalkenal in 

heated oils246, while significant presence of acrolein in French fries may be attributed to 

its multiple sources, because acrolein can be formed from carbohydrates, fatty acids, and 

amino acids252. As for the A2/B ratio, even though the levels of aldehydes comprising A2 

and B clusters differed greatly between heated oils and French fry extracts (Figure 3.12, 

3.14), its values in French fry extracts were still of the same magnitude as the ones in 

heated oils. The use of the A2/B ratio as an accurate marker for evaluating frying oil 

residuals in fried foods needs to be further evaluated using more defined experimental 

settings, such as measuring the kinetic profile of aldehydes in fried foods. 

In summary, comparison of neutral acylglycerols, polar compounds, and aldehydes 

profiles in frying oils and distinctive kinetics of individual lipid oxidation markers in 

HSO, as well as the distribution of aldehydes in French fries were defined by high-

resolution of LC-MS analysis and multivariate chemometrics. The results demonstrated 

the capacity of LC-MS-based chemometrics in both comprehensive profiling and specific 

characterization of these LOPs, making it a robust platform for authentication and 

monitoring lipid oxidation of heated oils. The observations of temperature-sensitive and 

time-dependent change of individual TG and formation of aldehyde in frying oils 

indicated the limitation of several traditional lipid oxidation assays for the lack of strong 
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correlation with the duration of thermal stress, and also suggested the potential of certain 

individual TAG, 13(S)-HODE, 4-HNE, and aldehyde clusters (A2/B ratio) as the markers 

of thermal stress for frying oils and fried foods.  
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Table 3.1. Major DG and TG species contributing to the classification of  oils and oil 

extracts in the PCA model and clustering analysis.  
ID m/z* Formula  Acylglycerols (C: DB)† FA composition MSMS fragments 

D1 615.4962 C39H66O5 DG(36:5)   

D2 617.5144 C39H68O5 DG(36:4)   

D3 639.4964 C41H66O5 DG(38:7)   

D4 641.5124 C41H68O5 DG(38:6)   

T1 894.7575 C57H96O6 TG (54:7)  TG (18:3/18:2/18:2)  597,599 

T2 896.7723 C57H98O6 TG (54:6) TG (18:2/18:2/18:2) 599 

T3 898.7892 C57H100O6 TG (54:5) TG (18:2/18:2/18:1) 599,601 

T4 900.8042 C57H102O6 TG (54:4) TG (18:2/18:1/18:1) 601,603 

T5 902.8195 C57H104O6 TG (54:3)  TG (18:1/18:1/18:1) 603 

T6 848.7715 C53H98O6 TG (50:2)  TG (16:0/16:0/18:2)  551,575 

T7 850.7867 C53H100O6 TG (50:1) TG (16:0/16:0/18:1)  551,577 

T8 870.7549 C55H96O6 TG (52:5) TG (16:0/18:3/18:2)  573,575,597 

T9 872.7727 C55H98O6 TG (52:4) TG (16:0/18:2/18:2)  575,599 

T10 874.7879 C55H100O6 TG (52:3)  TG (16:0/18:2/18:1)  575,577,601 

T11 876.8025 C55H102O6 TG (52:2) TG (16:0/18:1/18:1)  577,603 

T12 879.7443 C57H98O6 TG (54:6) TG (18:3/18:2/18:1)  597,599,601 

T13 892.7412 C57H94O6 TG (54:8) TG (18:3/18:3/18:2)  595,597 

T14 904.8335 C57H106O6 TG (54:2) TG (18:1/18:1/18:0) 603,605 

T15 928.8334 C59H106O6 TG (56:4) TG (18:2/18:2/20:0) 599,631 

T16 930.8479 C59H108O6 TG (56:3) TG (18:2/18:1/20:0)  601,631,633 

*The enlisted m/z values in this column are from protonated ammonia adducts of TGs 

(NH4
+), except the m/z values (italics) of D1-D4 and T12, which are from protonated ions 

(H+). 
†C = carbon; DB = double bond. 
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Table 3.2. Identification of free fatty acids and LOP species contributing to the 

classification of  CSO and HSO samples in the PCA model.  
ID m/z (-H)* Formula  Compounds† Linoleate(∆)‡ Linolenate (∆)‡ 

 163.0761 C10H12O2 3-Phenylbutyric acid; Eugenol(D) - - 

 167.1070 C10H16O2 trans-4,5-epoxy-2(E)-Decenal(D) - - 

 181.0862 C10H14O3 (5E,8E)-10-Oxo-5,8-decadienoic acid(D) - - 

 219.1020 C13H16O3 Flossonol(D) - - 

 235.1317 C14H20O3 4-(Heptyloxy)benzoic acid (D) - - 

 249.1101 C14H18O4 Coenzyme Q1 (D) - - 

 263.1274 C15H20O4 Abscisic acid(D) - - 

P2 277.2170 C18H30O2 α-linolenic acid - + 

P1 279.2330 C18H32O2 Linoleic acid + - 

 363.1933 C24H28O3  + - 

 559.4703 C36H64O4  + - 

 141.0917 C8H14O2 2-Octenoic acid(D) - - 

 165.0549 C9H10O3 Phenyllactic acid (D) - - 

 165.0913 C10H14O2 Perillic acid(D) - - 

 167.1070 C10H16O2 (3E,5Z)-3,5-Decadienoic acid(D) - - 

 167.1070 C10H16O2 4-oxo-2E-Decenal(D) - - 

P6 171.1020 C9H16O3 9-Oxononanoic acid + + 

 209.1174 C12H18O3 Jasmonic acid(D) + - 

P8 223.1344 C13H20O3 13-Oxo-9,11-tridecadienoic acid + + 

 237.1851 C15H26O2 5E,9Z-Tridecadienyl acetate(D) - - 

P3 255.2328 C16H32O2 Palmitic acid - - 

P4 281.2484 C18H34O2 Oleic acid - - 

P5 295.2267 C18H32O3 13(S)-HODE + + 

P7 297.2422 C18H34O3 Hydroxy-octadecenoic acid + - 

 337.2321 C20H34O4 11,12-DiHETrE(D) - - 

*The enlisted m/z values in this column are from deprotonated ions. 
†The identities of compounds with (D) are from database search. 
‡The compounds which can be found in heated linoleate or linolenate are marked with “+”. 
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Table 3.3.  A list of confirmed HQ derivatives of aldehydes.* 

ID Compounds Formula Derivative Formula Exact Mass of [M+H]+ 

I 2,4-Decadienal  C10H16O C19H24N3
+ 294.1965 

II 2-Undecenal C11H20O C20H28N3
+ 310.2278 

III 2-Decenal C10H18O C19H26N3
+ 296.2121 

IV 2,4-Undecadienal C11H18O C20H26N3
+ 308.2121 

V 4-HNE C9H16O2 C18H24N3O
+ 298.1914 

VI 2-Octenal C8H14O C17H22N3
+ 268.1808 

VII Pentanal C5H10O C14H18N3
+ 228.1495 

VIII Hexanal C6H12O C15H20N3
+ 242.1652 

IX Acrolein C3H4O C12H12N3
+ 198.1026 

X 2,4-Heptadienal C7H10O C16H18N3
+ 252.1495 

XI 2-Heptenal C7H12O C16H20N3
+ 254.1652 

XII - C9H16O2 C18H24N3O
+ 298.1914 

 

*Information on each compound includes its molecular formula, the formula of its HQ 

derivative, and the exact mass of protonated HQ derivative ([M+H]+). The compounds 

contributing to the separation of samples in Figure 3.10A were presented with their 

identities (ID) labeled in Figure 3.10B. The chemical structures of these compounds were 

confirmed by comparing their chromatographic peaks and MS/MS fragmentograms with 

the standards.  
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Figure 3.1. Preparation of heated soybean oil. A. The temperatures and time points of 

sampling.  B. Heating-induced color change in soybean oil. 
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Figure 3.2. Representative base peak ion chromatograms of vegetable oils and French 

fries oil extracts. Major peaks are marked with their ID (detailed in Table 3.1). French 

fries samples (A1, A2, B1, B2, K1, K2, M1, M2, W1, and W2) were purchased from the 

restaurants of five fast food chains. Procedures and conditions of sample preparation and 

LC-MS measurement are described under “Materials and Methods”.  
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Figure 3.3. PCA modeling of vegetable oils and French fries oil extracts. Procedures 

of data processing and PCA are described under “Materials and Methods”. A. Scores plot 

of a PCA model on vegetable oils and French fries oil extracts.  The t[1], t[2], and t[3] 

values represent the scores of each sample in the principal component 1, 2 and 3, 

respectively. B. Loadings plot of the ions detected by LC-MS analysis. The ions 

contributing to the separation of vegetable oils and French fries oil extracts in the model 

were encircled and labeled. The p[1], p[2] and p[3] values represent the contributing 

weights of each ion to the principal component 1, 2 and 3 of the PCA model, respectively.  
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Figure 3.4. Representative collision-induced decomposition spectra of TGs. The 

fragmentation pattern is interpreted in the inlaid diagram A. MSMS fragmentogram of T2 

[TG (18:2, 18:2, 18:2)]. B. MSMS fragmentogram of T8 [TG (16:0, 18:3, 18:2)].  

 

 

 



 

123 

 

 
Figure 3.5. Heat map of hierarchically clustered markers that contribute to the 

separation of vegetable oils and French fries oil extracts in the model. Relative 

abundances of each marker were compared by its Z scores and are presented according to 

inlaid color keys. 
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Figure 3.6. LC-MS-based chemometric analysis of thermal stress-induced changes in 

TG composition of soybean oil. A. Scores plot of a PCA model on W1 and K1 French 

fries oil extracts, CSO and HSO sample. The t[1] and t[2] values represent the scores of 

each sample in the principal component 1 and 2, respectively. The identities of examined 

samples are labeled. The HSO samples from 45ºC to 1 h of 185ºC are encircled. B. 

Loadings plot of the TGs detected by LC-MS analysis. Identified TG ions (T1, T2, T6-

T11, and T13) contributing to the sample separation along the principal component 1 are 

labeled. The p[1] and p[2] values represent the contributing weights of each ion to the PC 

1 and 2 of the PCA model, respectively. C. Heat map of identified markers in the model. 

Relative abundances of each marker were compared by its Z scores and are presented 

according to inlaid color keys. 
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Figure 3.7. LC-MS-based chemometric analysis of free fatty acids and LOPs in 

soybean oil. A. Scores plot of a PCA model on CSO and HSO sample. The t[1] and t[2] 

values represent the scores of each sample in the principal component 1 and 2, 

respectively. The identities of examined samples are labeled. The HSO samples from 

45ºC to 165ºC are encircled. B. Loadings plot of the ions detected by LC-MS analysis. 

Some of major contributing ions are labeled (P1-P8 and U1-U4). The p[1] and p[2] 

values represent the contributing weights of each ion to the principal components 1and 2 

of the PCA model, respectively. C-N. The relative abundance of Linoleic acid (P1), α-

linolenic acid (P2), palmitic acid (P3), oleic acid (P4), 13(S)-HODE (P5), 9-oxononanoic 

acid (P6), hydroxy-octadecenoic acid (P7), 13-oxo-9,11-tridecadienoic acid (P8), 

C10H12O2 (U1), C10H14O3 (U2), C15H20O4 (U3), and C14H20O3 (U4). 
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Figure 3.8. Structural elucidation of LOP markers. A. MSMS chromatograms of 13(S)-

HODE from oil samples. B. MSMS chromatograms of 9-oxononanoic acid from oil 

samples. C. MSMS chromatograms of hydroxy-octadecenoic acid from oil samples. D. 

MSMS chromatograms of 13-oxo-9,11-tridecadienoic acid from oil samples. 
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Figure 3.9. Kinetics of established lipid oxidation markers. A. PV of HSO samples. B. 

TBARS value of HSO samples. 
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Figure 3.10. LC-MS-based chemometric analysis of aldehyde production in HSO. 

Aldehydes in CSO and HSO samples were derivatized by HQ prior to the LC-MS 

analysis. A. Scores plot of a PCA model on CSO and HSO sample. The t[1] and t[2] values 

represent the scores of each sample in the principal component 1 and 2, respectively. The 

identities of examined samples are labeled. The HSO samples from 45ºC to 165ºC and the 

samples collected at 185ºC are encircled. B. Loadings plot of the ions detected by HQ 

derivatization and LC-MS analysis. Major aldehyde ions (I-XII) correlated to the HSO 

samples are labeled. The p[1] and p[2] values represent the contributing weights of each 

ion to the principal component 1 and 2 of the PCA model, respectively. C. Heat map and 

dendrogram of aldehyde markers of thermal stress. The markers are hierarchically 

clustered as clusters A1, A2, and B. The relative abundance of each marker in all samples 

were compared by their Z scores and presented in the inlaid color key. 
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Figure 3.11. LC-MS analysis of aldehyde-HQ derivatives using hexanal as an 

example. A. MSMS chromatograms of hexanal-HQ derivative from oil samples and 

standard. B. Structure and MSMS spectrum of hexanal-HQ derivative. 
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Figure 3.12. Kinetics of individual aldehyde markers (I-XI) and aldehyde clusters (A1, 

A2, and B). The concentrations of aldehyde markers in HSO were quantified by LC-MS 

analysis. A. 2,4-Decadienal. B. 2-Undecenal. C. 2-Decenal. D. 2,4-Undecadienal. E. 4-

HNE. F. 2-Octenal. G. Pentanal. H. Hexanal. I. Acrolein. J. 2,4-Heptadienal. K. 2-

Heptenal. L. Total aldehydes. The value is the sum of eleven aldehyde markers (I-XI). M. 

Kinetics of aldehyde clusters A1, A2, and B in HSO samples. Each cluster is expressed by 

its percentage in total aldehydes. N. Kinetics of A2/B ratio. 
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Figure 3.13. LC-MS-based chemometric analysis of aldehydes in three frying oils 

(soybean, corn, and canola oils) and French fry oil extracts. A. Scores plot of a PCA 

model on frying oils and French fry extracts. Each type of oil has unheated controls (●), 0 

min (■), 30 min (♦), and 360 min (▼) samples collected at 185ºC frying temperature. 

French fry oil extracts are labeled with their sources (A, B, K, M, W). B. Loadings plot of 

the ions detected by HQ derivatization and LC-MS analysis. Major aldehyde markers 

associated with the sample groups are labeled.  
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Figure 3.14. Quantification of aldehyde markers in HSO, HCO, HCAO and French 

fry extracts through LC-MS analysis. Each type of oil has unheated controls (●), 0 min 

(■), 30 min (▲), and 360 min (▼) samples collected at 185ºC frying temperature (two 

samples per time point per oil and duplicate measurement for each sample). The time point 

with the highest level of individual or total aldehydes in three frying oils was selected for 

statistic analysis. Different letter labels (a, b, or c) indicate significant differences from 

each other while the same letter no differences. A. 2,4-Decadienal. B. 2-Undecenal. C. 2-

Decenal. D. 2,4-Undecadienal. E. 4-HNE. F. 2-Octenal. G. Pentanal. H. Hexanal. I. 

Acrolein. J. 2,4-Heptadienal. K. 2-Heptenal. L. Total aldehydes. M. Relative abundances 

of aldehyde clusters A1, A2, and B in HSO, HCO, and HCAO samples. Each cluster is 

expressed by its percentage in total aldehydes. N. The ratios of A2/B in HSO, HCO, HCAO, 

and French fry extracts. 
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CHAPTER 4. METABOLIC EFFECTS OF 

HEATED SOYBEAN OIL IN MOUSE 

REVEALED BY LC-MS-BASED 

METABOLOMICS 
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4.1 SUMMARY  

Consumption of thermally-oxidized oil through fried foods has been suggested as a 

contributing factor in various metabolic disorders such as cancers and cardiovascular 

diseases. However, the underlying mechanism of this association is not fully understood. 

In this study, the influences of consuming heated vegetable oils on the metabolic system 

were examined through the metabolomics-guided biochemical analysis. Control soybean 

oil (CSO) diet (contain 7% fresh oil) and heated soybean oil (HSO) diet (contain 7% 

heated oil) were given to C57BL/6 mice for 4 weeks, respectively. The results from 

untargeted metabolomics analysis indicated that HSO treatment altered several groups of 

metabolites. The homeostasis of phospholipids species was affected by the HSO 

treatment. This result suggested that HSO feeding increased saturation level (16:0 and 

18:0 fatty acids) but decreased unsaturation level (20:4 and 22:6 fatty acids) of serum and 

hepatic phospholipids. More importantly, results indicate that serum tryptophan was 

dramatically decreased but urinary tryptophan metabolites including kynurenic acid, 

nicotinamide, and nicotinamide N-oxide were increased by HSO treatment. Accordingly, 

hepatic NAD+ level was dramatically increased by HSO treatment. The gene expression 

levels of three enzymes in the tryptophan-NAD+ pathway were significantly induced by 

the HSO treatment. In terms of the role of NAD+ as the indispensable cofactors or 

substrates of major metabolic events induced by HSO, including the detoxification of 

reactive aldehydes through aldehyde dehydrogenase, sustaining redox balance and DNA 

repair activities, and peroxisome proliferator-activated receptor α (PPARα)–mediated 
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metabolic reactions, the activation of tryptophan-NAD+ pathway was identified as a 

central metabolic event induced by thermally-oxidized lipids.  

KEYWORDS: frying oil, LC-MS, metabolomics, tryptophan, NAD+ 
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ABBREVIATIONS: ADG, average daily gain; ALDH, aldehyde dehydrogenases; BW, 

body weight; CSO, control soybean oil; D, day; DC, dansyl chloride; DEAB, 4-

Diethylaminobenzaldehyde; DG, daily gain; FAA, free amino acid; FI, feed intake; G:F, 

gain:feed; GSH, glutathione; HCA, hierarchical clustering analysis; HMDB, human 

metabolome database; HPLC, high performance liquid chromatography; HQ, 2-

hydrazinoquinoline; HSO, heated soybean oil; IACUC, Institutional Animal Care and 

Use Committee; KEGG, Kyoto encyclopedia of genes and genomes; LC-MS, liquid 

chromatography-mass spectrometry; LOPs, lipid oxidation products; LysoPC, lyso-

phosphatidylcholines; m/z, mass to charge ratio; PC, phosphatidylcholines; PCA, 

principal components analysis; PE, phosphatidylethanolamine; PPARα, peroxisome 

proliferator-activated receptor α; QTOF, quadrupole time of flight mass spectrometry; 

SIC, single ion counts; TIC, total ion counts; UPLC, ultra-performance liquid 

chromatography. 
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4.2 INTRODUCTION 

The health risk of consuming thermally-oxidized oils has been examined in 

epidemiological, clinical, and animal studies. The results from these studies suggested 

that moderately-oxidized oils had either limited or no detrimental effects on animals122, 

142. However, feeding highly-oxidized oils led to apparent toxicities, including loss of 

appetite, diarrhea, growth retardation, increased kidney and liver weights, altered fatty 

acid composition of tissue lipids. These adverse effects have been attributed to the 

elevation of metabolic oxidative stress, the induction of peroxisome proliferator-activated 

receptor α (PPARα), and the impairment of intestinal function caused by consumption of 

thermally-oxidized oils132, 143-148, 165, 253, 254. 

The negative effects of thermally-oxidized oils are closely related to their chemical 

profiles. Thermal stress-induced chemical reactions extensively transform the chemical 

composition of heated oils, especially polyunsaturated fatty acids (PUFAs)-enriched 

vegetable oils62, 216. The lipid oxidation products (LOPs) of these reactions have been 

considered as major contributors to observed toxic effects of thermally oxidized oil149. 

For example, primary LOPs, such as conjugated lipid hydroperoxydienes, are acutely 

toxic to rodents150, while secondary LOPs, such as 4-hydroxynonenal (4-HNE), 4-

oxononenal (4-ONE), 4,5-epoxy-trans-2-decenal, and 9,12-dioxo-trans-10-dodecenoic 

acid can covalently bind to proteins and DNA, resulting in protein inactivation and DNA 

damage, which could contribute to the induction of disease such as cancer and 

cardiovascular disease101, 131, 136, 154-161. In addition, primary and secondary LOPs could 
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react with amino acids and lipids in the GI tract, thereby decreasing the digestibility of 

proteins and complex lipids151.  

Despite previous investigations on the biological effects of thermally-oxidized oils, 

many issues remain undefined, such as how thermally-oxidized oils affect nutrient 

metabolism in vivo. Instead of measuring a few traditional biomarkers, such as 

triacylglycerol (TAG) and cholesterol, the examination of complex metabolic events 

induced by thermally-oxidized oils require comprehensive evaluation of the metabolome, 

which could only be achieved by the high-throughput analytical platforms on small-

molecule metabolites, such as metabolomics. Because of its capacity of defining 

metabolite profiles and fluxes in complex biological matrices as well as its capability in 

the identification of individual metabolite markers, metabolomics has been applied to 

investigate the metabolic differences and changes in many scientific fields174-177. 

However, metabolomic analysis of metabolic changes induced by the exposure of 

thermally-oxidized oils has not been carried out previously.  

In the present study, the metabolic changes during a 4-week feeding of heated 

soybean oil (HSO) were evaluated by the liquid chromatography-mass spectrometry (LC-

MS)-based metabolomic analysis of serum, urine, and liver extracts from the mice. The 

HSO-induced disruption of tryptophan metabolism was further characterized.  

4.3 MATERIALS AND METHODS 

4.3.1 Chemicals  

LC-MS-grade water and acetonitrile (ACN) (Fisher Scientific, Houston, TX). 2-

Hydrazinoquinoline (HQ) and triphenylphosphine (TPP) (Alfa Aesar, Ward Hill, MA). 
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2,2′-Dipyridyl disulfide (DPDS) (MP Biomedicals, Santa Ana, CA). Dansyl chloride 

(DC) and n-butanol (Sigma-Aldrich, St. Louis, MO). The metabolite standards used for 

structural confirmation were from Sigma-Aldrich, Fisher Scientific, Alfa Aesar, Ark 

Pharm (Libertyville, IL), Frontier Scientific (Logan, UT), and Steraloids (Newport, RI), 

respectively. 

4.3.2 Preparation of experimental diets  

Two experimental diets were prepared by mixing 7% (w/w) of control soybean oil 

(CSO) or HSO with fat-free AIN93G powder, respectively. The HSO sample were 

prepared based on the procedure descripted at materials and methods part in Chapter 3 

(3.3.2). Briefly, soybean oil was placed in a round-bottom glass flask and then heated in 

an electric heating mantle. The temperature of soybean oil was gradually increased from 

room temperature (22oC) to 185oC in approximately 1 h with bubbling air (50 mL/min). 

Afterwards, the temperature was held constant at 185oC for 6 h. The 6 h HSO sample was 

used for preparation of HSO diet. Based on the formulation of CSO and HSO diets (Table 

4.1), the powders were thoroughly mixed by KitchenAid mixer Professional. After 

pelleting, two diets were dried and vacuum-sealed for storage at 4°C. 

4.3.3 Animal experiments and sample collection  

All animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Minnesota. Ten-week-old male C57BL/6 mice 

were purchased from Charles River Laboratory and were housed under controlled 

temperature and lighting conditions (20-22°C and a 14-hour/10-hour light/dark cycle). 

The mice were allowed to acclimate on CSO diet before the treatment. Two separate 
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mouse feeding experiments were conducted to monitor growth performance and collect 

the samples for kinetic analysis, respectively. For growth performance, two groups of 

male C57BL/6 mice were fed with CSO and HSO diets, respectively, for 28 days. Body 

weight and food intake was monitored during the treatment. Liver samples were 

harvested on day 28 when the mice were sacrificed by CO2 euthanization. For kinetic 

analysis, another two groups of male C57BL/6 mice were fed with CSO and HSO diets, 

respectively, for 28 days. Serum and urine samples were collected on day 0, 3, 7, 14, 21, 

and 28 of feeding. Serum samples were collected by submandibular facial bleeding while 

urine samples were obtained by housing mice individually in metabolic cages for 24 h. 

Liver samples were harvested on day 28. Cholesterol, TAG, glucose, and alanine 

transaminase (ALT) activity in mouse serum were measured using commercial assay kits 

(Pointe Scientific, Canton, MI).  

4.3.4 In vitro analysis of HSO metabolism  

Mouse liver was homogenized in ice-cold 0.25M sucrose aqueous solution containing 

1% triton x-100 (W/V=10/90) to prepare the mouse liver homogenate. Then the 

substrates, including negative control (H2O:DMSO=1:1), positive control 

(acetaldehyde:DMSO=1:1), CSO sample (CSO:DMSO=1:1) and HSO sample 

(HSO:DMSO=1:1),  were incubated with mouse liver homogenates in sodium 

pyrophosphate reaction buffer with or without NAD+ (cofactor) at 37oC for 30 min. The 

reaction mixture was derivatized with HQ and then introduced to the LC-MS system for 

data collection. 4-Diethylaminobenzaldehyde (DEAB), an established aldehyde 
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dehydrogenases (ALDH) inhibitor 255, was used to determine whether ALDHs are 

responsible for the observed changes in aldehyde level after the incubation.  

4.3.5 Metabolomics 

LC-MS-based metabolomic analysis comprises sample preparation, chemical 

derivatization, LC-MS analysis, data deconvolution and processing, multivariate data 

analysis, and marker characterization and quantification190. 

4.3.5.1 Sample preparation  

Urine sample was processed by mixing one volume of urine with 4 volumes of 50% 

aqueous ACN and then centrifuged at 18,000 × g for 10 min to obtain the supernatants. 

Serum sample was deproteinized and extracted by mixing one volume of serum with 19 

volumes of 66% aqueous ACN. After vortexing, the mixture was centrifuged at 18,000 × 

g for 10 min to obtain the supernatants. Liver tissue samples were fractionated using a 

modified Bligh and Dyer method191. Briefly, 100 mg of liver sample was homogenized in 

0.5 mL of methanol and then mixed with 0.5 mL of chloroform and 0.4 mL of water. 

After 10 min centrifugation at 18,000 × g, upper aqueous fraction was harvested while 

chloroform fraction was dried by nitrogen and then reconstituted in n-butanol.  

4.3.5.2 Chemical derivatization  

For detecting the metabolites containing amino functional group in their structures, 

the samples were derivatized with DC prior to the LC-MS analysis. Briefly, 5 L of 

sample or standard was mixed with 5 L of 100 µM p-chlorophenylalanine (internal 

standard), 50 L of 10 mM sodium carbonate, and 100 L of DC solution (3 mg/mL in 

acetone). The mixture was incubated at 25°C for 15 min and centrifuged at 18,000 × g for 
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10 min, the supernatant was transferred into a HPLC vial for LC-MS analysis. For 

detecting carboxylic acids, aldehydes and ketones, the samples were derivatized with HQ 

prior to the LC-MS analysis192. Briefly, 2 µL of sample was added into a 100 µL of 

freshly-prepared ACN solution containing 1 mM DPDS, 1 mM TPP and 1 mM HQ. The 

reaction mixture was incubated at 60°C for 30 min, chilled on ice and then mixed with 

100 µL of ice-cold H2O. After centrifugation at 18,000 × g for 10 min, the supernatant 

was transferred into a HPLC vial for LC-MS analysis.  

4.3.5.3 LC-MS analysis  

A 5 μl of aliquot prepared from urine, serum, and hepatic extract sample, was injected 

into an Acquity ultra-performance liquid chromatography (UPLC) system (Waters, 

Milford, MA) and separated in a BEH C18 column (Waters). The mobile phase for 

underivatized and DC-derivatized samples used a gradient ranging from water to 95% 

aqueous ACN containing 0.1% formic acid over a 10 min run, while the mobile phase for 

HQ-derivatized samples contained A: H2O containing 0.05 % acetic acid (v/v) and 2 mM 

ammonium acetate; B: H2O:ACN = 5:95 (v/v) containing 0.05 % acetic acid (v/v) and 2 

mM ammonium acetate. LC eluant was introduced into a Xevo-G2-S quadrupole time-of-

flight mass spectrometer (QTOFMS, Waters) for accurate mass measurement and ion 

counting. Capillary voltage and cone voltage for electrospray ionization was maintained 

at 3 kV and 30 V for positive-mode detection, or at -3 kV and -35 V for negative-mode 

detection, respectively. Source temperature and desolvation temperature were set at 

120°C and 350°C, respectively. Nitrogen was used as both cone gas (50 L/h) and 

desolvation gas (600 L/h), and argon as collision gas. For accurate mass measurement, 
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the mass spectrometer was calibrated with sodium formate solution with mass-to-charge 

ratio (m/z) of 50-1,000 and monitored by the intermittent injection of the lock mass 

leucine enkephalin ([M+H]+ = m/z 556.2771 and ([M-H]- = m/z 554.2615) in real time. 

Mass chromatograms and mass spectral data were acquired and processed by 

MassLynxTM software (Waters) in centroided format. Additional structural information 

was obtained tandem MS (MSMS) fragmentation with collision energies ranging from 15 

to 40 eV. 

4.3.5.4 Data deconvolution and processing  

After data acquisition in the UPLC-QTOFMS system, chromatographic and spectral 

data of samples were deconvoluted by MarkerLynxTM software (Waters).  A multivariate 

data matrix containing information on sample identity, ion identity (retention time and 

m/z) and ion abundance was generated through centroiding, deisotoping, filtering, peak 

recognition and integration. The intensity of each ion was calculated by normalizing the 

single ion counts (SIC) versus the total ion counts (TIC) in the whole chromatogram.  

4.3.5.5 Multivariate data analysis  

The processed data matrix was exported into SIMCA-P+TM software (Umetrics, 

Kinnelon, NJ), transformed by Pareto scaling, and then analyzed by unsupervised 

principal components analysis (PCA), supervised partial least squares-discriminant 

analysis (PLS-DA), and partial least squares-discriminant analysis (OPLS-DA). Major 

latent variables in the data matrix were determined as the principal components of PCA 

model, and the relationships among examined samples were described in the scores 



 

144 

 

scatter plot. Metabolite markers of HSO treatment were identified by analyzing ions 

contributing to sample separation in PLS-DA and OPLS-DA model.  

4.3.5.6 Marker characterization and quantification  

The chemical identities of metabolite markers were determined by accurate mass 

measurement, elemental composition analysis, searching Human Metabolome Database 

(HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Lipid Maps 

databases using MassTRIX search engine (http://masstrix3.helmholtz-

muenchen.de/masstrix3/)193, MSMS fragmentation, and comparisons with authentic 

standards if available. Individual metabolite concentrations were determined by 

calculating the ratio between the peak area of metabolite and the peak area of internal 

standard and fitting with a standard curve using QuanLynxTM software (Waters). 

4.3.6 Gene expression analysis  

TRIzol reagent was used to extract total RNA from the liver samples of C57BL/6 

mice. With SuperScript III Reverse Transcriptase, cDNA generated from 1 µg total RNA 

was used for quantitative real-time PCR (qPCR). Primers for the PCR reaction were 

designed using NCBI/Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

SYBR green PCR master mix was used to carry out qPCR reactions in a StepOnePlus 

system (Applied Biosystems). Using β-actin as reference gene, the expression levels of 

genes were quantified using the Comparative CT method. Gene expression levels of acyl-

CoA thioesterase 1 (Acot1), cluster of differentiation 36 (CD36), NAD(P)H 

dehydrogenase [quinone] 1 (Nqo1), phospholipid transfer protein (Pltp), carnitine 

palmitoyltransferase I (Cpt1), carnitine palmitoyltransferase II (Cpt2), heme 

http://masstrix3.helmholtz-muenchen.de/masstrix3/
http://masstrix3.helmholtz-muenchen.de/masstrix3/
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oxygenase1(HO1), tryptophan 2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 

(Ido2), kynureninase (Kynu), kynurenine 3-monooxygenase (Kmo), 3-

hydroxyanthranilate 3,4-dioxygenase (Haao), and quinolinate phosphoribosyltransferase 

(Qprt), were determined by real-time PCR analysis. The primer sequences are listed in 

Table 4.2. 

4.3.7 Statistics 

Experimental values are expressed as means ± SD. Two-tailed Student’s t-test was 

used for comparisons between CSO and HSO treatments. Differences were considered 

significant if P < 0.05. 

4.4 RESULTS 

4.4.1 Influences of HSO on growth performance  

To examine the metabolic impacts of HSO consumption, the body weight and feed 

intake of two groups of young mice were compared during a 4-week feeding of CSO and 

HSO diets. The results showed that, compared to CSO, HSO significantly decreased the 

average daily gain (ADG) of body weight (Figure 4.1A) even though the feed intake (FI) 

was comparable between these two groups (Figure 4.1B). Overall, HSO resulted in a 

much lower feeding efficiency than CSO, as represented by the ratio of ADG versus FI 

(Figure 4.1C). Consistent to several previous reports, these results confirmed the negative 

effects of thermally-oxidized lipids on the growth performance144, 148.  

4.4.2 Influences of HSO feeding on blood chemistry 

To further understand the negative impacts of HSO on growth performance and 

physiology, serum samples collected at different time points during 4-week feeding of 
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CSO or HSO were analyzed for their blood chemistry. Serum glucose and TAGs levels 

were significantly decreased by HSO (Figure 4.2A-B). However, serum cholesterol level 

was not affected by HSO (Figure 4.2C). The influences of HSO feeding on the liver were 

also evaluated. Serum ALT activity, an enzymatic marker of liver function, was not 

affected by HSO (Figure 4.2D). However, the value of hepatosomatic index, which is 

calculated by the ratio of liver weight versus body weight, was higher in HSO-treated 

mice than that in CSO-treated mice (Figure 4.2E). Consistent to the changes in serum, 

hepatic TAG level was significantly decreased by the HSO treatment (Figure 4.2F).  

4.4.3 HSO-induced changes in urine, serum, and hepatic metabolomes 

The changes in growth performance, blood chemistry, and hepatic parameters 

indicated significant impacts of HSO on the metabolic system. To define the metabolic 

effects of HSO treatment, the LC-MS based metabolomics analysis was carried out to 

evaluate the urine, serum, and liver extract samples collected from 4-week feeding of 

CSO and HSO diets. Besides adopting optimized mobile phase, ionization condition and 

MS parameters, efficient chromatographic separation and sensitive spectroscopic 

detection of diverse metabolite in these samples were also facilitated by chemical 

derivatization in sample preparation, such as dansylation for amino-containing 

metabolites and HQ derivatization for carboxylic acids, aldehydes and ketones192. After 

processing the data acquired from the LC-MS analysis, the metabolomic profiles of these 

samples were characterized in the multivariate models. The distribution of CSO and HSO 

samples in the PLS-DA model on urine samples indicated that HSO induced progressive 

changes in the urine metabolome along the principal component 1 of the model, while the 
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metabolite profile of CSO urine samples were relatively stable during 4-week feeding 

(Figure 4.3A). Urinary metabolites contributing to the separation of CSO and HSO 

samples in the model were identified in a loadings plot (Figure 4.3B, Table 4.3, Table 

4.4). The PLS-DA model on the serum metabolome also revealed the time-dependent 

changes induced by HSO (Figure 4.3C), accompanied by the changes in serum 

metabolites (Figure 4.3D, Table 4.4). Moreover, after 4-week feeding, the hepatic 

metabolome in HSO-fed mice was distinctively different from its counterpart in CSO-fed 

mice (Figure 4.3E). Subsequently, the liver metabolites affected by HSO were identified 

(Figure 4.3F, Table 4.4). Overall, more than 62 metabolites in different biological 

samples (urine, serum, and liver) were identified as HSO-responsive metabolites (Table 

4.4). Based on their origins and biochemical properties, these metabolite markers were 

further categorized as the indicators of HSO exposure, lipid metabolism, and amino acid 

metabolism (Table 4.4). 

4.4.4 Identification of exposure markers of HSO treatment 

Among the metabolites contributing to the separation of HSO and CSO samples in 

the multivariate models (Figure 4.3), several urinary metabolites could serve as the 

exposure markers of HSO treatment because they barely existed in the CSO samples but 

were greatly increased by HSO treatment (Figure 4.4, Table 4.3). Even though the 

structures of these urinary markers are not fully determined yet, the results from 

elemental composition analysis and MSMS fragmentation indicated the existence of two 

clusters of HSO-derived metabolites that share similar structural features (Table 4.3). 

One cluster of these exposure markers are three isomers that shared the same molecular 
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formula of C12H20NO3
+ and almost identical MSMS fragmentograms, but with different 

retention time (Table 4.3). Analyzing the fragments in MSMS fragmentograms suggested 

that they are likely to be the glycine conjugates of hydroxydecenoic acid (Figure 4.4A). 

Their levels in the urine was shown to be greatly increased by the HSO treatment (Figure 

4.4B). The other cluster of 5 exposure markers shared a molecular formula of CnH2n-2O3 

(n=5-10) and a similar fragmentation pattern in MSMS analysis. Analyzing the fragments 

in MSMS fragmentograms suggested that they are likely to be hydroxyalkenoic acids, 

which could be formed by ALDH-mediated oxidation of hydroxyalkenals (Figure 4.4C-

F). Further studies are required to confirm the structures of these exposure markers. 

4.4.5 Effects of HSO treatment on lipids metabolism 

The influences of HSO on lipid metabolism were revealed by the changes in 

phospholipids in serum and the liver. The levels of phosphatidylcholines (PC) (18:0/22:6) 

and PC (18:0/20:4) in serum and the liver were decreased by HSO treatment (Figure 

4.5A-D). In contrast, the levels of PC (16:0/18:1) and PC (16:1/16:0) in serum and the 

liver were increased by HSO treatment (Figure 4.5E-H). The levels of PC (18:1/18:0) and 

lysophosphatidylethanolamine (LysoPE) (16:0) in the serum, while the levels of PC 

(16:0/20:3), PC (16:0/20:4), PC (16:0/22:6), and PC (18:1/20:4) in the liver were 

increased by HSO treatment (Table 4.4). On the contrary, the levels of PC (16:1/20:4), 

PC (18:2/22:6), PC, PC (16:1/18:2), lysophosphatidylcholine (LysoPC) (22:6), and 

LysoPC (18:2) in the serum, while the levels of PC (18:0/18:2), PC (16:0/18:2), 

phosphatidylethanolamine (PE) (18:0/22:6), PC (16:1/18:2), PE (18:2/18:1), LysoPC 

(18:0), and PC (18:2/22:6) in the liver were decreased by HSO treatment (Table 4.4). 
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This result suggested that HSO feeding increased saturation level (16:0 and 18:0 fatty 

acids) and decreased unsaturation level (20:4 and 22:6 fatty acids) in serum and liver 

lipids, which is consistent with the observed changes in the triglyceride composition of 

HSO (Figure 3.6).  

4.4.6 Effects of HSO treatment on amino acid profile and tryptophan 

metabolism 

Following the observation of amino acids as the metabolites affected by the HSO 

treatment in the multivariate model (Figure 4.3D and F), the concentrations of free amino 

acids in serum and the liver were quantified (Figure 4.6A, Table 4.4). Different levels of 

phenylalanine, citrulline, histidine, and tryptophan were observed between CSO and HSO 

serum samples (Figure 4.6B-E). Among them, serum tryptophan level in HSO samples 

was consistently lower than its level in CSO samples from day 3 of HSO feeding (Figure 

4.6E), suggesting that serum tryptophan level is sensitive to HSO treatment. Interestingly, 

tryptophan metabolites, kynurenic acid, nicotinamide, and nicotinamide N-oxide, were 

identified as the urinary metabolites responsive to HSO feeding in the PLS-DA model of 

urine samples (Table 4.4). Similar to the kinetic profile of serum tryptophan, the increase 

of these tryptophan metabolites in urine also occurred early in 4-week HSO feeding 

(Figure 4.7A-C). Most importantly, hepatic NAD+ level was dramatically increased by 

HSO treatment (Figure 4.7D). All together, these results suggested that tryptophan 

catabolism was activated by the HSO treatment. Analyzing the gene expression levels of 

tryptophan-metabolizing enzymes further confirmed this conclusion since the mRNA 
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levels of Tdo, Kynu, and Qprt, three enzymes in the tryptophan-NAD+ pathway, were 

significantly induced by the HSO treatment (Figure 4.7E,F).  

PPARα has been identified as a positive regulator of tryptophan-NAD+ pathway in 

previous studies256, 257. To examine the underlying mechanism of HSO-induced 

upregulation of tryptophan-NAD+ pathway, the expression levels of PPARα target genes 

in the transport and catabolism of fatty acids and lipids, including Acot1, CD36, Pltp, 

Cpt1, and Cpt2, were measured. The results showed that all these PPARα target genes 

were transcriptionally activated by the HSO treatment (Figure 4.8). 

The significance of HSO-induced upregulation of tryptophan-NAD+ pathway was 

further defined by examining the utilization of NAD+ in the metabolism of HSO and its 

reactive aldehydes through in vitro incubations of mouse liver homogenate. The 

incubation of HSO with mouse liver homogenate resulted in much higher rate of NAD+ 

elimination than the incubation of CSO while the coincubation of HSO with DEAB, the 

inhibitor of ALDHs, completely suppressed the HSO-elicited NAD+ utilization (Figure 

4.9A). Furthermore, the elimination and metabolism of 4-HNE and 2,4-decadienal, two 

major reactive aldehydes in HSO, were facilitated by including NAD+ in their 

incubations with mouse liver homogenate (Figure 4.9B). 

4.4.7 Effects of HSO treatment on redox balance and antioxidant system 

Besides the changes in lipid and amino acid metabolism, HSO feeding also 

significantly decreased the levels of glutathione (GSH) and ascorbic acid, two important 

antioxidants, in the liver (Figure 4.10A). Further examination of the gene expression 

levels of Nqo1 and HO1 showed significant induction of these two marker enzymes of 
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antioxidant response (Figure 4.10B), suggesting that the antioxidant response system was 

activated by the HSO-induced oxidative stress.  

4.4.8 Effects of HSO treatment on other types of metabolites.  

Besides the above mentioned metabolites, HSO treatment also affected other types of 

metabolites. Urinary metabolite such as suberic acid, azelaic acid, phenylpyruvic acid, as 

well as hepatic metabolites including gluconic acid, adenosine, and adenosine 

monophosphate, were increased by HSO treatment. On the other side, HSO feeding 

decrease the levels of urinary metabolites such as octenoylglycine, 2-sec-butyl-4,5-

dihydrothiazole, pantothenic acid, hippuric acid, 4-hydroxyphenylacetic acid, serum 

acetylcarnitine, as well as hepatic metabolites including malic acid, 

glycerophosphocholine, hypoxanthine, xanthine, and taurodeoxycholic acid (Table 4.4).  

4.5 DISCUSSION 

Decrease in growth performance has been consistently observed in previous feeding 

studies on oxidized lipids148, 258-260. Reduced feed intake was observed in some studies, 

but not in all studies261, 262. Therefore, besides feed intake, oxidized lipids-induced 

metabolic changes may also contribute to the decrease in growth performance. In the 

present study, HSO feeding decreased body weight gain and feeding efficiency (the ratio 

of body weight gain versus food intake), but had no effect on food intake (Figure 4.1). 

These observations further implied that HSO might affect the growth performance 

through the disruption of metabolic system, such as nutrient and energy metabolism.  

To further evaluate the metabolic effects of HSO, the levels of serum glucose, TAGs, 

and cholesterol were measured. Glucose decreased after two weeks of HSO treatment. 
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Similar to the previous studies162, 163, the serum level of TAGs was decreased by the HSO 

treatment from day 7 and the hepatic level of TAGs was also decreased. The decrease of 

TAGs could be attributed to the activation of nuclear receptor PPARα since the 

compounds generated during the heating process could serve as PPARα activators, 

inducing the PPARα target genes such as Acot1, CD36, Cpt1 and Cpt2163-167. In the 

present study, the induction of these PPARα target genes were also observed (Figure 4.8). 

Serum and hepatic levels of cholesterol were not affected by the HSO treatment even 

though Srebp2 was shown to be inhibited by the HSO treatment (data not shown). 

Despite these changes in liver metabolites, no apparent liver damage was observed as 

indicated by the serum ALT activity. HSO feeding in the present study induced hepatic 

proliferation as reflected by the enlarged liver. In the feeding studies of oxidized lipids, 

the enlargement of liver were recognized as a typical response to the PPARα agonists in 

oxidized lipids which induce peroxisome proliferation170, 171. 

Growth performance and blood chemistry reflect the general status of metabolic 

system, but do not reveal its exact status due to their limited coverage. Comprehensive 

coverage of HSO-induced metabolic changes was achieved by the LC-MS-based 

metabolomic analysis (Figure 4.3). The results from metabolomic analysis of diverse 

samples, including urine, serum, and liver, not only defined the global impacts of HSO on 

metabolic systems through multivariate modeling, but also revealed previously 

unreported changes through the identification and characterization of metabolite markers 

(Figure 4.3-4.7, Table 4.4). The significance of these metabolite markers are discussed 

based on their sources and biochemical functions. 
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Monitoring and measuring exposure of HSO is important to evaluate the correlation 

between HSO intake and biological effects of HSO treatment. The decreases of TAGs 

were recognized as common responses to oxidized lipid treatment. However, the change 

of TAGs level was caused by PPARα activation, which could also be observed in animals 

which were treated with other PPARα agonist such as fenofibrate. Thus, finding specific 

markers for treatment of oxidized lipid is important in confirming the effects of HSO 

treatment. In the present study, several exposure markers of HSO treatment were found 

through metabolomics analysis. Among them, three isomers with the masses ([M+H]+ = 

226.1437) were proposed to be glycine conjugation metabolites of aldehydes from the 

HSO. The first step of aldehydes metabolism was known to be carried out by ALDH. In 

the present study, in vitro assay showed that the aldehydes in HSO could be metabolized 

by ALDH with NAD+ as cofactor (Figure 4.9). The identification of glycine conjugation 

metabolites suggested that the aldehydes in HSO may be metabolized by ALDH first and 

then be further metabolized to glycine conjugation products. At the same time, the 

present of a series of hydroxyalkenoic acids in the urine were proposed to be formed by 

ALDH-mediated oxidation of hydroxyalkenals from HSO. As one important component 

of HSO, aldehydes were known for causing protein inactivation and DNA damage101, 131, 

136, 154-161. In the present study, aldehydes induced oxidative stress could be reflected by 

the decreased GSH and ascorbic acid in the liver (Figure 4.10A, Table 4.4) and 

inductions of oxidative stress scavenger genes such as Nqo1 and HO1 (Figure 4.10B). 

Thus, the identification of these exposure markers are important in evaluating the effects 

of HSO exposure (Figure 4.4). 
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Phospholipids are important components of cell membrane201. The observed changes 

in hepatic and serum phospholipids (Figure 4.3D,F, Figure 4.5, Table 4.4) implicated that 

HSO could disrupt plasma membrane through altering its composition. From the 

changing pattern of phospholipid markers, the decrease of phospholipids containing 

linoleic acid, arachidonic acid, and docosahexaenoic acid as well as the increase of 

phospholipids containing palmitic acid, palmitoleic acid, or oleic acid were found in 

serum and liver (Figure 4.5, Table 4.4). Considering food source is the major source of 

these long-chain unsaturated fatty acids, this pattern of change should be associated with 

the decreased unsaturation level of HSO during heating process. Because previous studies 

showed that blood phospholipid fatty acid concentration was associated with 

cardiovascular disease and cancer263-265, the changes of phospholipids caused by HSO 

treatment worth further evaluations in the future. 

Free amino acids (FAAs) are useful indicators of nutritional and metabolic status 

because they are connected with diverse metabolic pathways194. Several features were 

identified among the changes in FAAs and their associated metabolites: First, among the 

FAAs which were changed by the HSO treatment during 28 days, citrulline was increased 

in both serum and liver. Considering the decreased antioxidants level and induced 

antioxidant response system in liver (Figure 4.10), the increase of citrulline may indicate 

an increase of nitric oxide in response to the oxidative stress because the role of nitric 

oxide in regulating mitochondrial oxidative stress protection266. Second, serum 

tryptophan level was consistently decreased by the HSO treatment after Day 3 (Figure 

4.6E). Because dietary tryptophan was shown to be related to the growth performance267, 
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the reduced growth in the present study may be related to the decrease level of serum 

tryptophan. Since tryptophan is an essential amino acid, this pattern of changes suggests 

that HSO can significantly disrupt tryptophan metabolism.  

In the present study, tryptophan in serum was greatly decreased by HSO treatment 

(Figure 4.6E), while several major catabolic metabolites of tryptophan in urine including 

kynurenic acid, nicotinamide, and nicotinamide N-oxide, were increased by HSO 

treatment (Figure 4.7A-C). These observations suggested that HSO treatment disrupted 

tryptophan metabolism. In the body, tryptophan can be metabolized through two routes. 

About 95% of tryptophan are metabolized via the tryptophan-kynurenine-NAD+ 

pathway268. While the remained portion of tryptophan are metabolized through 

tryptophan-serotonin pathway. Following the tryptophan-NAD+ pathway, tryptophan is 

metabolized by TDO primarily in the liver, or IDO predominantly in extra-hepatic tissue. 

Several other enzymes along NAD+ pathway include Kmo, Kynu, Haao, and Qprt. In the 

present study, the selective induction of Tdo, Kynu, and Qprt in the liver, as well as 

dramatic increase of hepatic NAD+ provide further support for the induction of 

tryptophan-NAD+ metabolism pathway. The need for the induction of tryptophan-NAD+ 

pathway in the body could be attributed to several reasons. First of all, as the major 

products of tryptophan-NAD+ pathway, NAD+ was needed in fatty acid β-oxidation as 

cofactor which was induced by the activation of PPARα. PPARα has been identified as a 

positive regulator of tryptophan-NAD+ pathway in previous studies 256, 257. In the present 

study, as reflected by the increased expression of several PPARα targeted genes as well 
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as the decrease of TAGs, pantothenic acid, and acetalcarnitine in the body, fatty acid β-

oxidation was induced be HSO treatment, which demand increase needs of NAD+.  

Second, the aldehyde species in HSO, once inside body, need to be metabolized to 

organic acids for detoxification. In this ALDH mediated process, NAD+ plays the 

important role as the cofactor in the body. Thus, the demand of NAD+ could also be 

contributed to this step. Third, directly in mitochondrial compartment and indirectly in 

other locations, NAD+ could also function as a free radical scavenger 269, 270. The demand 

of NAD+ could also be caused by the increase of oxidative stress which was reflected by 

the decreased GSH and ascorbic acid in the liver, and inductions of oxidative stress 

scavenger genes such as Nqo1 and HO1 (Figure 4.10). Finally, NAD+ has been shown to 

function as a substrate for poly (ADP-ribose) polymerases (PARPs) which could play 

multiple roles in DNA damage responses such as DNA repair 271, 272. Higher cellular 

NAD+ levels has been demonstrated to enhance the recovery of cell from DNA damage 

273. In view of secondary LOPs such as aldehydes were known to damage DNA101, 131, 136, 

154-161. the demand for DNA recovery may be one of the reasons for activation of 

tryptophan-NAD+ pathway. Thus, putting all above information together, NAD+ was 

identified to be the key connecting point for the changes of metabolic system which was 

caused by the HSO administration.  

Except the crucial NAD+, HSO treatment also caused changes in levels of other 

metabolites. Adenosine can be produced from different sources including the adenine 

nucleotides ATP, ADP, and AMP 274, 275. Previous study had shown that the transporting 

activity of adenine nucleotide translocator (ANT) which is the import in ADP/ATP 
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transportation in mitochondria, was inhibited by unsaturated aldehydes such as 4-HNE 

276. Since thermally oxidized oil have large varieties of unsaturated aldehydes including 

4-HNE, the increase of adenosine in the livers from HSO treated mice may be caused by 

the interruption of ANT activity. Previous study showed that the levels of pantothenic 

acid and acetylcarnitine were decreased in both human and mice urine with fenofibrate 

administration, probably due to the need of pantothenic acid and acetylcarnitine in fatty 

acid β-oxidation inside mitochondria277. In the present study, the decrease of pantothenic 

acid and acetylcarnitine in HSO treatment may also be caused by the activation of 

PPARα. In the body, the decrease of hippuric acid could be caused by the limit 

availability of CoA because benzoic acid need CoA to be converted to benzoyl CoA first 

and then changed into hippuric acid278.  In the mice fed with HSO, the induction of fatty 

acid β-oxidation via PPARα pathway increase the demand of CoA, which may be the 

reason for the decrease formation and excretion of hippuric acid. 

In conclusion, comprehensive metabolomic analysis of diverse biological samples in 

this study revealed novel HSO-induced metabolic effects. Changes in identified 

metabolite markers indicated that HSO treatment increased saturation level of lipids and 

induced tryptophan-kynurenine-NAD+ pathway in the body. All these observations 

warrant further investigations on the mechanism behind HSO intake induced biological 

effects. 
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Table 4.1. Ingredients and formulation of CSO and HSO diets 

 Diet 

Ingredients (gram) CSO HSO 

 Casein 200.00 200.00 

 L-Cystine 3.00 3.00 

 Sucrose 100.00 100.00 

 Cornstarch 397.50 397.50 

 Dyetrose 132.00 132.00 

 Cellulose 50.00 50.00 

 Mineral Mix 35.00 35.00 

 Vitamin Mix 10.00 10.00 

 Choline Bitartrate 2.50 2.50 

 CSO 70.00 0.00 

 HSO 0.00 70.00 

 Total 1000.00 1000.00 
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Table 4.2. The primer sequences of genes. 

 

 

 

 

 

  

Gene Forward primer (from 5' to 3') Reverse primer (from 5' to 3') 

Acot1 TTGCACATGCGGTGCACGAG AGGAAAGGGTCCAGGTTCTGG

G 

CD36 TGAATTAGTAGAACCGGGCCAC

GT 

AGCCCATTCTCCTCGTGCAGCA 

Nqo1 CTCTGGCCGATTCAGAGTGGCA GATCTGCATGCGGGCATCTGGT 

Pltp TATAAAGGCTGCTGGACCCGCG GGACCATGGCGACCAAGCTTA

GT 
Cpt1 ACACCACTGGCCGCATGTCAAG TGCCGTGCTCTGCAAACATCCA 

Cpt2 TGCCCAGGCTGCCTATCCCTAA GCAGCTCCTTCCCAATGCCGTT 

HO1 AGCATAGCCCGGAGCCTGAATC CAAATCCTGGGGCATGCTGTCG 

Tdo ATGAGTGGGTGCCCGTTTG GGCTCTGTTTACACCAGTTTGA

G 
Ido2 CGGGGCTTCATCCTAGTGAC TTCCCTGAACCAGGGCCTTA 

Kynu

U 

TAAGCCTACTCCAAAGCGGC AAGGTCTCTTCCCCCTCTCG 

Kmo AGGGAAGATATTCGCGTGGC AGGCCTGCCGTCCTCTATAA 

Haao CAGGAGGGCTCCTCTAAGGT GCTCCCACACATACGAGGTT 

Qprt GTGGAATGTAGCAGCCTGGA TGCAGCTCCTCAGGCTTAAA 

Actin TCCATCATGAAGTGTGACGTT TGTGTTGGCATAGAGGTCTTTA

CG 
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Table 4.3. Exposure markers of HSO treatment. 

RT Exact Mass of 

[M+H]+ 

Formula of detected 

ions 

Metabolite 

formula 

Potential structures (based on MSMS 

fragmentograms) 

3.50 258.1232† C14H16O2N3
+ C5H8O3 Hydroxy-pentenoic acid 

3.86 272.1377† C15H18O2N3
+ C6H10O3 Hydroxy-hexenoic acid 

5.49 286.1543† C16H20O2N3
+ C7H12O3 Hydroxy-heptenoic acid 

4.74 300.1700† C17H22O2N3
+ C8H14O3 Hydroxy-octenoic acid 

5.29 328.2015† C19H26O2N3
+ C10H18O3 Hydroxy-decenoic acid 

3.74 226.1440 C12H20NO3
+ C12H19NO3 Glycine conjugate of hydroxydecenoic acid 

3.94 226.1433 C12H20NO3
+ C12H19NO3 Glycine conjugate of hydroxydecenoic acid 

4.05 226.1428 C12H20NO3
+ C12H19NO3 Glycine conjugate of hydroxydecenoic acid 

†Information on each compound includes its retention time (RT), molecular formula, the formula of its HQ derivative, and the exact 

mass of protonated HQ derivative ([M+H]+). 
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Table 4.4. Effects on HSO treatment on urinary, serum, and hepatic metabolomes.*  

 Markers increased by HSO Markers decreased by HSO 

Urine Hydroxy-pentenoic acid, hydroxy-

hexenoic acid, hydroxy-heptenoic 

acid, hydroxy-octenoic acid, 

hydroxy-decenoic acid, glycine 

conjugates of hydroxydecenoic acid, 

kynurenic acid, nicotinamide, 

nicotinamide n-oxide, suberic acid, 

azelaic acid, phenylpyruvic acid 

 

Octenoylglycine, 2-sec-butyl-4,5-

dihydrothiazole,  

pantothenic acid, hippuric acid, 4-

hydroxyphenylacetic acid 

Serum PC(16:0/18:1), PC(18:1/18:0), PC 

(16:1/16:0), LysoPE(16:0) 

citrulline, histidine, phenylalanine 

 

Tryptophan, PC(16:1/20:4), 

PC(18:2/22:6), PC(18:0/22:6),  

PC(18:0/20:4), PC(16:1/18:2), 

LysoPC(22:6), LysoPC(18:2),  

acetylcarnitine 

Liver  Proline, citrulline, histidine, 

gluconic acid, PC(16:0/20:3), 

PC(16:0/20:4), PC(16:0/22:6), 

PC(16:0/18:1), PC(16:1/16:0), 

PC(18:1/20:4), 

adenosine, adenosine 

monophosphate (AMP)   

 

PC(18:0/18:2), PC(18:0/20:4), 

PC(18:0/22:6), PC(16:0/18:2), 

PE(18:0/22:6), PC(16:1/18:2), 

PE(18:2/18:1), LysoPC(18:0), 

PC(18:2/22:6), malic acid, 

glycerophosphocholine, GSH, 

ascorbic acid, hypoxanthine, xanthine, 

taurodeoxycholic acid 

 

*Enlisted metabolites are the ones that were significantly affected by HSO and also had 

their structures identified by either authentic standards or MSMS fragmentograms.  
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Figure 4.1. The effects of HSO treatment on growth performance. A. Average daily 

body weight gain B. Food intake. C. Ratio between body weight gain and food intake.  
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Figure 4.2. The effects of HSO treatment on general biochemical parameter and 

hepatosomatic index. A. Serum glucose. B. Serum triglyceride. C. Serum cholesterol. D. 

Serum ALT activity. E. Hepatosomatic index. F. Hepatic cholesterol and triglyceride. 
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Figure 4.3. The effects of HSO on urine, serum and hepatic metabolome. Green and 

red indicate CSO and HSO samples, respectively. A. The scores plot of a PLS-DA model 

on metabolites in the urine samples from CSO and HSO treatments. B. Identification of 

urinary metabolites contributing to the separation of CSO and HSO samples in a loadings 

plot of a PLS-DA model. C. The scores plot of a PLS-DA model on metabolites in the 

serum samples from CSO and HSO treatments. D. Identification of serum metabolites 

contributing to the separation of CSO and HSO samples in a loadings plot of a PLS-DA 

model. E. The scores plot of a PLS-DA model on metabolites in the liver samples from 

CSO and HSO treatments. F. Identification of hepatic metabolites contributing to the 

separation of CSO and HSO samples in a loadings plot of a PLS-DA model.   
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Figure 4.4. Exposure markers of HSO treatment. A. Chromatogram and structural 

elucidation of 226+. B. Relative abunance of 226+. C. Structural elucidation of HQ 

derivatized hydroxy-pentenoic acid. D. Relative abunance of hydroxy-pentenoic acid. E. 

Relative abunance of hydroxy-hexenoic acid. F. Relative abunance of hydroxy-octenoic 

acid. 
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Figure 4.5. HSO-induced changes of lipid markers in serum and liver. A. Relative 

abunance of PC(18:0/22:6) in serum. B. Relative abunance of PC(18:0/22:6) in liver. C. 

Relative abunance of PC(18:0/20:4) in serum. D. Relative abunance of PC(18:0/20:4) in 

liver. E. Relative abunance of PC(16:0/18:1) in serum. F. Relative abunance of 

PC(16:0/18:1) in liver. G. Relative abunance of PC(16:1/16:0) in serum. H. Relative 

abunance of PC(16:1/16:0) in liver. 
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Figure 4.6. HSO-induced changes of amino acids in serum. A. Amino acids in serum 

during 28 day treatment. The concentrations are the means of serum samples belonging to 

CSO and HSO treatment. B. Phenylalanine in serum sample. C. Citrulline in serum 

sample. D. Histidine in serum sample. E. Tryptophan in serum sample.  
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Figure 4.7. The effects of HSO on tryptophan metabolism. A. Kynurenic acid in urine. 

B. Nicotinamide in urine. C. Nicotinamide N-oxide in urine. D. Hepatic NAD+. E. Gene 

expression levels of metabolizing enzymes in tryptophan-NAD+ pathway. F. Summary 

on effects of HSO on tryptophan-NAD+ pathway.  
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Figure 4.8. Expression levels of PPARα target genes related to fatty acid oxidation. 
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Figure 4.9. In vitro analysis of ALDHs-mediated metabolism of HSO. A. NAD+ 

elimination by different substrate incubating with mouse liver homogenate. Negative 

control sample (H2O:DMSO=1:1), Positive control sample (acetaldehyde:DMSO=1:1), 

CSO sample (CSO:DMSO=1:1) and HSO sample (HSO:DMSO=1:1). B. The levels of 4-

HNE and 2,4-decadienal in HSO after incubating with mouse liver homogenate.  
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Figure 4.10. HSO treatment induced oxidative stress. A. Hepatic ascorbic acid and 

GSH. B. Expression levels of genes related to oxidative stress. 
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Figure 4.11. Summary of major HSO-induced metabolic changes. Green and red 

indicate decrease and increase, respectively.   
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