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The aim of this study was to analyze the non-volatile composition and antioxidant differences of lemon essential oils (LEOs) obtained by cold-pressing vs. hydrodistillation. Pathological observations showed that LEO effectively inhibited liver injury caused by oxidative stress, and CPLEO was more effective than HDLEO. CPLEO increased serum T-AOC, SOD, GSH, and GSH-Px levels while decreasing NO, COX-2, IL-6, IL-1β, IFN-γ, and TNF-α levels in mice with oxidative damage. The effects of CPLEO were stronger than those of HDLEO and similar to those of vitamin C. CPLEO upregulated mRNA and protein expressions of Cu/Zn-SOD, Mn-SOD, CAT, HO-1, Nrf2, and NQO1 while downregulating nNOS, iNOS, IL-1β, COX-2, TNF-α, and NF-κB mRNA expression and nNOS, eNOS, iNOS, and COX-2 protein expression in mice with oxidative damage. The results demonstrate that LEO has good antioxidant effects and that CPLEO has a better antioxidant effect than HDLEO as it retains more active non-volatile substances.
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INTRODUCTION

Lemon is an acidic fruit that is consumed by humans and is also one of the most medicinal fruits in the world. It is rich in vitamin C (Vc), calcium, phosphorus, iron, vitamin B1, vitamin B2, etc. Lemon prevents and eliminates skin pigmentation, improves vision and dark adaptability, reduces fatigue, and elicits other effects that are very beneficial to the human body (1). Lemon essential oil made from lemon peel retains and concentrates some of the aromatic and active substances in the peel and thus retains and enhances some of the biological activity of lemon peel (2). Studies have shown that lemon essential oil can improve circulatory system function; for example, it can promote blood circulation, reduce blood pressure and stop nosebleeds. It can also strengthen the immune system; improve digestive system function; decompose fat; treat dyspepsia and constipation; soothe headaches, including migraines; and help to treat arthritis and rheumatism by combining with acidic substances in the body (3–5). Furthermore, lemon essential oil helps to clear acne, cleanse oily skin and hair and remove dead skin cells (6). In addition, the fresh aroma of lemon essential oil can refresh the mind and spirit, relieve irritability and purify the air (7).

Plant essential oils have direct and indirect antioxidant effects. In their antioxidant responses, some active components of antioxidants can react with excessive free radicals, reduce free radicals and maintain oxidation balance in the body (8). Antioxidants such as catalase and metal-chelating agents can prevent the formation of free radicals during the initial phase. In the propagation stage, antioxidants can react with peroxy radicals faster than the cyanidation matrix to produce relatively stable substances and slow or block the chain reaction (9). In indirect antioxidation refers, the beneficial substances do not directly participate in the process of antioxidation but rather play their roles by protecting the oxidation matrix or improving physiological antioxidant defense (10). The antioxidant activity of plant essential oils depends mainly on the abundant phenolic components of the oils, and the action pathways of the oils include scavenging of free radicals, chelation with metal ions, inhibition of cell membrane lipid peroxidation and regulation of antioxidant enzymes (11).

Lemon essential oil has been demonstrated to contain a variety of chemical components with strong antioxidant effects. However, maximum retention of the active components in lemons requires the selection of appropriate extraction methods for the essential oil. The common methods include cold-pressing, hydrodistillation, solvent extraction, molecular distillation, microencapsulated aqueous two-phase extraction and supercritical fluid extraction. The simplest method is hydrodistillation, but cold-pressing is currently commonly used in industrial settings (12, 13). Studies have shown that the cold-pressing method can retain the effective components of the original plants, and this method is economical and practical. However, there is a lack of relevant research on the component differences caused by different extraction methods and on the different antioxidant effects of the resulting oils (14). Vitamin C is an acid hexose derivative, which is enol caproic acid lactone. Alcoholic hydroxyl is easy to be oxidized into carbonyl, so it has oxidation state. VC plays the role of electron transfer in the body through the tautomerism of oxidation state and reduction state. Vitamin C is usually used as an antioxidant, because it is easy to be oxidized. It can replace other substances to be oxidized first, so as to protect other substances from oxidation. It is a safe antioxidant (15). Therefore, vitamin C was selected as a positive control. In this study, the non-volatile components of lemon essential oil extracted by cold-pressing and hydrodistillation were compared. The antioxidant effects of the two kinds of lemon essential oil were assessed in mice, and the effects of the differences in essential oil components caused by the different extraction methods on the antioxidant mechanisms were clarified. The commonly used antioxidant Vc was selected as the positive control. Olive oil, which was used as the solvent for the lemon essential oil extracted by the two methods and which has certain antioxidant effects of its own, was used as the negative control.



MATERIALS AND METHODS


Samples, Standards, and Solvents

Fresh mature Eureka lemon fruits were harvested from a normally managed orchard of the National Citrus Germplasm Repository (106°43′ E, 29°83′ N; altitude 241 m), Chongqing, China. Cold-pressed lemon essential oil (CPLEO) was obtained by using a method described in our previous study (16). Hydrodistilled lemon essential oil (HDLEO) was obtained by using an improved Clevenger apparatus with a second condenser as described by Chen et al. (17). Briefly, 1,000 g of lemon flavedo tissue was distilled with 2 L of water until no more essential oil was obtained. The collected CPLEO and HDLEO were dried using anhydrous sodium sulfate and stored at −20°C. The essential oil samples were diluted in hexane at appropriate volume ratios and filtered through a 0.20 μm filter prior to HPLC analysis. For use in animal experiments, the essential oil samples were diluted in olive oil at a volume fraction of 10%.

Fifteen HPLC-grade standards of coumarins and furanocoumarins were used to identify and quantify the non-volatile constituents of the essential oils. Xanthotoxol, herniarin, oxypeucedanin hydrate, isomeranzin, auraptene, 5-geranyloxy-7-methoxy-coumarin, isopimpinellin, oxypeucedanin, imperatorin, phellopterin, 8-geranyloxy-psoralen, byakangelicol, heraclenin, and cnidicin were purchased from Yuanye Biotech (Shanghai, China). Bergaptol, citropten, and bergamottin were purchased from ChromaDex (Irvine, CA, USA). Bergapten was purchased from Toronto Research Chemicals (Toronto, ON, Canada). The internal standards (ISs), coumarin and psoralen, were procured from Yuanye Biotech (Shanghai, China). Stock solutions of ~1 mg/mL of the individual standards were prepared in 50% methanol/50% dimethyl formamide (v/v) and stored at 4°C. The purity of each reference standard was verified to be ≥98% with a QSight LX50 UHPLC and a QSight 210 MD triple quadrupole tandem mass spectrometer (PerkinElmer Inc., Waltham, MA, USA).

HPLC-grade acetonitrile, methanol and tetrahydrofuran (THF) were purchased from Honeywell (Morris Plains, NJ, USA). HPLC-grade phosphoric acid was purchased from Kelong Co. (Chengdu, Sichuan, China). Water was freshly purified using a Milli-Q Plus Advantage A10 system (Molsheim, France).



HPLC Analysis of Coumarins and Furanocoumarins in the Lemon Essential Oils

The analytical method was adapted with minor modifications from our previous study (17). Briefly, an Agilent Poroshell EC-C8 column (i.d. 4.6 × 150 mm, 2.7 μm) was used with an Agilent 1,260 Infinity chromatography system consisting of a quaternary pump, an autosampler, a thermostatic column compartment and a photodiode array detector (PDA). The solvents consisted of a 0.05% (v/v) phosphoric acid aqueous solution (A), methanol (B), acetonitrile (C) and a 50% (v/v) aqueous solution of THF (D), and the flow rate was 1 mL/min. The solvent program consisted of the following isocratic periods: 0–7 min, 33% B, 4% C and 0% D; 917 min, 32% B, 5% C and 6% D; 20–36 min, 0% B, 34% C and 26% D; 4,146 min, 0% B, 73% C and 0% D; 5,055 min, 0% B, 100% C and 0% D; and 5,580 min, initial conditions. Solvent A composed the unlisted percentage of the eluent, and a linear gradient was set to connect each of the neighboring isocratic periods. The column temperature was maintained at 30°C. The PDA was set to scan at a wavelength of 210–400 nm with a sampling frequency of 2.5 Hz. The monitoring wavelength was set to 330 nm. The full ultraviolet (UV) absorbance spectrum of each standard compound was determined, and the spectra were compiled in a homemade library. To identify the constituents, the full UV spectra and retention times of the sample peaks were compared with those of the standards. Quantitation was carried out using an internal standard method. Coumarin and psoralen were added as the ISs for coumarins and furanocoumarins, respectively, to each dilution of the standard calibration solution at a concentration of 100 mg/L, and the correction factor (CF) was determined. The same amounts of ISs were added to the essential oils, and the sample compounds were quantitated using the CFs.



Experimental Animal Model

Six-week-old male Kunming mice weighing ~30 ± 2 g were purchased from the experimental animal center of Chongqing Medical University of China. They were reared in a controlled room (temperature 25 ± 2°C, relative humidity 50 ± 5%, 12 h/12 h light/dark cycle). The mice were allowed access to standard food and drinking water ad libitum. The bedding was changed every 2 days for a week of adaptive rearing. After adaptation, the mice were randomly divided into 6 groups with 10 mice in each group. During the whole experiment, the daily food intake and body weights of the mice were recorded every day. In the first week, the mice in the normal group and D-galactose group were given 0.1 mL of normal saline by gavage; the mice in the Vc (positive control) group were treated with 0.1 mL of Vc (100 mg/kg) by gavage; the mice in the olive oil (negative control) group were treated with 0.1 mL of olive oil by gavage; the mice in the 10% CPLEO group were treated with 0.1 mL of 10% CPLEO (diluted with olive oil) by gavage; and the mice in the 10% HDLEO group were treated with 0.1 mL of 10% HDLEO (diluted with olive oil) by gavage. From the second week to the fourth week, equal volumes of D-galactose (120 mg/kg) were injected daily into the mice in all groups except the normal group (16). After the last administration, the mice were fasted for 24 h but allowed to drink freely. Blood was collected from the eyeball, and the liver was dissected for later use. These experimental schemes were approved by the ethics committee of Chongqing Collaborative Innovation Center for Functional Food, Chongqing Engineering Research Center of Functional Food. In addition, they complied with directive 2010/63/EU.



Histopathological Analysis of Liver Tissue

After dissection, the right lobe of the liver was fixed in 10% formalin, dehydrated with 95% (v/v) ethanol, cleared with xylene, embedded in paraffin, cooled, and sectioned. The sections were fixed on slides. The embedded liver tissues were stained with hematoxylin and eosin (H&E), and the morphological changes were observed under a light microscope (BX43, Olympus, Tokyo, Japan).



Detection of Animal Serum Indexes

Blood was centrifuged at 4,000 rpm for 10 min at 4°C, and then the serum was collected and stored at −80°C for future use. The serum total antioxidant capacity (T-AOC) and nitric oxide (NO) levels were determined by using an appropriate biochemical kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the procedures recommended by the manufacturer.



Enzyme-Linked Immunosorbent Assay (ELISA)

Blood was centrifuged at 4,000 rpm for 10 min at 4°C, and then the serum was collected and stored at −80°C for future use. The serum levels of superoxide dismutase (SOD), glutathione (GSH), GSH peroxidase (Px), cyclooxygenase-2 (COX-2), interleukin (IL)-6, IL-1β, interferon (IFN)-γ and tumor necrosis factor (TNF)-α were determined according to the corresponding kits' instructions (Shanghai Enzyme Linked Biotechnology Co., Ltd., Shanghai, China).



Quantitative Real-Time PCR (RT-qPCR) Assay

The expression of messenger RNA (mRNA) in mouse livers was determined by the SYBR Green method. The liver tissues of mice were crushed and then homogenized with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) to extract total RNA from liver tissue. The RNA concentration was determined by a micro-UV spectrophotometer (Nano 300, Ao Sheng, Hangzhou, Zhejiang, China). Then, 2 μL of cDNA template, 10 μL of SYBR Green PCR Master Mix (Thermo Fisher Scientific), 1 μL of upstream primer and 1 μL of downstream primer were mixed, and a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) was used. The PCR conditions were as follows: predenaturation at 95°C for 3 min and 40 cycles of denaturation at 95°C for 10 s, annealing at 57°C for 30 s, and extension at 72°C for 15 s. Using β-actin as a control, the relative transcription levels of mRNA were calculated by the 2−ΔΔCT method (18). Table 1 shows the primer sequence information for this study.


Table 1. Primer sequences for the RT-qPCR assay.
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Western Blot Analysis

A total of 100 mg of liver tissue sample was collected and homogenized with 1 mL of radioimmunoprecipitation assay (RIPA) buffer and 10 μL of phenylmethylsulfonyl fluoride (PMSF). The sample was then centrifuged at 4°C at 12,000 rpm for 4 min. The middle protein layer was collected, and the protein was quantified with a bicinchoninic acid (BCA) kit. Each sample was diluted to 40 μg/mL; then, the diluted protein was mixed with sample buffer, and the mixture was heated at 95°C for 10 min for denaturation. A prestained protein ladder and the samples were loaded into the sample wells of an SDS-polyacrylamide gel and subjected to vertical SDS-PAGE. The proteins were then transferred to a polyvinylidene fluoride (PVDF) membrane. Then, the PVDF membrane was sealed with 5% skim milk in Tris buffer containing Tween 20 (TBST) solution for 1 h. After sealing, the PVDF membrane was washed with TBST and incubated with primary antibodies against copper/zinc SOD (Cu/Zn-SOD), manganese SOD (Mn-SOD), catalase (CAT), GSH-Px, heme oxygenase-1 (HO-1), nuclear factor E2-related factor 2 (Nrf-2), COX-2, NO synthase (NOS) 1, NOS2, NOS3, and β-actin (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at 4°C overnight. After that, the PVDF membrane was washed with TBST and then incubated with the corresponding secondary antibodies at 25°C for 1 h. According to the instructions of a SuperSignal West Pico Plus Kit, a chromogenic solution was prepared and used to completely cover the PVDF membrane; the membrane was then put into an iBright FL1000 imaging system (Thermo Fisher Scientific) for observation (18). In addition, ImageJ software was used to analyze the images, and β-actin was used as an internal reference protein to calculate the relative expression of the target proteins.



Statistical Analysis

Three or more parallel experiments were carried out to determine the serum and tissue indexes for each mouse, and then the average value was taken. The data were analyzed with SPSS 22 (SPSS Inc., IL, USA). The experimental results are expressed as the mean ± standard deviation (SD). The differences in mean values among groups were evaluated by one-way ANOVA using Duncan's multiple range test (MRT). A difference of P < 0.05 was considered to indicate statistical significance.




RESULTS


Non-volatile Constituents of CPLEO and HDLEO

The results of separation and identification of the non-volatile components in both lemon essential oils are shown in Figure 1. The UV chromatogram of a 5% (v/v) CPLEO dilution is shown in the upper half, and that of pure HDLEO, inverted for better comparison, is shown in the lower half. Most of the major peaks in the oil samples were identified. Two unknown peaks at ~30 and 33 min in both samples were determined to not be coumarin or furanocoumarin via assessment of their UV spectra. All the 18 target compounds were found in CPLEO. Except for compounds 17 and 18, the other 16 compounds and the added ISs were separated at baseline. By carefully searching references (18), we found that xanthotoxol and isomeranzin were identified for the first time in the cold-pressed essential oil of Eureka lemon. Ten compounds were detected in HDLEO. They were coevaporated with the volatiles during distillation.


[image: Figure 1]
FIGURE 1. High-performance liquid chromatography (HPLC) chromatograms of cold-pressed and hydrodistilled lemon essential oils. The peak assignment corresponds to that in Table 1. IS1 (coumarin) and IS2 (psoralen) are internal standards.


The results of quantitation are shown in Table 2. Generally, the few coumarins and furanocoumarins found in HDLEO had very low concentrations, and their total content was in the tens of ppm range. The total amount of target components in CPLEO was more than 200 times higher than those in HDLEO. Among the CPLEO components, the most abundant compounds were 8-geranyloxypsoralen and bergamottin, followed by 5-geranyloxy-7-methoxycoumarin, citropten, oxypeucedanin and byakangelicol; the concentrations of these compounds were all higher than 1.0 g/L. Furanocoumarins accounted for ~2/3 of the total mass, while coumarins accounted for the remaining 1/3.


Table 2. Quantitation of 18 coumarins and furanocoumarins in cold-pressed and hydrodistilled lemon essential oils.
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Histopathological Evaluation of Liver Tissues

Figure 2 shows H&E-stained sections of mouse liver. Under normal conditions, the morphology and structure of hepatocytes in mouse liver sections were normal and complete, and the cells were linearly distributed around the central vein. There was no inflammatory cell infiltration, and the hepatic sinuses were not dilated or congested. However, in the D-galactose group, hepatocytes were disordered, irregular in shape, and lacked cell boundaries, and swelling and extensive signs of inflammatory infiltration were visible. Compared with those in the D-galactose group, the hepatocytes in the olive oil group did not exhibit significantly improved morphology. The hepatocytes in CPLEO-, HDLEO-, and Vc-treated mice were relatively intact, with orderly arrangement of hepatocytes, intact hepatic cords and reduced inflammatory cell infiltration. Moreover, the hepatocytes in the CPLEO group showed clear nuclear structures with only small amounts of cell infiltration, similar to those in the positive control (Vc) group and to the normal hepatocyte morphology, indicating that CPLEO prevented the damage to liver tissue caused by D-galactose oxidation more effectively than HDLEO.


[image: Figure 2]
FIGURE 2. Pathological observation of hematoxylin-eosin (H&E)-stained sections of liver tissue from mice with oxidative damage. The area indicated by the arrow is inflammatory infiltration. (A) 100 × ,(B) 600 × .




Levels of the Oxidative Indicators T-AOC, SOD, GSH, and GSH-Px in Mouse Serum

The levels of T-AOC, SOD, GSH, and GSH-Px in the serum of mice are shown in Figure 3. The levels of all indicators were highest in the normal group and lowest in the D-galactose group. In addition, the serum levels of T-AOC, SOD, GSH and GSH-Px in the Vc, CPLEO and HDLEO groups were significantly (P < 0.05) higher than those in the D-galactose and olive oil groups. Furthermore, the serum T-AOC, SOD and GSH levels in the CPLEO group were relatively similar to those in the normal group and were significantly higher than those in the Vc group (P < 0.05). These results suggest that CPLEO can protect against oxidative stress induced by D-galactose by regulating oxidative markers in serum.


[image: Figure 3]
FIGURE 3. Total antioxidant capacity (T-AOC), superoxide dismutase (SOD), glutathione (GSH) and glutathione peroxidase (GSH-Px) levels in the serum of mice with oxidative damage. a−dMean values with different letters in the same bar are significantly different (p < 0.05) according to Duncan's multiple range test.




Serum Levels of the Inflammatory Indicators NO, COX-2, IL-6, IL-1β, IFN-γ, and TNF-α in Mice

Figure 4 shows the expression results for the inflammatory indicators NO, COX-2, IL-6, IL-1β, IFN-γ, and TNF-α in mouse serum. The mice in the normal group had the lowest serum levels of all inflammatory indexes, while those in the D-galactose group had the highest levels. Compared with the D-galactose group, the Vc, olive oil, CPLEO, and HDLEO oil groups showed significant (P < 0.05) improvements in serum inflammatory indicators, and the serum levels of inflammatory indicators in the CPLEO and HDLEO groups were relatively similar to those in the normal group and were lower than those in the VC group. This result suggests that lemon essential oil may alleviate the aging effect caused by D-galactose by suppressing inflammatory responses.
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FIGURE 4. Nitric oxide (NO), cyclooxygenase-2 (COX-2), interleukin-6 (IL-6), interleukin-1 beta (IL-1β), interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) levels in the serum of mice with oxidative damage. a−eMean values with different letters in the same bar are significantly different (p < 0.05) according to Duncan's multiple range test.




mRNA Expression of the Oxidation-Related Genes in Mouse Liver Tissues

As shown in Figures 5, 6, the normal group, Vc group, and CPLEO group all showed high mRNA expression of Cu/Zn-SOD, Mn-SOD, CAT, HO-1, Nrf-2, and NQO1 in liver tissue and high protein expression of Cu/Zn-SOD, Mn-SOD, CAT, GSH-Px, HO-1, and Nrf-2. Among the groups, the normal group showed the highest expression of oxidation indicators, and the Vc, CPLEO, and HDLEO groups showed significantly (P < 0.05) higher expression than the D-galactose and olive oil groups. Moreover, the liver mRNA expression of Cu/Zn-SOD, Mn-SOD, HO-1, and NQO1 and the liver protein expression of Cu/Zn-SOD, Mn-SOD, CAT, HO-1, Nrf-2, and GSH-Px were significantly (P < 0.05) higher in the CPLEO group than in the HDLEO group. Cu/Zn-SOD, Mn-SOD, CAT, and GSH-Px protein expression and NQO1 mRNA expression were even significantly (P < 0.05) higher in the CPLEO group than in the Vc group. These data suggest that CPLEO can effectively regulate the expression of Cu/Zn-SOD, Mn-SOD, CAT, HO-1, Nrf-2, NQO1, and GSH-Px in organisms; reduce free radical damage caused by D-galactose and lipid peroxidation; and balance the oxidative stress response in the body.


[image: Figure 5]
FIGURE 5. Copper/zinc superoxide dismutase (Cu/Zn SOD), manganese superoxide dismutase (Mn SOD), catalase (CAT), heme oxygenase-1 (HO-1), nuclear factor E2-related factor 2 (Nrf2) and NAD(P)H quinone dehydrogenase 1 (NQO1) mRNA expression in the liver tissues of mice with oxidative damage. a−fMean values with different letters in the same bar are significantly different (p < 0.05) according to Duncan's multiple range test.
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FIGURE 6. Copper/zinc superoxide dismutase (Cu/Zn SOD), manganese superoxide dismutase (Mn SOD), catalase (CAT), heme oxygenase-1 (HO-1), nuclear factor E2-related factor 2 (Nrf2) and NAD(P)H quinone dehydrogenase 1 (NQO1) protein expression in the liver tissues of mice with oxidative damage. a−fMean values with different letters in the same bar are significantly different (p < 0.05) according to Duncan's multiple range test. β-actin is the internal reference expression. As the same experiment, the β-actin internal parameters of this Figure 6 and the β-actin internal parameters of Figure 8 is the same.




mRNA Expression of the Inflammation-Related Genes in Mouse Liver Tissues

As shown in Figures 7, 8, the mRNA expression levels of nNOS, iNOS, IL-1β, COX-2, NF-κB, and TNF-α and the protein expression levels of iNOS, eNOS, and COX-2 in mouse liver tissues were lowest in the normal group and highest in the D-galactose group. The liver IL-1β mRNA expression in the CPLEO group was closest to that in the normal group and was significantly (P < 0.05) lower than that in the Vc group. The liver mRNA expression of nNOS, iNOS, COX-2, NF-κB, and TNF-α in the Vc group was the closest to that in the normal group. In addition, the expression in the CPLEO group was only higher than that in the Vc group and was significantly (P < 0.05) lower than that in the HDLEO group. Similar results were obtained for the protein expression of iNOS and eNOS, which were only higher in the CPLEO group than in the Vc group and were significantly (P < 0.05) lower in the CPLEO group than in the HDLEO group. Moreover, the protein expression of nNOS in the CPLEO group was even lower than that in the normal group (P > 0.05), and the protein expression of COX-2 was only higher than that in the normal group. The above data suggest that CPLEO can effectively balance the inflammatory response to alleviate aging induced by D-galactose.


[image: Figure 7]
FIGURE 7. Neuronal nitric oxide synthase (nNOS), inducible nitric oxide synthase (iNOS), interleukin-1 beta (IL-1β), cyclooxygenase-2 (COX-2), tumor necrosis factor alpha (TNF-α), and nuclear factor kappa-B (NF-κB) mRNA expression in the liver tissues of mice with oxidative damage. a−eMean values with different letters in the same bar are significantly different (p < 0.05) according to Duncan's multiple range test.
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FIGURE 8. Neuronal nitric oxide synthase (nNOS), endothelial nitric oxide synthase (eNOS), inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) protein expression in the liver tissues of mice with oxidative damage. a−fMean values with different letters in the same bar are significantly different (p < 0.05) according to Duncan's multiple range test. β-actin is the internal reference expression. As the same experiment, the β-actin internal parameters of Figure 6 and the β-actin internal parameters of this figure is the same.





DISCUSSION

Free radicals are the intermediate products of normal metabolism. They have strong reactivity and can oxidize many substances in cells and damage biofilms (19). Oxidative stress, which is the result of increased production and/or decreased scavenging ability of free radicals, impairs the oxidative and antioxidant systems in organisms, leading to oxidative damage via accumulation of free radicals and this process is also an important aspect of aging (20). Plant essential oils have been confirmed to have good antioxidant effects, and phenolic components in plant essential oils are highly reactive with peroxyl radicals; specifically, they donate reactive hydrogen atoms or electrons to free radicals, turning free radicals into less active species and clearing them (21). These effects are attributable to the redox characteristics and chemical structures of phenolics in the essential oils (22). For example, the transition metals Fe, Cu, etc. are catalysts of many free radical-generating processes, and certain essential oil phenolics can combine with these transition metals to prevent metal-induced free radical generation (23). In addition, some active antioxidant substances in plant essential oils can bind to receptors on cells and increase the secretion of antioxidant enzymes through signal transduction, thus enhancing antioxidant defense capacity (24). Overall, the effects of plant essential oils on free radicals and damaged tissues result in inhibition or delay of aging.

SOD, T-AOC, GSH, and GSH-Px are key indicators of oxidation (25, 26). The levels of oxidative stress can be determined through analysis of human or animal serum. T-AOC can be used to estimate antioxidant levels in serum, and SOD and GSH-Px are important antioxidant enzymes; GSH is also an important antioxidant that can remove free radicals (26, 27). Both CPLEO and HDLEO significantly increased the levels of these antioxidant indexes in the serum of mice with oxidative damage, but CPLEO had the best effect; it was better even than Vc.

After the occurrence of oxidative stress, imbalance between oxidation and antioxidation leads to inflammatory infiltration of central granulocytes and to production of numerous proinflammatory factors, including IL-6, IL-1β, IFN-γ, TNF-α, and NF-κB. Therefore, the systemic levels of these factors can reflect the degree of oxidative imbalance (28). COX-2 is the key link that triggers the inflammatory response. After inflammation is aggravated by oxidative damage, the levels of COX-2 also increase significantly (29). Increases in NO levels can promote production of iNOS and increases in COX-2 (30). Therefore, the levels of COX-2 and NO can be reduced to control inflammation, thus reducing oxidative stress injury and exerting antioxidant effects. Both CPLEO and HDLEO had the ability to reduce inflammation, similar to Vc.

Reactive oxygen species (ROS) are produced in the process of aerobic metabolism. Under normal physiological conditions, due to the existence of various antioxidant enzymes (GSH-Px, SOD, etc.) and non-enzymatic antioxidant substances (GSH, Vc, vitamin E, etc.), the production and elimination of ROS are in a dynamic balance (31). The content of ROS and/or RNS increased after the imbalance of oxidative stress. At the same time, the body's antioxidant defense ability decreased. Therefore, oxidative stress may be the result of the imbalance of ROS/RNS, and the above antioxidants also have a certain inhibitory effect on the imbalance of ROS/RNS (32). Under conditions of oxidative stress, electrophilic substances induce Kelch-like ECH-associated protein-1 (Keap1) to change its conformation and release Nrf2. Nrf2 is activated through the PKC pathway, MAPK pathway, PI3K pathway and other regulatory signaling pathways, and transcription of antioxidant stress protein-encoding genes then begins to protect the body from oxidative damage (33). AP-1 is a redox-sensitive protein that can activate the transcription of many genes, including HO-1, and participate in the protective response to oxidative stress (34). One study on the upstream regulatory region of the HO-1 gene promoter identified multiple antioxidant response elements (AREs) in the region adjacent to AP-1 and NF-?β, and Nrf2 is the main nuclear transcription regulator that directly binds to AREs (35). Under normal conditions, Nrf2 binds to Keap1 in the cytoplasm and is in an inactive state. Under oxidative stress, ROS phosphorylate Nrf2 and dissociate Keap1 via the MAPK signaling pathway, resulting in reduced ubiquitination of Nrf2, which increases Nrf2 nuclear translocation and entry. Nrf2 then forms a heterodimer with the Maf protein and binds with AREs to start the transcription of the HO-1 gene (36).

By regulating the HO-1/Nrf2 pathway, the binding of Nrf2 to AREs also induces the expression of series of downstream antioxidant enzymes, such as SOD (Cu/Zn SOD and Mn SOD), CAT and NQO1. These cytoprotective proteins are called “ultimate antioxidants” and can protect the body from oxidative-toxic substances (37–40). Lemon essential oil enhanced the mRNA and protein expression of Cu/Zn SOD, Mn SOD, CAT, and NQO1, and the effect of CPLEO was better than that of HDLEO, which was close to that of Vc.

nNOS, eNOS, and iNOS are three isozymes of NOS. NOS uses L-arginine and molecular oxygen as substrates and the NADPH coenzyme as a cofactor and generates NO through a series of oxidation reactions. Excessive in vivo NO leads to cytotoxic oxidant production, which in turn leads to oxidative stress diseases (41). It has also been shown that under oxidative stress conditions, the expression of nNOS, eNOS and iNOS is elevated, as is the expression of HO-1, which is closely related to that of NOS (42). In this study, lemon essential oil was very effective in downregulating the expression of NOS. The mechanism might have involved regulation of the NO-1/Nrf2 pathway, and the excellent effect of CPLEO, as shown in Figures 7, 8, was likely due to the abundant non-volatile active components.

We found that the non-volatile components of CPLEO included mainly 18 coumarins and furanocoumarins, whereas there were only 10 compounds in HDLEO. Because of the non-volatile nature of these compounds, little of these active components could be distilled and collected in HDLEO. Citropten, byakangelicol, oxypeucedanin, 8-geranyloxy-psoralen, bergamottin, and 5-geranyloxy-7-methoxycoumarin were the most abundant components in CPLEO, and their total molar concentrations were ~44.6 mmol/L. Citropten was shown to inhibit in vitro superoxide and nitric oxide generation (43). Byakangelicol can inhibit the activity and induction of COX-2 in human pulmonary epithelial cells (44). Citropten and byakangelicol are likely to contribute to the better anti-inflammatory effect of CPLEO in this study. In addition, oxypeucedanin was shown to upregulate differentially expressed genes for regulatory proteins involved in the MAPK signaling pathway in mouse neuroblastoma cells (45). Our previous study of pomelo essential oil showed a good in vitro scavenging ability of RNS and ROS by pomelo coumarins and furanocoumarins; we proposed the epoxy moiety and allylic hydrogen atom close to an oxygen atom were responsible for the radical scavenging effects (46, 47). Among the most abundant compounds quantified in this study, byakangelicol and oxypeucedanin possess the side chain epoxy groups, and 8-geranyloxy-psoralen, bergamottin, and 5-geranyloxy-7-methoxycoumarin all possess the allylic hydrogen atoms. Therefore, they are promising candidates for further evaluation of their effects on oxidative stress.

The antioxidant activity of lemon essential oil has long been addressed to the volatile compounds, while there has been little research on non-volatile compounds. In this study, both CPLEO and HDLEO had strong antioxidant activity, but CPLEO was significantly more effective than HDLEO to modulate the expression of most selected oxidation and inflammation-related genes and proteins, indicating that non-volatile compounds, even at a comparatively low level (mmol/L), play important roles in antioxidation. In the future, we can further screen the specific non-volatile substances or remove certain furanocoumarin which elicits side effects, to improve the efficacy and safety of CPLEO. The mechanisms by which the active components in lemon essential oil regulate the NO-1/Nrf2 pathway also need to be further studied and confirmed.



CONCLUSIONS

In this study, CPLEO and HDLEO were compared. The cold-pressing process extracted more active non-volatile substances than hydrodistillation. Animal experiments demonstrated that the increased abundance of non-volatile substances in the CPLEO enhanced the antioxidative effectiveness of the oil. The use of cold-pressing as the extraction process for lemon essential oil thus has advantages with regard to retention of the active components of lemon peels and production of functional foods. Animal experiments showed that CPLEO effectively regulated the HO-1/Nrf2 pathway, which plays an important antioxidant role, and intervened in the oxidative damage in mice caused by D-galactose. The protective effect of CPLEO was better than that of HDLEO and similar to that of vitamin C. Lemon essential oil is an effective antioxidant and could be used as a functional food or functional food additive.
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Sequence

Forward: 5'-AACCAGTTGTGTTGTCAGGAC-3'
Reverse: 5'-CCACCATGTTTCTTAGAGTGAGG-3"
-AGACCTGCCTTACGACTATGG-3
Reverse: 5'-CTCGGTGGCGTTGAGATTGTT-3
Forward: 5'-TGGCACACTTTGACAGAGAGC-3'
Reverse: 5'-CCTTTGCCTTGGAGTATCTGG-3
Forward: 5'-GATAGAGCGCAACAAGCAGAA-3
Reverse: 5'-CAGTGAGGCCCATACCAGAAG-3
-TAGATGACCATGAGTCGCTTGC-3'
~-GCCAAACTTGCTCCATGTCC-3"
-AGGATGGGAGGTACTCGAATC-!
-TGCTAGAGATGACTCGGAAGG-3'
-TCCCAGTAACGGACCTCAG-3'
-TGCTCAACACAGGTTCTATCTC-3
~-GGAGTGACGGCAAACATGACT-
-TCGATGCACAACTGGGTGAAC-8'
-GAAATGCCACCTTTTGACAGTG-3'
-TGGATGCTCTCATCAGGACAG-3'
-TGCACTATGGTTACAAAAGCTGG-3'
-TCAGGAAGCTCCTTATTTCCCTT-3
Forward: 5'-GGGGCCTGCAAAGGTTATC-3
-TGCTGTTACGGTGCATACCC-3

: 5'-GAGGCCAAGCCCTGGTATG-3"
-CGGGCCGATTGATCTCAGC-3'
Forward: 5'-GCCGACAGGATGCAGAAGG-3
Reverse: 5'-TGGAAGGTGGACAGCGAGG-3

Forward:

Cu/Zn-SOD, copper/zinc superoxide dismutass; Mn-SOD, menganese superoxide
dismutase; GAT, catalase; HO-1, heme oxygenase-1; Nif2, nuclear factor E2-related
factor 2; NQO1, NAD(PJH quinone dehydrogenase 1; nNOS, neuronal nitric. oxide
synthase; iNOS, inducible nitric oxide synthase; IL-18, interleukin-1 beta; COX-2,
cyclooxygenase-2: NF-xB, nuclear factor kappa-B; TNF-a, tumor necrosis factor alpha.
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citropten

isopimpinelin

bergapten

heraclenin

isomeranzin

byakangelicol

oxypeucedanin

imperatorin

phellopterin

cnidicin

8-geranyloxy-psoralen

auraptene

bergamottin
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0.1-600
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