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Microwave radiation can lead to some biological effects, mainly involving the nervous and reproductive systems.
However, its lipid metabolic mechanism remains unclear. Here, we performed an untargeted metabolomics
approach to analyze lipid metabolic changes caused by microwave radiation using ultra-performance liquid

I{PLC'MS ) chromatography coupled with mass spectrometry (UPLC-MS). Then, multivariate analysis was used to reveal the
]élln 2}:; Elllcc;;j holiid different lipid metabolites and metabolic pathways. Compared with the sham group, biochemical parameters of
Glzcerofipidp P the microwave group had significant changes in triglyceride (TG) and high-density lipoprotein (HDL) levels.

Sixty-eight abnormal lipids were identified, which were mainly distributed in linoleic acid metabolism, gly-
cerophospholipid metabolism, glycerolipid metabolism and glycosylphosphatidylinositol (GPI)-anchor bio-
synthesis. Among them, phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE), lysopho-
sphatidylcholine (LPC) and linoleic acid showed mainly upregulated expression, while sphingomyelin (SM),
cholesterol esters (CE) and some free fatty acids (FFAs) showed downregulated expression. Phosphatidylcholine
(PC) and triacylglycerol (TG) were increased or decreased. Furthermore, we obtained significant links between
lipid metabolic changes and cognitive damage caused by microwave radiation. Together, our results suggested
that microwave radiation could cause changes in lipid metabolism and provided a novel insight into the role of
lipids in microwave radiation. Targeting lipid metabolism may provide a new therapeutic strategy for micro-
wave radiation injury.

1. Instruction symptoms as fatigue, headache, insomnia, dysesthesia, irritability, and

lack of concentration (Pall, 2016). Biological effects mainly focus on the

Microwave radiation is nonionizing electromagnetic radiation
(EMR) with a frequency range from 300 MHz to 300 GHz. Many elec-
tronic devices in daily use such as mobile phones, microwave ovens,
radios, portable computers and television equipment, expose people to
electromagnetic pollution and are associated with microwaves.
Therefore, the effect of microwave radiation on human health has at-
tracted increased attention (Redlarski et al., 2015).

Epidemiological investigation has indicated that microwave radia-
tion as a health risk factor may cause microwave syndrome with such

central nervous system (Kaplan et al., 2016) and male sperm quality
(Adams et al., 2014). Especially for the effects on the nervous system,
there have been many investigations on molecular mechanisms, such as
some signal pathways (Wang et al., 2014b; Zhao et al., 2014; Zuo et al.,
2014a,b) and autophagy (Hao et al., 2018). Oxidative stress, induced by
the excessive formation of reactive oxygen species (ROS), appears to be
involved in the effect of microwave exposure (Chauhan et al., 2017;
Yuksel et al., 2016) and as a potential therapeutic strategy for drug
assay (Hu et al., 2014; Lewicka et al., 2017; Meena et al., 2014). In
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addition, the contents of some biochemical parameters such as Ca®*,
CK and LDH, significantly increase due to microwave radiation (Zhang
et al., 2017).

Recently, our study found an increase in the content of serum TG
and a decrease in HDL in microwave-exposed rats. The results suggested
that abnormal lipid metabolism could be closely related to microwave
radiation. Wang et al. (2011) and Li et al. (2011) revealed that mi-
crowave exposure could cause the abnormality of tricarboxylic acid
cycle (TAC) pathway metabolites, amino acids and monoamines in-
volving mitochondrial function. However, there are still more questions
than answers to fully understand the mechanism and metabolic change,
especially the effects of lipids on microwave radiation injury.

Metabolomics has contributed to the understanding of different
diseases and has been remarkably applied in disease diagnosis, me-
chanism elucidation and drug discovery. Ultra-performance liquid
chromatography coupled with mass spectrometry (UPLC-MS) is a ro-
bust and reliable analytical approach with the high resolution of
chromatographic peaks, increased analytic speed and sensitivity for
complex mixtures. It is very suitable for the study of metabolomics and
widely used to characterize the endogenous metabolic compounds of
serum, plasma, urine and tissue (Zhao et al., 2012b, 2013a,b; Zhao and
Lin, 2014). Thus, the present study was performed and intended to use
an untargeted metabolomics approach to analyze whether microwave
radiation could cause lipid metabolic changes and characteristics. We
also investigated serum biochemistry data and cognitive behavior in
rats to validate the disturbance of lipid metabolism induced by micro-
wave radiation and explored the relationship between lipid metabolism
and the biological effects of microwave radiation, which provides novel
insight into the role of lipids in microwave radiation.

2. Materials and methods
2.1. Chemicals and reagents

HPLC-grade methanol, chloroform, isopropyl alcohol, acetonitrile
and formic acid were purchased from Thermo Fisher Scientific
(Pittsburgh, PA, USA). Ammonium acetate was obtained from Sigma-
Aldrich (St. Louis, MO, USA) with 99% purity.

2.2. Experimental groups and exposure

Fifty male Wistar rats (180 + 20 g) were obtained from the animal
breeding center of Beijing Vital River Laboratories Company (Beijing,
China) and were maintained at 22 + 2 °C with a 12h light-dark cycle.
Food and water were freely available. All the procedures in this study
were strictly performed according to the Guide for the Care and Use of
Laboratory Animals. Rats were divided randomly into two groups, as
follows: (1) Microwave radiation group (MW group, n = 25): animals
were exposed to a 2.9 GHz generation system, which consisted of a
pulse microwave generator (BZJ1500M-300W, Glory MV Electronics,
China) and a 45dB gain power amplifier (VE1079A, Beijing Vacuum
Electronics Research Institute, China), for 15min with an average
power density of 30 mW/cm? daily for up to 3 days. The peak and
average power densities were measured using a calibrated waveguide
antenna, a power meter (N1912A, Keysight, USA) and an N1921 power
sensor. The special absorption rate (SAR) was estimated by the software
package Empire V5.10 based on the finite-difference time-domain
(FDTD) method. The whole-body average SAR was 9.3 W/kg. Animals
in the model groups were subjected to microwave exposure in in-
dividual polypropylene cages. (2) Sham group (SH group, n = 25):
animals were handled and processed in parallel to the exposure groups
but without microwave radiation.

2.3. Morris water maze (MWM) behavioral test

There were 10 rats in each group for the MWM behavioral test to
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Fig. 1. MWM behavioral test in rats after microwave exposure 14 d. Data was
shown as mean + SD, * P < 0.05, compared with SH group.

evaluate learning and memory performance according to a previously
reported method (Zhao et al., 2012a) after exposure to microwave ra-
diation. Briefly, the test was performed in a circular pool with a dia-
meter of 120 cm and a height of 50 cm filled with water at 23 = 1°C.
The escape platform with a diameter of 12 cm was submerged 1 cm
below the surface of the water. Before microwave radiation, the rats
were guided to find the escape platform during 3 days of training
(continuous and 4 trials per day). After microwave radiation, the
trained rats were placed in the same start location and subjected to 4
trials with a maximum duration of 60 s for each trial. The behavior was
digitally recorded by an MWM video analysis system (Beijing Zhong-
shidichuang Science and Technology Development Co. Ltd., Beijing,
China), and the average escape latency (AEL) was used as the final
index.

2.4. Sample collection and lipid extraction

At 6h, 7 d and 14 d after microwave exposure, blood samples of rats
(n = 5) in each group drawn from the celiac vein were centrifuged at
room temperature for 10 min at 1000 rpm. After centrifugation, serum
samples were collected and immediately stored at — 80 °C until used for
biochemical analysis and lipid metabolic analysis.

The serum samples were thawed on ice at 4 °C for 30-60 min until
no ice remained in the tubes. In total, 100 pL of serum was extracted
with 600 pL of chloroform/methanol (3/1, v/v) by ultrasound for 1 h
and mixed with 100 pL of water thoroughly. Then, 300 pL of the sub-
natant was centrifuged, dried and dissolved in 400 uL of isopropyl al-
cohol/acetonitrile (1/1, v/v) by ultrasound. The mixtures were cen-
trifuged at 4 °C and 12,000 rpm for 10 min. After centrifugation, 100 pL
of supernatant was carefully transferred to one 200 pL vial insert for
analysis.

2.5. Biochemical analysis

Biochemical parameters including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase (LDH), crea-
tine kinase (CK), calcium (Ca2*), triglycerides (TG), total cholesterol
(TCHO), high-density lipoprotein (HDL) and low-density lipoprotein
(LDL), were measured using a direct method with a 7180 clinical
analyzer (Hitachi High-technologies Corporation, Japan).

2.6. The UPLC-MS method

Metabolomics was performed with ultra-high-performance liquid
chromatography (UPLC, Waters Corp., Milford, MA, USA) coupled with
a hybrid quadrupole-orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA, USA). Chromatographic separation was employed with an
HSST3 Cjg column (2.1 X 100 mm, 1.7 ym, Waters) at 50 °C. Mobile
phase A was acetonitrile/water (60/40, v/v) and mobile phase B was
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Fig. 2. Alterations of serum biochemical parameters in rats after microwave exposure 7d. Data was shown as mean = SD, * P < 0.05, ** P < 0.01, compared with SH
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Fig. 3. PCA score plots. Overview of PCA score plots obtained from samples of microwave radiation group and sham group (blue), and QC samples (green) in positive

ion mode (3A) and negative ion mode (3B).

isopropanol/acetonitrile (90/10, v/v); both A and B contained 0.1%
formic acid and 10 mmol/L ammonium acetate. The flow rate was
0.3 mL/min, and the injection volume was 1 pL. The initial elution was
started at 20% B for 1 min and immediately increased by a linear gra-
dient to 100% B within 10 min. Over the next 8 min, the gradient was
100% B. Finally, 100% B returned to 20% over the next 0.5 min and
equilibrated for 5 min for the next injection.

Both positive and negative ion modes were performed and operated.
The positive and negative HESI-II spray voltages were 3.7 kV and
3.5KkV, respectively. The heated capillary temperature was 320 °C; the
sheath gas pressure was 30 psi; the auxiliary gas setting was 10 psi; and
the heated vaporizer temperature was 300 °C. The sheath gas and the
auxiliary gas were both nitrogen. The collision gas was also nitrogen at
a pressure of 1.5 mTorr. The parameters of the full mass scan were as
follows: a resolution of 70,000, an auto gain control target under
1 x 10°, a maximum isolation time of 50 ms and a mass-to-charge (m/
z) range of 150-1500.

2.7. Data processing and statistical analysis

All of the MS data were processed using Progenesis QI software

(Nonlinear Dynamics, Newcastle, UK) for imputing raw data, peak
alignment, picking, and normalization to produce peak intensities for
retention time (tg) and mass-to-charge ratio (m/z) data pairs (Dong
et al., 2018). The range of automatic peak picking was between 0.7 and
19 min.

Multivariate analysis was performed using SIMCA14.1 software
(Umetrics AB, Umea, Sweden) (Wheelock and Wheelock, 2013). A
principal component analysis (PCA) was used as an unsupervised
method for data visualization and outlier identification. An orthogonal
partial least squares discriminant analysis (OPLS-DA) was further ap-
plied to identify the potential biomarkers. The biomarkers were filtered
and confirmed by combining the results of the variable importance in
the projection (VIP) values (VIP > 1) and t-test (p < 0.05). The R? and
Q? values can explain the quality of the fitting of the model.

The 760 peaks of positive ion mode and 1585 peaks of negative ion
mode were detected according to the UPLC-MS data. Based on the VIP
value of OPLS-DA (VIP > 1) and the p value of the t-test (p < 0.05), 68
different lipid metabolites were chosen and identified by their retention
time, MS data and the characteristic fragment of MS or the tandem mass
fragment of MS2. Furthermore, the databases, including a self-built
database of more than 600 metabolite standards and available
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Fig. 4. PCA and OPLS-DA score plots from microwave radiation group and sham group. (4A) PCA score plot in positive ion mode (R2X = 0.728, Q2 = 0.546). (4B)
PCA score plot in negative ion mode (R2X = 0.610, Q2 = 0.290). (4C) OPLS-DA score plot in positive ion mode (R2Y = 0.995, Q2 = 0.950). (4D) OPLS-DA score plot

in negative ion mode (R2Y = 0.929, Q2 = 0.776).

databases such as HMDB (http://www.hmdb.ca/) and LIPID MAPS
(http://www.Lipidmaps.org/tools/index.html), were used for verifica-
tion and identification. For example, in positive ion mode, the ions of
m/z 780.5524 (tz, 10.04min) and 992.7681 (tg, 16.73 min) were
speculated as C44H,sNOgP and C¢sHogOg, respectively, by analyzing the
elemental composition and the fractional isotope abundance. Then, the
two metabolites were identified as PC (20:4.16:1) and TG
(18:2_22:6_22:6) after comparing characteristic fragments of PC
(20:4_16:1) (303 and 253) in negative ion mode and tandem mass
fragments of MS? of TG (18:2.22:6_22:6) (647 and 695) in positive ion
mode with HMDB and LIPID MAPS databases.

Serum biochemistry data and AEL of the MWM were expressed as
the mean * the standard deviation (SD). Statistical significance was
analyzed by unpaired t-tests using GraphPad Prism version 5.0
(GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effect of microwave radiation on cognitive function

Compared to the MW group, the rats in the SH group spent less time
finding the submerged platform. However, rats in the MW group were
unable to retrieve the location of the submerged platform that was
learned during the training days, with longer AEL than the SH group
(p < 0.05) after 14 d of microwave exposure (Fig. 1). Therefore, the
data suggested that microwave radiation could cause cognitive injury.

3.2. Effect of microwave radiation on serum biochemistry

To illuminate the change in biochemical parameters, we tested the
contents of serum Ca®*, CK, LDH, AST, TCHO, TG, HDL and LDL at 6 h,

7 d, and 14 d after microwave radiation by an automatic blood chem-
istry analyzer, respectively. These data suggested that the serum bio-
chemistry changed mainly 7 d after microwave radiation compared
with the SH group. The biochemical parameters that increased were CK,
LDH and TG (p < 0.05), and the parameter that decreased was HDL
(p < 0.01), as shown in Fig. 2. Among them, our research found dif-
ferences in TG and HDL levels between the SH group and the MW group
for the first time, which further prompted us to study the feature of lipid
metabolism related to microwave radiation.

3.3. Serum lipid profiling analysis of the MW group and the SH group

To investigate and understand the lipid metabolic alterations in-
duced by microwave radiation, we first analyzed the differential lipids
between the MW group and the SH group. We detected features in
positive and negative ion modes eliminating the features in QC samples
with coefficients of variation (CVs) over 15%, respectively. A PCA with
QC samples was performed to assess the experiment quality. The PCA
showed that the pooled QC samples were clustered together in both ion
modes (positive and negative) (Fig. 3A and B), indicating that the
process of UPLC-MS analysis met the required qualifications and de-
served further research. Then, the PCA was performed on the data of
the SH group and the MW group to evaluate their separation, and the
PCA scores plot showed significant differences between the two groups.
These results were further confirmed by a supervised method, such as
OPLS-DA in which both groups were perfectly discriminated.

3.4. Identification of different lipid metabolites and pathways

To investigate the lipid metabolic variations, a PCA was used to
analyze all observations initially acquired. The SH group and the MW
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Table 1
Identification of differentially expressed lipid metabolites between sham group and microwave radiation group under ESI* and ESI™ scan.
No. Metabolites m/z VIP Value Fold change p Value Retention Time (min) Ton mode
1 PC(16:0_18:1) 804.5763 1.373 1.449 0.0012 10.66 ESI™
2 PC(18:1.16:0) 760.5838 1.202 1.522 0.0024 11.85 ESI*
3 PC(16:1_16:0) 732.5525 1.407 1.930 0.0172 10.68 ESIT
776.5452 1.753 1.922 0.0080 9.98 ESI™
4 PC(P-18:0_18:1) 816.6137 1.112 1.328 0.0096 11.39 ESI™
5 PC(P-18:0_20:4) 794.6051 1.098 1.426 0.0016 12.74 ESIT
838.5971 1.526 1.745 0.0083 11.04 ESI™
6 PC(P-18:0_20:5) 792.5886 1.073 1.403 0.0108 11.16 ESI*
836.5810 1.198 1.467 0.0176 10.25 ESI™
7 PC(18:2.15:0) 744.5534 1.196 1.545 0.0390 12.74 ESIT
8 PC(18:3.16:0) 800.5450 1.224 1.374 0.0384 9.71 ESI™
9 PC(20:4_16:1) 780.5524 1.276 1.668 0.0198 10.04 ESI*
10 PC(20:0_18:1) 816.6467 1.019 1.348 0.0009 14.69 ESIT
11 LysoPC(16:1) 494.3237 1.180 1.610 0.0115 2.49 ESI*
538.3150 1.553 1.656 0.0063 7.27 ESI™
12 LysoPC(18:2) 564.3305 1.367 1.433 0.0346 7.43 ESI™
13 LysoPC(18:3) 518.324 1.493 1.937 0.0004 2.30 ESIT
562.3151 1.369 1.541 0.0004 7.21 ESI™
14 LysoPC(20:2) 548.3708 1.336 1.652 0.0097 4.32 ESI*
15 LysoPC(20:3) 546.3552 1.199 1.486 0.0003 3.39 ESI*
590.3464 1.239 1.358 0.0341 7.62 ESI™
16 LysoPC(20:5) 542.3238 1.593 2.104 0.0005 2.15 ESI*
586.3152 1.822 2.118 0.0003 7.20 ESI™
17 LysoPC(22:5) 570.3551 1.107 1.524 0.0167 3.07 ESIT
18 PE(16:0_18:1) 716.524 1.552 1.768 0.0492 10.66 ESI™
19 PE(P-18:0_18:2) 726.5452 1.007 1.315 0.0116 11.37 ESI™
20 PE(18:1_18:0) 744.5545 1.408 1.482 0.0022 10.66 ESI™
21 PE(18:2_16:0) 714.5084 1.466 1.753 0.0346 10.19 ESI™
22 PE(20:4_16:0) 740.5216 1.029 1.439 0.0407 11.15 ESI*
23 PE(20:4_18:0) 766.5382 1.456 1.564 0.0225 9.89 ESI™
24 PE(22:6_16:0) 762.5083 2.224 2.954 0.0214 10.06 ESI™
25 LysoPE(0:0_16:0) 452.2782 1.680 1.728 0.0098 7.48 ESI™
26 LysoPE(0:0_18:0) 480.3094 1.177 1.354 0.0291 7.88 ESI™
27 LysoPE(0:0_18:1) 478.2939 1.464 1.699 0.0136 7.14 ESI™
28 LysoPE(0:0_20:2) 504.3096 1.470 1.531 0.0101 7.32 ESI™
29 LysoPE(16:0_0:0) 454.2925 1.244 1.580 0.0016 3.71 ESIT
452.2781 1.515 1.588 0.0067 7.60 ESI™
30 LysoPE(16:1_0:0) 450.2625 2.228 2.635 0.0064 7.28 ESI™
31 LysoPE(18:0_0:0) 480.3093 1.152 1.370 0.0116 7.98 ESI™
32 LysoPE(18:1_0:0) 478.2938 1.572 1.715 0.0077 7.27 ESI™
33 LysoPE(20:2_0:0) 504.3096 1.373 1.437 0.0380 7.43 ESI™
34 PI(16:0_18:1) 835.5352 1.011 1.243 0.0209 9.66 ESI™
35 PI(16:0_18:2) 833.5193 1.049 1.289 0.0168 9.34 ESI™
36 TG(14:0.16:0_16:1) 794.7221 2.760 7.917 0.0007 17.25 ESI*
37 TG(14:0_18:0_16:0) 824.7691 1.258 1.647 0.0136 17.77 ESI*
38 TG(14:0_18:1_16:0) 822.7533 2.077 3.424 0.0004 17.52 ESIT
39 TG(15:0_18:1_16:0) 836.7692 1.650 2.238 0.0018 17.66 ESIT
40 TG(15:0.18:1.18:2) 860.7689 1.409 1.786 0.0047 17.43 ESI*
41 TG(16:0_14:0_16:0) 796.7377 1.262 1.717 0.0129 17.51 ESI*
42 TG(16:0_15:0_18:0) 838.7848 1.408 1.871 0.0117 17.91 ESI*
43 TG(16:0_16:0_18:0) 852.8003 1.276 1.689 0.0245 18.04 ESI*
44 TG(16:0_16:1_14:1) 792.7062 2.131 3.808 0.0009 16.99 ESI*
45 TG(16:0_16:1_18:1) 848.769 1.666 2.163 0.0002 17.54 ESI*
46 TG(16:0_16:1_18:2) 846.7533 1.802 2.473 0.0005 17.29 ESI*
47 TG(16:0.18:0_18:1) 878.8159 1.509 2.036 0.0060 18.04 ESI*
48 TG(16:0_18:1_16:0) 850.7846 1.651 2.181 0.0007 17.78 ESI*
49 TG(16:0_18:2_16:0) 848.7694 2.513 5.996 0.0016 18.21 ESI*
50 TG(16:1.14:0_18:1) 820.7376 2.056 3.321 0.0004 17.28 ESI*
51 TG(16:1.14:0_18:2) 818.7218 1.995 3.122 0.0012 17.01 ESI*
52 TG(16:1.15:0_18:2) 832.7376 1.749 2.405 0.0023 17.17 ESI*
53 TG(18:1.16:0_18:1) 876.8001 1.528 1.907 0.0003 17.79 ESI*
54 TG(18:1_22:4_22:6) 998.8152 2.156 3.825 0.0053 17.27 ESI*
55 TG(18:2_20:5_22:5) 968.7684 1.209 1.568 0.0027 16.84 ESI*
56 TG(18:2_22:5_22:6) 994.7838 1.617 2.197 0.0077 16.83 ESIT
57 TG(18:2.22:6_22:6) 992.7681 1.680 2.239 0.0008 16.73 ESI*
58 TG(18:3.22:6_22:6) 990.7533 1.744 2.465 0.0044 16.53 ESI*
59 TG(22:4.18:2.22:6) 996.7998 1.769 2.502 0.0056 17.05 ESI*
60 SM(d18:1_24:1) 813.6830 1.052 1.372 0.0012 14.72 ESI*
61 CE(22:6) 714.6174 2.031 2.986 0.0121 17.81 ESIT
62 9,10-DHOME 313.2387 1.315 1.505 0.0113 6.52 ESI™
63 Ethyl 3-hydroxydodecanoate 243.1964 1.165 1.340 0.0277 6.79 ESI™
64 (R)-2-Hydroxyhexadecanoic acid 271.2280 1.100 1.302 0.0185 6.84 ESI™
65 5,8-Tetradecadienoic acid 223.1698 1.241 1.441 0.0002 7.06 ESI™
66 Linoleic acid 279.2327 1.060 1.273 0.0206 7.33 ESI™

(continued on next page)
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Table 1 (continued)
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No. Metabolites m/z VIP Value Fold change p Value Retention Time (min) Ion mode
67 Homophytanic acid 325.3113 1.139 1.496 0.0168 9.30 ESI™
68 Nervonic acid 365.3423 1.019 1.522 0.0375 9.82 ESI™
BC(P-18:0 2 T 1 1 C
chp-*lsio PE(20:4_18:0) 2
SM(d18:1 ! LysoPE(0:0_18:1)
PC(20:0_78: 1 L LysoPC(16:1
— LysoPC{20- LysoPE(18:1_0:0) 1
— TG(18:1_22:4_22:6) T LysoPC(18:3)
T T T TG(22:47 2:6 o - ~ —|LysoPC(20:5)
TG(18:272 2:5 LysoPC(20:3) o
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Fig. 5. Heatmap of the differential expressed lipid metabolites. (5A) positive ion mode, and (5B) negative ion mode. The color is proportional to the intensity of
change in metabolites; red indicates up-regulation and blue indicates down-regulation.

group exhibited an improved separation, as shown in Fig. 4A (positive,
R*X = 0.728, Q?=0.0546) and Fig. 4B (negative, R®X = 0.610,
Q? = 0.290). Next, OPLS-DA was applied to compare the lipid changes
in the two groups. The model showed excellent predictive power by
monitoring the model of the goodness of fit (R%Y) and predictive ability
(Q?) values, as shown in Fig. 4C (positive, R%Y = 0.995, Q% = 0.950)
and Fig. 4D (negative, R?Y = 0.929, Q? = 0.776). Based on the VIP
value of OPLS-DA and the p value of the t-test, the criteria of VIP > 1
and p < 0.05 were set to discover significantly different features (33 in
positive ion mode, 27 in negative ion mode and 8 in both modes). Fi-
nally, 68 endogenous lipids in the serum were identified by comparing
their MS data with a self-built database of more than 600 metabolite
standards and available databases such as HMDB (http://www.hmdb.
ca/) and LIPID MAPS (http://www.Lipidmaps.org/tools/index.html),
which were differentially expressed between the MW group and SH
group (Table 1). The identified lipids belong to different lipid classes,
mainly including the phosphatidylcholine (PC), lysophosphatidylcho-
line (LPQ), phosphatidylethanolamine (PE), lysopho-
sphatidylethanolamine (LPE), triacylglycerol (TG) and free fatty acid
(FFA) classes.

The heatmaps exhibited the differential expression of each lipid
(Fig. 5A and B). According to our results, the levels of PEs, LPEs, LPCs,
PIs and linoleic acid were mainly upregulated, while sphingomyelin
(SM), cholesterol esters (CE) and the other FFAs were downregulated.
PCs and TGs increased or decreased. These alterations in endogenous
lipids were well matched with the changes in serum TG and HDL in
microwave-exposed rats.

Furthermore, a metabolic pathway map was constructed based on
the MataboAnalyst program (http://www.MataboAnalyst.ca/). The
important lipid metabolic pathways were involved in linoleic acid
metabolism, glycerophospholipid metabolism, glycerolipid metabolism
and glycosylphosphatidylinositol (GPI)-anchor biosynthesis (Fig. 6A).
The above-identified differential lipid metabolites were finally con-
nected to different pathways, and the lipid metabolic networks were
structured as shown in Fig. 6B.

4. Discussion

The brain is one of the most sensitive targets for microwave radia-
tion and, meanwhile, raises many concerns. Accumulating evidence has
demonstrated that microwave radiation results in memory impairment,
including the damage of hippocampal structures, the decrease in neu-
rotransmitters and the decrease in the number of synaptic vesicles in
rats (Hao et al., 2015). However, the changes in behavior and cognition
are essential to assess the effects of microwave radiation on the brain. In
this study, we found the microwave radiation produced marked al-
terations in the function of the brain by MWM tests, which not only
established an available model of microwave radiation but also pro-
vided a crucial clue concerning cognitive damage and abnormal me-
tabolism of lipids caused by microwave radiation.

Interestingly, the results of the present study first revealed a close
relationship between microwave radiation and lipid metabolism, in-
cluding the identification of differentially expressed lipids and analysis
of lipid metabolic pathways. Lipids, as a significant class of molecules,
have played an increasingly recognized role in the maintenance of
neuronal function in the brain. Brain lipids determine the localization
and function of proteins in the cell membrane of neurons (Schneider
et al., 2017). Lipids may also act as barriers and neurotransmitters or
other signaling media to regulate the membrane’s function and synaptic
throughput (Miiller et al., 2015). Thus, the changes in the lipid meta-
bolic pathway may be one of the mechanisms of cognitive damage by
microwave radiation, which has not been focused on before.

In the lipid metabolic networks, PCs were the essential lipid classe
possessing more connections with PEs, LPEs, LPCs, TGs and FFAs
through the four abovementioned main metabolic pathways. PC com-
prises 40-50% of total cellular phospholipids, both the critical com-
ponents of the cellular lipid bilayer and the nuclear receptor of per-
oxisome proliferator-activated receptors (PPARs), which can govern the
lipid metabolism, primarily regulating lipid, lipoprotein and whole-
body energy metabolism (Xu et al., 2017). Therefore, people pay it
more attention compared with health and diseases (van der Veen et al.,
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Fig. 6. Analysis of lipid metabolic pathways induced by microwave radiation. (6A) Summary of pathways with Metaboanalyst. (6B) Important network of lipid

metabolic pathways caused by microwave exposure.

2017), such as cystic fibrosis (Grothe et al., 2015), atherosclerosis
(Dang et al., 2016), autoimmune hepatitis (Zhou et al., 2016) and
cancer (Bao et al., 2016). Moreover, PCs are involved in nervous system
protection. The occurrence of choline in the structure of the PC helps to
increase the choline levels in the nervous system, and its anti-in-
flammatory action could be PC’s primary mechanism (Tayebati, 2018).
Our present study proposed that the concentrations of 6 PCs with two
usual chains of FAs exhibited an increase in the MW group, while 3

ether PCs consisting of one chain of plasmalogen 18:0 at the C-1 posi-
tion were decreased significantly. Plasmalogens are particular glycerol
ether phospholipids enriched in the nervous system. In the animal
models of the nervous system, ether phospholipids are deficient, which
highlights their potential roles in neurological diseases involved in
Alzheimer’s disease. Moreover, the drugs to restore ether phospholipids
create additional interest in treatment strategy (Dorninger et al., 2017).
Thus, the decline in three ether PCs in the MW group may be linked to
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lipid metabolism disorders and, especially, to memory impairment in-
duced by microwave radiation.

In this study, linoleic acid metabolism showed the highest pathway
impact, and a higher linoleic acid concentration was obtained in the
MW group. Linoleic acid metabolism follows pathways regulated by
LOX and CYP enzymes, of which the CYP pathway leads to 9,10-
epoxyoctadecamonoenoic acid (9,10-EpOME), which is subsequently
converted to 9,10-dihydroxyoctadecamonoenoic acid (9,10-DHOME)
(Saccenti et al., 2015). Our results suggested that the level of 9,10-
DHOME was decreased, and the level of linoleic acid increased, which
exhibited the CYP pathway was significantly impeded in the MW group.
Due to it being a precursor of arachidonic acid, a majority of studies
indicated that linoleic acid and its derivatives were able to demonstrate
a direct/indirect correlation with inflammation and metabolic diseases
(Choque et al., 2014). Clouard et al. (2015) reported that low intake of
linoleic acid contributed to increased exploration and decreased an-
xiety-related behavior in pigs. Additionally, evidence has shown that
linoleic acid is strongly associated with Alzheimer’s disease and mild
cognitive impairment (Brayne et al., 2017; Wang et al., 2014a). Except
for linoleic acid, we found five other FFAs’ levels declined markedly in
the MW group, which might be related to the hampering of the lipase
pathway. Among these decreased FFAs, nervonic acid is an essential
molecule for the growth and maintenance of the brain and peripheral
nervous tissue. Furthermore, nervonic acid in the plasma has been
certified as a potential biomarker for major depressive disorder
(Kageyama et al., 2018). Although the levels of linoleic acid and ner-
vonic acid in previous reports conflicted with our results, which might
be due to differences in diseases, type of samples or time of detection,
the disturbances of linoleic acid and nervonic acid in nervous system
diseases were revealed and attracted interest.

TGs are also significant components and play an essential role in
energy metabolism. Our results found that many TGs exhibited altera-
tions due to microwave radiation involving glycerolipid metabolism.
Importantly, 6 TGs with FA side chains exceeding 18 carbons showed
downregulation, while 18 TGs consisting of FA side chains below 16
carbons exhibited upregulation. Furthermore, this metabolic pathway
was closely related to linoleic acid metabolism and glycerophospholipid
metabolism, further affecting the changes in PCs, TGs and FFAs. As a
novel cellular signaling entity, glycerolipid-metabolizing enzymes pre-
sent attractive targets for new therapies (Scott et al., 2014). However,
there is a relative limitation of the effects of glycerolipid metabolism on
diseases.

5. Conclusion

We expectedly demonstrated that microwave radiation could lead to
disturbances in lipid metabolism. Therefore, we analyzed lipid meta-
bolic changes between the SH group and the MW group for the first
time. Based on untargeted metabolomics investigation, 68 disturbed
lipids were identified mainly as PC, LPC, PE, LPE, TG and FFA, which
were mainly involved in linoleic acid metabolism, glycerophospholipid
metabolism, glycerolipid metabolism and glycosylphosphatidylinositol
(GPI)-anchor biosynthesis. Our research on monitoring the changes in
lipid metabolism could shed light on the metabolic mechanism of mi-
crowave radiation injury and provide a new strategy for the prevention
of microwave radiation. Our results suggested that many different lipid
metabolites, including PC and FFAs, were strongly linked to nervous
system impairment, which was one of the most concerning biological
effects caused by microwave radiation. Some researches has also sup-
ported that endogenous lipids are essential regulators of neural cell
proliferation, differentiation, oxidative stress, inflammation and apop-
tosis (Farooqui, 2009). Therefore, our future studies will focus on the
correlation between cognitive damage caused by microwave radiation
and abnormal lipid metabolism, which will help to provide a new
therapeutic strategy for microwave radiation injury. Moreover, the
present study provided crucial information for future research.
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