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Abstract: Cardiolipins (CLs) are involved in ATP production, mitochondria biogenesis, apoptosis
and mitophagy. Their tissue distribution can provide insight into the function of mitochondria and
related diseases. However, the reports on tissue distribution of CLs remain limited. In this research,
CLs were identified from heart, liver, kidney, spleen, lung, skeletal muscle, and brain using ultra-
high-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry
(UHPLC-QTOF-MS/MS). Then, the distribution and sex difference of CLs in seven tissues were
compared by a targeted lipidomic approach. A total of 88 CLs were identified, of which 58, 51, 57,
58, 50, 61 and 52 CLs were found in heart, liver, kidney, spleen, lung, skeletal muscle, and brain,
respectively. Compared with the distribution of CLs in heart, liver, kidney, and skeletal muscle, the
CLs in spleen, lung, and brain showed significant differences. Moreover, the results indicated that
there were sex differences of CLs in liver and kidney. A total of 16 CLs in liver tissue and 21 CLs in
kidney tissue, with significant sex differences, were screened. Our findings in the targeted lipidomic
analysis demonstrated that tissue distribution of CLs was essential in the dynamic states and sex
differences of CLs, which might provide evidence for the mitochondrial-related mechanism under
physiological and pathological conditions.

Keywords: cardiolipin; LC-MS/MS; tissue distribution; sex difference; targeted lipidomics;
multivariate statistical analysis

1. Introduction

Cardiolipins (CLs) are anionic phospholipids, which mainly exist in the mitochondria.
They play an important role in mitochondrial energy metabolism. Especially in the inner
membrane of mitochondria, CLs can act as a functional “glue” that provides efficient
transfer of electrons and protons through components connected to the mitochondrial
respiratory chain [1]. In addition, CLs play leading roles in eliciting mitochondria-mediated
cell apoptosis and mitochondria-specific autophagy. CLs have also been reported to be
involved in mitochondrial protein importation, maintaining membrane fluidity and the
activity of cytochrome C [2]. They often migrate to the outer membrane of the mitochondria
when the mitochondrial membrane is damaged [3].

The role of CLs in a variety of pathological processes has accumulated in a wealth of
knowledge [4,5]. Peroxidation, loss of CL content, and impaired acyl chain remodeling are
related to certain disease states, including diabetic cardiomyopathy [6], Barth Syndrome
(BTHS) [7], heart failure [8] and neurological diseases [9]. In addition, accumulating
evidence has suggested that the altered CLs can be biomarkers or predictors to reflect
the state of diseases. Previous studies showed that the total content of CL decreased and

Molecules 2022, 27, 6988. https://doi.org/10.3390/molecules27206988 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27206988
https://doi.org/10.3390/molecules27206988
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-7757-0229
https://orcid.org/0000-0001-5603-8663
https://orcid.org/0000-0001-7760-2382
https://doi.org/10.3390/molecules27206988
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27206988?type=check_update&version=1


Molecules 2022, 27, 6988 2 of 13

the predominant fatty acyl species of L4-CL (18:2) changed, to longer polyunsaturated
fatty acids, in the type II diabetic mouse [7,10]. In BTHS, tetralinoleyl-CL concentrations
were reported to show a specific decrease, while monolysocardiolipin (MLCL) increased,
indicating that the ratio of MLCL/CL can be used as a biomarker of BTHS [11]. Grudis
et al. found that the expression of MLCL acyltransferase and tafazzin reduced by 66 and
43%, respectively, in failing idiopathic dilated cardiomyopathic (IDC) tissue, compared to
non-failing control, which suggests that changes in CL remodeling and biosynthesis could
play a key role in heart failure progression [12]. There is evidence that loss of CL content
effects mitochondrial synaptic dysfunction and oxidative stress in Alzheimer’s disease
(AD) [13]. Furthermore, it was reported that the spatial distribution of CL in oncocytic
thyroid tissues overlapped with the accumulation of mitochondria-rich oncocytic tumor
cells [14]. Since disorders of the CL metabolism are closely related to many pathological
consequences, the comprehensive investigation of CL in different tissues would contribute
towards discovering its potential role.

Liquid chromatography tandem mass spectrometry (LC-MS) is a key technique for
analysis of CL, due to its reduced ion-suppression effects, separation and detection of
isomers and isobars, and the possibility of separating compounds based on their physic-
ochemical properties [15,16]. In a previous study, the shotgun strategy was also used
to directly analyze CL by intra-source separation without chromatographic separation.
However, complete isolation and quantification of low-abundance compounds that present
in the entire CL class cannot be achieved [17]. Analysis of CL has been mainly focused on
two analytical strategies: untargeted and targeted lipidomics [18]. The strategy of the non-
targeted analysis uses computational sorting or multivariate pattern-recognition analysis to
classify all the detectable metabolites. Thus, the method does not require prior knowledge
of the analytes. The targeted strategy is applied to analyze lipids with known fragmentation
patterns. CL, as a class of essential phospholipids, has a general structural relationship and
similar core structure. Thus, the molecular formula and major characteristic fragments of
each CL can be predicted. Ultra-high performance liquid chromatography coupled with
quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS/MS) combines the sensi-
tivity and selectivity of QQQ instruments with TOF technology, providing high resolution
and mass accuracy. Therefore, UHPLC-QTOF-MS/MS is a suitable analytical technique
with which to analysis CL based on the targeted lipidomic. In this method, multivariate
statistical techniques were performed on the high-dimensional data sets acquired by UPLC-
QTOF-MS/MS. The information of data could be quickly read through the mathematical
models. The strategy has been proven to be an efficient tool for comprehensive analysis of
CL in a large number of tissue samples [19].

In the present study, CL was identified and characterized in the heart, liver, kidney,
spleen, lung, brain and skeletal muscle of rats, by UHPLC-QTOF-MS/MS. The distribution
of CL in these 7 tissues was compared based on the targeted lipidomic strategy. Through the
multivariate statistical method, sex differences of CL in the tissues were further investigated.
The final screened CLs with significant sex differences may contribute towards exploring its
potential role in metabolic diseases and explaining the mechanism linked to sex differences.

2. Results
2.1. MS/MS Fragmentation Patterns of CLs

CLs usually consist of two phospholipid groups, three glycerol groups and four fatty
acyl chains. As depicted in Figure 1a, they had similar MS behavior, resulting in a series
of regular and predictable product ions. The major characteristic fragments of CLs were
[PA-H]−, fatty acyl and [M-R]− in negative mode. Two standards of CL (18:1)4 and CL
(14:0)4 were characterized and detected primarily as [M-H]− ions prior to the analysis of
the CL molecular species in rats. As shown in Figure 1b, the most sensitive diagnostic
product ions of CL (18:1)4 were the product ions at m/z 669.4943, 1173.7679 and 281.2461.
Similar to CL (18:1)4, the fragmentation patterns of CL (14:0)4 is depicted in Figure 1c. The
most sensitive diagnostic product ions of CL (14:0)4 were at m/z 591.4043, 1011.6308 and
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227.2006. In this research, the product ion [PA-H]−, fatty acyl and [M-R]− were used as
diagnostic ions for targeted identification and screening of CLs among seven tissues.
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Figure 1. The chemical structure and characteristic product ions of CLs. (a) The chemical structures
of CLs, consisting of two phospholipid groups, three glycerol groups and four fatty acyl chains.
[PA-H]−, [PA-H-R]− and [M-R]− are the major characteristic fragments. (b) The chemical structures
and characteristic product ions of CL (18:1)4. (c) The chemical structures and characteristic product
ions of CL (14:0)4.

2.2. Identification of CLs in Tissues

In the data mining step, 262 CLs were summarized from cells, animals and plants,
according to former references [20–24]. Based on the fragmentation patterns of CLs with
similar product ions, the possible product ions had been derived, as shown above. The
molecular ion peaks of target CLs were manually matched by the charge-mass ratio. Then,
whether the chromatographic behavior of product ions and precursor ions were present and
consistent was checked. Unreasonable ions were excluded during the process of matching.
The charge–mass ratio and retention time of the identified compounds were determined.

The combination of four fatty acid groups led to an extremely complicated CL species.
Therefore, isotopic peaks of some CLs were easily confused with many other CLs of low
abundance. False-positive identities must be excluded from the MS data. In the present
research, the isotopic abundance ratio of CL could be calculated and thus be used to
exclude the relative isotopic molecular ion peaks. For instance, one peak at the retention
time 9.72 min, was detected in the EIC at m/z 1449.9779. A corresponding signal of m/z
1451.9902 was identified as the isotopic peak by the evidence of its same retention time
and the peak intensity ratio to m/z 1449.9779 (see Supplementary Materials; Figure S1). For
excluding isotopic false-positive identities, all CLs identified in this research were checked
one by one, using the above method.
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Furthermore, some false-positive peaks with molecular ions at [M-H]− but without
[M-2H+Na]− were also discovered, due to the in-source fragmentation and background
noise [25]. These identified CLs were further checked with molecular ions at [M-2H]2−. The
peaks at [M−2H]2− provided evidence to support the identification at the same retention
time. Thus, the peaks were proven to be a false positive.

Finally, the targeted profiles of CLs were established by integration of the 88 CLs in
seven tissues (58 in heart, 51 in liver, 57 in kidney, 58 in spleen, 50 in lung, 61 in skeletal
muscle and 52 in brain). The LC-MS/MS information for identified CLs in all tissue samples
is shown in Table S1. The representative profile of CLs in the liver sample is depicted in
Figure 2.
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Figure 2. Integration of individual peak in extracted ion chromatograms (EICs) of the 58 CLs in
liver tissue by UPLC-QTOF-MS/MS. (a) CLs with peak intensity >1.93 × 105 and <1.2 × 107 cps.
(b) CLs with peak intensity >1.54 × 104 and <2 × 105 cps. (c) CLs with peak intensity >1.46 × 103

and <8.3 × 103 cps. Peak numbers of compounds are consistent with those in Table S1.

2.3. CL Distribution in Seven Tissues Based on Targeted Lipidomic Analysis

The distribution of CLs in 7 tissues, from 14 rats (7 MM and 7 FF), was compared
by targeted lipidomic analysis. In the PCA model, there was a separation between brain
and other tissues, which indicated a difference in the content of CLs (see Figure S2). R2X
and Q2 were 0.865 and 0.639, respectively. R2X is used to measure how well the model
fits the data. A large R2X (close to 1) is a necessary condition for a good model, but it is
not sufficient. Q2 indicates how well the model predicts new data. A large Q2 (Q2 > 0.5)
indicates good predictivity. To better study how the other groups were separated, PCA
was performed after excluding the brain samples. The results indicated that the spleen and
lung group separated well (see Figure S3). The supervised OPLS-DA was used to further
explore the differences in seven tissues. In OPLS-DA analysis, the trend of CL separation in
seven tissues was similar to PCA, as shown in Figure 3a. The CLs in heart, liver, kidney,
and skeletal muscle converged. Thus, the results indicated that the distribution of CLs in
brain, spleen and lung differed from the CLs in heart, liver, kidney and skeletal muscle.
The R2Y and Q2 of OPLS-DA models were 0.854 and 0.796, respectively, which suggested
that the models had good abilities for prediction and reliability. Furthermore, the Q2 of
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the 999-time permutation tests was −0.264 (see Figure 3b), indicating that the OPLS-DA
models were not overfitting.

To improve the visualization, CL profiles of 7 tissues were displayed in a heatmap. As
illustrated in Figure 3c (data were shown in Table S2), distribution of the 64 compounds
in the 7 tissues were analyzed. The color intensity, from blue (−4) to red (3), reflected
the relative content of each CL. It was obvious that there were differences, in the CLs,
between the brain and the other six tissues. In heart, liver, kidney and skeletal muscle, the
distribution of relative CL content was similar. Further, more detailed differentiations of
CLs in the seven tissues were analyzed. The CLs, based on the number of C atoms, were
divided into seven groups: C66 group, C68 group, C70 group, C72 group, C74 group, C76
group, and C78 group. As shown in Table 1, each group of CLs was different in the seven
tissues. The relative contents of total CLs were the highest in heart, followed by skeletal
muscle, kidney, liver, spleen, lung and brain. However, the relative contents of the C78
group were the highest in brain tissue and the relative contents of the C68, C74, and C76
groups were the highest in kidney tissue. In addition, there were no CLs of the C66 group
in brain tissue.

1 

 

 
Figure 3. (a) OPLS-DA scores scatter plot of heart, liver, spleen, lung, kidney, brain, and skeletal
muscle. (b) The 999 permutation tests for the OPLS-DA models based on seven tissues. (c) Changed
multiple of the relative contents of 64 CLs, detected in seven tissues. Quantitation of CLs was
performed by dividing the peak area of each CL by the peak area of CL (14:0)4. The value of each
compound was the log10 transformation of the relative content. The CLs not detected in the seven
tissues were marked with x.
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Table 1. The relative content of C66 group, C68 group, C70 group, C72 group, C74 group, C76 group
and C78 group in seven tissues.

CLs Heart Liver Spleen Lung Kidney Brain Skeletal
Muscle

C66 0.04 ± 0.03 0.29 ± 0.44 0.05 ± 0.06 0.32 ± 0.39 0.32 ± 0.36 0.00 ± 0.00 0.15 ± 0.18
C68 2.14 ± 1.57 5.57 ± 7.36 1.28 ± 1.52 3.09 ± 2.96 7.36 ± 7.46 0.17 ± 0.18 5.11 ± 5.95
C70 20.70 ± 12.41 40.39 ± 41.43 16.35 ± 19.25 12.28 ± 11.83 38.98 ± 26.03 1.05 ± 1.10 33.01 ± 33.26
C72 649.90 ± 275.46 264.69 ± 186.12 101.10 ± 106.54 44.70 ± 41.02 375.99 ± 191.13 5.20 ± 6.05 437.38 ± 334.38
C74 102.71 ± 51.97 68.57 ± 40.61 35.86 ± 33.52 13.51 ± 9.92 115.12 ± 55.49 15.76 ± 17.60 70.20 ± 71.39
C76 20.27 ± 12.86 12.64 ± 10.86 6.27 ± 7.35 3.41 ± 3.52 21.51 ± 17.40 8.58 ± 9.49 17.17 ± 21.70
C78 1.60 ± 1.46 1.11 ± 0.66 0.43 ± 0.48 0.30 ± 0.29 1.51 ± 1.14 3.56 ± 3.91 1.10 ± 0.95
All 797.31 ± 342.09 392.96 ± 275.07 161.30 ± 167.24 77.27 ± 68.91 560.47 ± 288.37 34.32 ± 37.03 563.96 ± 464.11

The results were presented as the means ± SD.

2.4. Sex Differences of CLs in Tissues

PCA and OPLS-DA were further used for examining the differences of CLs between
the male and female groups, in seven tissues. Table 2 shows the R2 and Q2 values of
seven tissues. The Q2 value of OPLS-DA indicates that the models of heart, lung, brain
and skeletal muscle displayed poor reliability. Moreover, the 999-time permutation tests
showed that the spleen models were overfitting. To verify the above results, a Wilcoxon–
Mann–Whitney test was conducted, to compare the relative contents of the CLs in the
7 tissues. There were 2, 4, 1 and 8 CLs with sex differences in heart, spleen, lung and
skeletal muscle, respectively, while there were 16 and 21 CLs with sex differences in liver
and kidney, respectively. Moreover, the results of PCA-X models suggested that CLs of
the male and female groups were separated well, both in liver and kidney (see Figure S3),
which indicated sex differences in the levels of CLs. Then, the OPLS-DA was used to further
explore the sex differences. As Figure 4 shows, in OPLS-DA models, the R2Y and Q2 values
in liver were 0.871 and 0.717, respectively, and the kidney values were 0.946 and 0.579,
respectively, which also indicated that the two models had good abilities for prediction
and reliability. Meanwhile, 999-permutation tests were conducted to test the validity and
predictability of two OPLS-DA models. R2 and Q2 represent goodness of fit of the model.
The criteria for validity are that the Q2-points intersect the vertical axis (on the left) at, or
below zero. The results showed that Q2 were both negative and the two OPLS-DA models
were not overfitting (see Figure 4c,d).

Table 2. The PCA-X mode, OPLS-DA mode, and 999-permutation were used for multivariate
exploration of clusters and trends among two groups of male and female in seven tissues.

Tissues
PCA-X OPLS-DA 999-Permutation

Wilcoxon Test Differential/All
R2X Q2 R2Y Q2 R2 Q2

Heart 0.677 0.347 0.735 0.032 0.484 −0.321 2/55
Liver 0.917 0.767 0.871 0.717 0.845 −0.707 16/53

Spleen 0.594 0.259 0.999 0.897 0.928 −1.780 4/52
Lung 0.503 0.101 0.699 −0.072 0.703 −0.292 1/49

Kidney 0.720 0.279 0.946 0.579 0.844 −0.760 21/56
Brain 0.709 −0.210 0.529 −0.371 0.460 −0.360 0/42

Skeletal muscle 0.755 0.386 0.680 0.045 0.384 −0.371 8/57

Differential/all: differential is CL which has a significant difference, by Wilcoxon–Mann–Whitney test, in every
tissue. All is all CL quantified in every tissue.
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Figure 4. The results of OPLS-DA models and 999 permutation tests based on male and female
in liver and kidney tissues. (a) The score plots from OPLS-DA model of liver. (b) The score plots
from OPLS-DA model of kidney. (c) The validation plots from 999-permutation test of liver. (d) The
validation plots from 999-permutation test of kidney.

According to the OPLS-DA analysis (VIP > 1.0) and nonparametric test (p value < 0.05),
there were 16 CLs and 21 CLs with significant sex differences, in liver and kidney, respec-
tively. The CLs with significant sex differences in liver and kidney were illustrated as the
error line diagram of fold changes (see Figure 5a). The fold change of a CL was the mean
relative level of a CL in the male and female groups. It was obvious that in both liver
and kidney tissues, all CLs with significant sex differences in female rats were lower than
those in male rats. Meanwhile, the contents of all CLs in liver and kidney were compared
between male and female rats, as shown in Table 3. The results also suggested that the
contents in all 7 CL groups, in female rats (groups C66, C68, C70, C72, C74, C76 and C78),
were lower than that in male rats.
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were presented as the mean ± SD (n = 7). * p < 0.05, ** p < 0.01, *** p < 0.001 for male vs. female. The
values of each CL were the log10 logarithm transformation of their relative peak area. The numbers
of compounds are consistent with those in Table 1. (b) The distributions of significant differential
CLs and total CLs in tissues, stratified by the C number in liver and kidney tissues. The CLs based on
the number of C atoms were divided into seven groups. The diameter is equal to the number of CLs.

Table 3. Relative contents of CLs in different sex of liver and kidney.

CLs
Liver p Kidney p

Male Female Male Female

C66 0.50 ± 0.55 0.09 ± 0.09 0.011 0.53 ± 0.42 0.12 ± 0.07 0.013
C68 6.08 ± 4.90 0.68 ± 0.78 0.004 9.88 ± 7.22 2.64 ± 1.42 0.013
C70 62.04 ± 42.70 13.37 ± 12.73 0.011 12.17 ± 9.40 3.81 ± 2.23 0.018
C72 7.66 ± 4.63 1.82 ± 2.08 0.011 / / /
C74 / / / 0.21 ± 0.12 0.09 ± 0.04 0.018
C76 2.70 ± 2.27 0.48 ± 0.48 0.011 29.01 ± 20.10 10.67 ± 3.78 0.048
C78 0.05 ± 0.05 0.02 ± 0.01 0.011 1.14 ± 0.80 0.39 ± 0.12 0.048

The results were presented as the means ± SD. Wilcoxon–Mann–Whitney test was used to compare the sex
difference between male and female.
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The distribution of CLs with sex difference were further investigated in each group,
classified by the number of C atoms. Figure 5b shows the distributions of CLs, with
sex difference, in liver and kidney. In liver, among the 16 CLs displaying significant
sex differences, the proportions of CLs with C68 and C70 were higher, at 45% and 54%,
respectively. In kidney, groups C68, C70 and C76 showed a higher proportion of CLs with
sex differences, which were 45%, 42% and 63%, respectively.

3. Discussion

In this study, the distribution and sex differences of CLs in seven tissues were analyzed
using targeted lipidomic analysis by UHPLC-QTOF-MS/MS. As a result, the CL profiles
of seven tissues in rats were established, by integration of 88 CLs (58 in heart, 51 in liver,
57 in kidney, 58 in spleen, 50 in lung, 61 in skeletal muscle, and 52 in brain). There were
differences in the distribution of CLs in the seven tissues. Moreover, comparing the relative
contents of CLs in liver and kidney tissues between males and females, suggested significant
sex differences. Further results showed that sex differences in liver tissue occurred in CLs
with C68 and C70, and those in kidney tissue occurred in CLs with C68, C70 and C76.

Our findings indicated that the content of most CLs was higher in skeletal muscle,
heart, kidney and liver, while the content of CL was lower, and different, in lung, spleen,
and brain. The CLs’ metabolic profile in seven tissues reflected the different metabolic
roles. The results were consistent with the previous studies, which had pointed out that CL
levels were strongly related to the oxidative metabolism [26,27]. In tissues with periodic
oxidative activity, the content of CL was similar, such as skeletal muscle, heart, kidney and
liver. The low level of most CLs in brain could be determined by the fact that the energy
requirement per mass unit in the brain is almost half that of the heart or kidney [28]. At the
same time, previous reports demonstrated that the concentration of linoleic acid (18:2n−6)
were higher in the heart than in the liver, lung, spleen, skeletal muscle and kidney [29],
which also agreed with our results that the content of C72 (containing linoleic acid) was
higher in the heart than in other tissues. Moreover, CL species were different in the same
tissue. In the lung tissue, compounds 45 and 48 were present in some samples and not in
others. The reason may be that rats have individual differences [30].

In addition, the results indicated that CLs in liver and kidney had sex differences
and CL contents in females were lower than those in males. Reproduction has introduced
the flexibility necessary to tailor metabolism according to reproductive status in females’
liver, consequently diverging from that in males [31]. Thus, energy metabolism has gender
specificity in liver [31]. Sex differences in kidney were evident in testosterone receptors
and estrogen receptors [32]. There is sufficient evidence that CLs are a class of functional
phospholipids in the inner membrane of mitochondria [33]. Thus, the difference in CLs is
significantly associated with the sex dimorphism of mitochondria in liver and kidney [34,35].
Mitochondria belonging exclusively to maternal transmission exerted differential effects in
males and females [36]. It is also reported that, compared to males, females have shown
lower mitochondrial content [36]. However, female mitochondria have indicated more
specific activity and less oxidative damage, in contrast to males [37]. In addition, sex
differences compared against the effects of sex hormones on CL synthesis or remodeling
have been well established, and the results suggest that enzymes are more abundantly
transcribed in males than females [38]. Although there is evidence for potential mechanisms
underlying the sex differences in CL, future functional studies are needed to confirm the
observed associations.

The screened CLs in the study might be representative components for sex differ-
ences in liver and kidney. As reported, the prevalence of non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) vary, due to different responses in
male and female, which are often accompanied by mitochondrial dysfunction [39]. CLs
have been found to be able to affect mitochondrial biogenesis, morphology, fusion and
fission, respiration, and protein import [40]. Therefore, the CLs with sex differences might
also be a potential mechanism to NAFLD or NASH. Moreover, chronic kidney diseases
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(CKD) such as kidney failure and diabetic kidney disease (DKD) are reported to be as-
sociated with mitochondrial dysfunction [41,42]. In addition, lipid metabolism is often
altered in patients with CKD, leading to the progression of kidney damage [43]. Espe-
cially in DKD, the cardinal sign of disrupted mitochondrial architecture and bioenergetics
is abnormal cardiolipin [44,45]. Regulating cardiolipin remodeling and reducing cardi-
olipin peroxidation could reverted DKD progression [46,47]. Therefore, studies aimed at
the content and function of targeting CLs might be beneficial for the treatment of some
mitochondrial-related diseases.

4. Materials and Methods
4.1. Chemicals and Materials

Acetonitrile was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Ammo-
nium formate (AF) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). 2-propanol, chloroform, and methanol were purchased from Sigma Chemical Co.,
Ltd. (St. Louis, MO, USA). The Milli-Q water system was used to produce deionized water
in this study (Millipore, Bedford, MA, USA). The reference standards of CL (18:1)4 and CL
(14:0)4 were obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA).

4.2. Sample Preparation

Appropriate amounts of CL (18:1)4 and CL (14:0)4 were separately dissolved in
acetonitrile/2-propanol (1:1, v/v) to prepare 200 µg/mL stock solution. The working
solution was diluted with acetonitrile/2-propanol (1:1, v/v) to obtain the concentration of
10 µg/mL. Seven female and seven male SD rats (200–220 g) were obtained from Hubei
Province Center for Disease Control and Prevention (Wuhan, China), with certification
SCXK 2021-0011. All rats were acclimatized for one week. Then, each rat was dissected
quickly after anesthetization with pentobarbital injection. Tissues, including heart, liver,
kidney, spleen, lung, skeletal muscle, and brain were removed and immersed in ice-cold
saline. All tissues were stripped of blood and fat. The Animal Ethics Committee of Hubei
University of Chinese Medicine had approved all animal procedures. The method of Bligh
and Dyer was used to extract lipids [17,48]. A 50 mg sample from each tissue and 200 µL CL
(14:0)4 of 500 ng/mL (internal standard) were added to the tissue grinder and mixed with
1 mL chloroform and 1 mL methanol to grind to a homogenate, then transferred to a test
tube. Further, 1 mL chloroform, 1 mL methanol, and 1.8 mL 0.9% NaCl were then added
to each test tube. After centrifugation at 4000 rpm, the chloroform layer of the sample
was removed and stored. Then, 2 mL of chloroform was added to the MeOH/H2O layer,
again. The sample was then centrifuged, as above. The chloroform layer was combined
and dried under a nitrogen dryer. Finally, each lipid extract was reconstituted in 200 µL of
acetonitrile/2-propanol (1:1, v/v).

4.3. LC/MS Conditions

The ACQUITY UPLC M−Class system was used for UHPLC-MS/MS analysis. A
Waters ACQUITY UPLC BEH C18 column (100 × 2.1 mm, 1.7 µm) was used for separation.
The injection volume was 5.0 µL and the flow rate was 0.3 mL·min−1. The solvent condi-
tions were optimized. As a result, the mobile phase A and the mobile phase B were 5 mM
ammonium formate water and 5 mM ammonium formate in methanol/2-propanol (1:1,
v/v), respectively. The binary gradient used for the 20-min chromatogram was set: 90% B
for 0.1 min, 90% B to 95% B for 6 min, 95% B to 98% B for 9 min, hold 98% B for 3 min,
98% B to 90% B for 0.1 min and maintain at 90% B for 1.9 min.

The Waters Xevo G2-XS QTof mass spectrometer was operated in the electrospray
ionization (ESI) mode (Waters, Milford, MA, USA). The negative ion electrospray was
selected for data acquisition. The optimized operating parameters were set: cone gas
flow, 50 L·h−1; capillary voltage, 2.5 kV; source temperature, 100 ◦C; cone voltage, 40 V;
desolvation temperature, 500 ◦C; desolvation gas flow, 500 L·h−1. The mass ranges were
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set at m/z 50–1800 for full scan, with scan duration of 1 s. The MSE continuum mode was
used to collect data.

4.4. Data Processing

Acquirement and analysis of LC-MS/MS data were achieved by using the LC-QTOF-
MS/MS and MassLynx 4.1 software (Waters, Milford, MA, USA), respectively. Quantitation
of CLs was performed by dividing the peak area of each CL by the peak area of CL (14:0)4.
GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA) and SIMCA-P (v13.0,
Umetrics, Umeå, Sweden) were used to conduct statistical analyses. The results were
presented as the means ± SD.

During multivariate statistical analysis, the data was converted logarithmically (log10
transformation) and the missing value was set as −9. The whole data was analyzed with
UV scaling. Tissues were set as groups: heart, liver, kidney, spleen, lung, skeletal muscle,
and brain, to evaluate the differentiation of tissue distribution. First, principal component
analysis (PCA) and orthogonal partial least squares discrimination analyses (OPLS-DA)
were used to explore the clusters and trends of CLs among seven tissues. Then, PCA and
OPLS-DA were also used to explore the clusters and trends of CLs among the male and
female in each tissue, to further assess the differentiation of CLs caused by sex difference.
Therefore, permutation tests (999 cycles) were performed to evaluate model overfitting. For
assessing the goodness-of-fit and predictive ability of OPLS-DA model, the R2Y and Q2

(cross-validation parameters) were calculated. The parameter of variable importance in the
projection (VIP) showed the significance of a variable in a model. In OPLS-DA model, a
VIP value greater than 1.0 was one of the criteria for screening differential CLs between
female and male tissue samples, while the other criterion was that the contents of CLs
showed significant differences (p value < 0.05).

5. Conclusions

In conclusion, the CL profile was established using UHPLC-QTOF-MS/MS combined
with targeted lipidomic, and a total of 88 CLs were characterized in seven tissues. The
established metabolite profile can facilitate the qualitative and relative quantitative analysis
of CLs in tissues. The sex-specific CLs in liver and kidney can be used as an indicator for
explaining the differences between males and females. The present study has shown that
the targeted lipidomic analysis is an effective tool for differentiating tissue distribution and
sex-specific differences in tissues. Further studies will focus on the mechanisms involved
in CL function and sex differences.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
molecules27206988/s1, Figure S1. The extract ion chromatograms at m/z 1449.9779 (No. 37) and its
isotopic peak at m/z 1451.9902 in LC-QTOF-MS/MS analysis. Figure S2. PCA scores scatter plot of
heart, liver, spleen, lung, kidney, brain, and skeletal muscle (R2 = 0.865, Q2 = 0.639). Figure S3. PCA
scores scatter plot of heart, liver, spleen, lung, kidney and skeletal muscle (R2Y = 0.583, Q2 = 0.468).
Figure S4. PCA scores scatter plot of liver and kidney based on males and females. Table S1. The
detailed information of CLs obtained from seven tissues using UHPLC-QTOF-MS/MS. Table S2. The
relative content distribution of CLs in heart, liver, spleen, lung, kidney, brain and skeletal muscle by
LC-QTOF-MS/MS.

Author Contributions: Y.L.: Data curation, Writing—Original Draft, Methodogy. X.L.: Methodogy,
Data curation, Writing—Original Draft. Q.S.: Investigation. Q.L.: Investigation. M.D.: Investigation,
Visualization. R.H.: Methodology, Formal analysis. C.S.: Supervision, Project administration. L.Z.:
Investigation. S.J.: Supervision, Writing Review & Editing. All authors have read and agreed to the
published version of the manuscript.

Funding: Funds for this research provided by the projects of Hubei University of Chinese Medicine
(No. 2022ZZXQ008 and No. 2022ZZXT003).

Institutional Review Board Statement: All animal procedures were approved by the Animal Ethics
Committee of Hubei University of Chinese Medicine (No. 202107002).

https://www.mdpi.com/article/10.3390/molecules27206988/s1
https://www.mdpi.com/article/10.3390/molecules27206988/s1


Molecules 2022, 27, 6988 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: All data used during the study are available from the corresponding
author by request.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of seven tissues are available from the authors.

References
1. Shilovsky, G.A.; Putyatina, T.S.; Ashapkin, V.V.; Yamskova, O.V.; Lyubetsky, V.A.; Sorokina, E.V.; Shram, S.I.; Markov, A.V.;

Vyssokikh, M.Y. Biological Diversity and Remodeling of Cardiolipin in Oxidative Stress and Age-Related Pathologies. Biochemistry
2019, 84, 1469–1483. [CrossRef]

2. Paradies, G.; Paradies, V.; Ruggiero, F.M.; Petrosillo, G. Role of Cardiolipin in Mitochondrial Function and Dynamics in Health
and Disease: Molecular and Pharmacological Aspects. Cells 2019, 8, 728. [CrossRef]

3. Kagan, V.E.; Jiang, J.; Huang, Z.; Tyurina, Y.Y. NDPK-D (NM23-H4)-mediated externalization of cardiolipin enables elimination of
depolarized mitochondria by mitophagy. Cell. Death. Differ. 2016, 23, 1140–1151. [CrossRef] [PubMed]

4. Maguire, J.J.; Tyurina, Y.Y.; Mohammadyani, D.A.; Kapralov, A.; Anthonymuthu, T.S.; Qu, F.; Amoscato, A.; Sparvero, L.J.;
Tyurin, V.; Planas-Iglesias, J.; et al. Known unknowns of cardiolipin signaling: The best is yet to come. BBA Mol. Cell. Biol. Lipids.
2017, 1862, 8–24. [CrossRef]

5. Chicco, A.J.; Sparagna, G.C. Role of cardiolipin alterations in mitochondrial dysfunction and disease. Am. J. Physiol. Cell Physiol.
2007, 292, C33–C44. [CrossRef] [PubMed]

6. Cole, L.K.; Mejia, E.M.; Vandel, M.; Sparagna, G.C.; Claypool, S.M.; Dyck-Chan, L.; Klein, J.; Hatch, G.M. Impaired Cardiolipin
Biosynthesis Prevents Hepatic Steatosis and Diet-Induced Obesity. Diabetes 2016, 65, 3289–3300. [CrossRef]

7. Shen, Z.; Ye, C.; McCain, K.; Greenberg, M.L. The Role of Cardiolipin in Cardiovascular Health. Biomed. Res. Int. 2015,
2015, 891707. [CrossRef]

8. Wasmus, C.; Dudek, J. Metabolic Alterations Caused by Defective Cardiolipin Remodeling in Inherited Cardiomyopathies. Life
2020, 10, 277. [CrossRef] [PubMed]

9. Shi, Y. Emerging roles of cardiolipin remodeling in mitochondrial dysfunction associated with diabetes, obesity, and cardiovascular
diseases. J. Biomed. Res. 2010, 24, 6–15. [CrossRef]

10. Han, X.; Kelley, J.G.; Gross, R.W. Diabetes-induced changes in specific lipid molecular species in rat myocardium. Biochem. J.
2000, 352, 79–89. [CrossRef]

11. Sabbah, H.N. Barth syndrome cardiomyopathy: Targeting the mitochondria with elamipretide. Heart. Fail. Rev. 2021, 26, 237–253.
[CrossRef] [PubMed]

12. Grudis, J.E.; Chatfield, K.C.; Sparagna, G.C.; Hijmans, J.; Sobus, R.D.; Miyamoto, S.D. Expression of Cardiolipin Biosynthesis and
Remodeling Enzymesin Adult Heart Failure. J. Heart. Lung. Transpl. 2013, 32, S97–S98. [CrossRef]

13. Guan, Z.Z.; Soderberg, M.; Sindelar, P.; Edlund, C. Content and fatty acid composition of cardiolipin in the brain of patients with
Alzheimer’s disease. Neurochem. Int. 1994, 25, 295–300. [CrossRef]

14. Zhang, J.; Yu, W.; Ryu, S.W.; Lin, J.; Buentello, G.; Tibshirani, R.; Suliburk, J.; Eberlin, L.S. Cardiolipins are biomarkers of
mitochondria-rich thyroid oncocytic tumors. Cancer. Res. 2016, 76, 6588–6597. [CrossRef]

15. Brouwers, J.F. Liquid chromatographic-mass spectrometric analysis of phospholipids. Chromatography, ionization and quantifi-
cation. Biochim. Biophys. Acta 2011, 1811, 763–775. [CrossRef]

16. Cajka, T.; Fiehn, O. Toward Merging Untargeted and Targeted Methods in Mass Spectrometry-Based Metabolomics and
Lipidomics. Anal. Chem. 2016, 88, 524–545. [CrossRef] [PubMed]

17. Han, X.; Yang, K.; Yang, J.; Cheng, H.; Gross, R.W. Shotgun lipidomics of cardiolipin molecular species in lipid extracts of
biological samples. J. Lipid. Res. 2006, 47, 864–879. [CrossRef] [PubMed]

18. Navas-Iglesias, N.; Carrasco-Pancorbo, A.; Cuadros-Rodríguez, L. From lipids analysis towards lipidomics, a new challenge for
the analytical chemistry of the 21st century. Part II: Analytical lipidomics. TrAC-Trend. Anal. Chem. 2009, 28, 393–403. [CrossRef]

19. Xiang, X.; Su, C.; Shi, Q.; Wu, J.; Zeng, Z.; Zhang, L.; Jin, S.; Huang, R.; Gao, T.; Song, C. Potential hypoglycemic metabolites in
dark tea fermented by Eurotium cristatum based on UPLC-QTOF-MS/MS combining global metabolomic and spectrum-effect
relationship analysis. Food. Funct. 2021, 331, 127281. [CrossRef] [PubMed]

20. Lee, J.C.; Yang, J.S.; Moon, M.H. Simultaneous Relative Quantification of Various Polyglycerophospholipids with Isotope-Labeled
Methylation by Nanoflow Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectrometry. Anal. Chem. 2019,
91, 6716–6723. [CrossRef] [PubMed]

21. Garrett, T.A.; O’Neill, A.C.; Hopson, M.L. Quantification of cardiolipin molecular species in Escherichia coli lipid extracts
using liquid chromatography/electrospray ionization mass spectrometry. Rapid. Commun. Mass. Spectrom. 2012, 26, 2267–2274.
[CrossRef]

22. Bird, S.S.; Marur, V.R.; Stavrovskaya, I.G.; Kristal, B.S. Qualitative Characterization of the Rat Liver Mitochondrial Lipidome using
LC-MS Profiling and High Energy Collisional Dissociation (HCD) All Ion Fragmentation. Metabolomics 2013, 9, 67–83. [CrossRef]

http://doi.org/10.1134/S000629791912006X
http://doi.org/10.3390/cells8070728
http://doi.org/10.1038/cdd.2015.160
http://www.ncbi.nlm.nih.gov/pubmed/26742431
http://doi.org/10.1016/j.bbalip.2016.08.001
http://doi.org/10.1152/ajpcell.00243.2006
http://www.ncbi.nlm.nih.gov/pubmed/16899548
http://doi.org/10.2337/db16-0114
http://doi.org/10.1155/2015/891707
http://doi.org/10.3390/life10110277
http://www.ncbi.nlm.nih.gov/pubmed/33187128
http://doi.org/10.1016/S1674-8301(10)60003-6
http://doi.org/10.1042/bj3520079
http://doi.org/10.1007/s10741-020-10031-3
http://www.ncbi.nlm.nih.gov/pubmed/33001359
http://doi.org/10.1016/j.healun.2013.01.1011
http://doi.org/10.1016/0197-0186(94)90073-6
http://doi.org/10.1158/0008-5472.CAN-16-1545
http://doi.org/10.1016/j.bbalip.2011.08.001
http://doi.org/10.1021/acs.analchem.5b04491
http://www.ncbi.nlm.nih.gov/pubmed/26637011
http://doi.org/10.1194/jlr.D500044-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16449763
http://doi.org/10.1016/j.trac.2008.12.004
http://doi.org/10.1039/D1FO00836F
http://www.ncbi.nlm.nih.gov/pubmed/34227645
http://doi.org/10.1021/acs.analchem.9b00800
http://www.ncbi.nlm.nih.gov/pubmed/31008580
http://doi.org/10.1002/rcm.6350
http://doi.org/10.1007/s11306-012-0400-1


Molecules 2022, 27, 6988 13 of 13

23. Chen, Z.; Wu, Y.; Ma, Y.-S.; Kobayashi, Y.; Zhao, Y.-Y.; Miura, Y.; Chiba, H.; Hui, S.-P. Profiling of cardiolipins and their
hydroperoxides in HepG2 cells by LC/MS. Anal. Bioanal. Chem. 2017, 409, 5735–5745. [CrossRef]

24. Tian, H.; Sparvero, L.J.; Amoscato, A.A.; Bloom, A.; Bayir, H.; Kagan, V.E.; Winograd, N. Gas Cluster Ion Beam Time-of-Flight
Secondary Ion Mass Spectrometry High-Resolution Imaging of Cardiolipin Speciation in the Brain: Identification of Molecular
Losses after Traumatic Injury. Anal. Chem. 2017, 89, 4611–4619. [CrossRef] [PubMed]

25. Hsu, F.F.; Turk, J. Characterization of cardiolipin from Escherichia coli by electrospray ionization with multiple stage quadrupole
ion-trap mass spectrometric analysis of [M-2H+Na]− ions. J. Am. Soc. Mass. Spectrom. 2006, 17, 420–429. [CrossRef]

26. Wang, Z.; Ying, Z.; Bosy-Westphal, A.; Zhang, J.; Schautz, B.; Later, W.; Heymsfield, S.B.; Müller, M.J. Specific metabolic rates of
major organs and tissues across adulthood: Evaluation by mechanistic model of resting energy expenditure. Am. J. Clin. Nutr.
2010, 92, 1369–1377. [CrossRef]

27. Diagne, A.; Fauvel, J.; Record, M.; Chap, H.; Douste-Blazy, L. Studies on ether phospholipids: II. Comparative composition of
various tissues from human, rat and guinea pig. BBA-Mol. Cell. Biol. Lipids 1984, 793, 221–231.

28. Bayir, H.; Tyurin, V.A.; Tyurina, Y.Y.; Viner, R.; Ritov, V.; Amoscato, A.; Zhao, Q.; Ms, X.J.Z.; Bs, K.L.J.; Alexander, H.; et al.
Selective Early Cardiolipin Peroxidation after Traumatic Brain Injury: An Oxidative Lipidomics Analysis. Ann. Neurol. 2007,
62, 154–169. [CrossRef]

29. Lee, H.J.; Mayette, J.; Rapoport, S.I.; Bazinet, R.P. Selective remodeling of cardiolipin fatty acids in the aged rat heart. Lipids Health.
Dis. 2006, 5, 2. [CrossRef] [PubMed]

30. Matzel, L.D.; Sauce, B. Individual differences: Case studies of rodent and primate intelligence. J. Exp. Psychol. Anim. Learn. Cogn.
2017, 43, 325–340. [CrossRef]

31. Maggi, A. Sex and Liver Disease: The Necessity of an Overarching Theory to Explain the Effect of Sex on Nonreproductive
Functions. Endocrinology 2022, 163, bqab229. [CrossRef] [PubMed]

32. Ransick, A.; Lindstrom, N.O.; Liu, J.; Zhu, Q.; Guo, J.J.; Alvarado, G.F.; Kim, A.D.; Black, H.G.; Kim, J.; McMahon, A.P. Single-Cell
Profiling Reveals Sex, Lineage, and Regional Diversity in the Mouse Kidney. Dev. Cell. 2019, 51, 399–413. [CrossRef] [PubMed]

33. Moulin, M.; Solgadi, A.; Veksler, V.; Garnier, A.; Chaminade, P. Sex-specific cardiac cardiolipin remodelling after doxorubicin
treatment. Biol. Sex. Differ. 2015, 6, 20. [CrossRef] [PubMed]

34. Pan, J.S.; Sheikh-Hamad, D. Mitochondrial dysfunction in acute kidney injury and sex-specific implications. Med. Res. Arch. 2019,
7, 1898.

35. Ventura-Clapier, R.; Moulin, M.; Piquereau, J.; Lemaire, C.; Mericskay, M.; Veksler, V.; Garnier, A. Mitochondria: A central target
for sex differences in pathologies. Clin. Sci. 2017, 131, 803–822. [CrossRef]

36. Tower, J. Sex-specific regulation of aging and apoptosis. Mech. Ageing. Dev. 2006, 127, 705–718. [CrossRef]
37. Borrás, C. Mitochondria from females exhibit higher antioxidant gene expression and lower oxidative damage than males.

Free Radic. Biol. Med. 2003, 34, 546–552. [CrossRef]
38. Acaz-Fonseca, E.; Ortiz-Rodriguez, A.; Lopez-Rodriguez, A.B.; Garcia-Segura, L.M.; Astiz, M. Developmental Sex Differences in

the Metabolism of Cardiolipin in Mouse Cerebral Cortex Mitochondria. Sci. Rep. 2017, 7, 43878. [CrossRef]
39. Burra, P.; Bizzaro, D.; Gonta, A.; Shalaby, S.; Gambato, M.; Morelli, M.C.; Trapani, S.; Floreani, A.; Marra, F.; Brunetto, M.R.; et al.

Clinical impact of sexual dimorphism in non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH).
Liver Int. 2021, 41, 1713–1733. [CrossRef]

40. Joshi, A.S.; Zhou, J.; Gohil, V.M. Cellular functions of cardiolipin in yeast. BBA-Mol. Cell Res. 2009, 1793, 212–218. [CrossRef]
41. Galvan, D.L.; Green, N.H.; Danesh, F.R. The hallmarks of mitochondrial dysfunction in chronic kidney disease. Kidney. Int. 2017,

92, 1051–1057. [CrossRef] [PubMed]
42. Division, W.B.S.; Nephrology, T.M.; Center, B. Chronic kidney disease. Seminar 2012, 379, 165–180.
43. Noels, H.; Lehrke, M.; Vanholder, R.; Jankowski, J. Lipoproteins and fatty acids in chronic kidney disease: Molecular and

metabolic alterations. Nat. Rev. Nephrol. 2021, 17, 528–542. [CrossRef]
44. Wei, P.Z.; Szeto, C.C. Mitochondrial dysfunction in diabetic kidney disease. Clin. Chim. Acta 2019, 496, 108–116. [CrossRef]

[PubMed]
45. Tan, S.M.; Ziemann, M.; Thallas-Bonke, V.; Snelson, M.; Kumar, V.; Laskowski, A.; Nguyen, T.-V.; Huynh, K.; Clarke, M.V.;

Libianto, R.; et al. Complement C5a Induces Renal Injury in Diabetic Kidney Disease by Disrupting Mitochondrial Metabolic
Agility. Diabetes 2020, 69, 83–98. [CrossRef] [PubMed]

46. Miyamoto, S.; Zhang, G.; Hall, D.; Oates, P.J.; Maity, S.; Madesh, M.; Han, X.; Sharma, K. Restoring mitochondrial superoxide
levels with elamipretide (MTP-131) protects db/db mice against progression of diabetic kidney disease. J. Biol. Chem. 2020,
295, 7249–7260. [CrossRef]

47. Ducasa, G.M.; Mitrofanova, A.; Fornoni, A. Crosstalk Between Lipids and Mitochondria in Diabetic Kidney Disease. Curr. Diab.
Rep. 2019, 19, 144. [CrossRef]

48. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef]

http://doi.org/10.1007/s00216-017-0515-3
http://doi.org/10.1021/acs.analchem.7b00164
http://www.ncbi.nlm.nih.gov/pubmed/28306235
http://doi.org/10.1016/j.jasms.2005.11.019
http://doi.org/10.3945/ajcn.2010.29885
http://doi.org/10.1002/ana.21168
http://doi.org/10.1186/1476-511X-5-2
http://www.ncbi.nlm.nih.gov/pubmed/16430781
http://doi.org/10.1037/xan0000152
http://doi.org/10.1210/endocr/bqab229
http://www.ncbi.nlm.nih.gov/pubmed/34758075
http://doi.org/10.1016/j.devcel.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31689386
http://doi.org/10.1186/s13293-015-0039-5
http://www.ncbi.nlm.nih.gov/pubmed/26478810
http://doi.org/10.1042/CS20160485
http://doi.org/10.1016/j.mad.2006.05.001
http://doi.org/10.1016/S0891-5849(02)01356-4
http://doi.org/10.1038/srep43878
http://doi.org/10.1111/liv.14943
http://doi.org/10.1016/j.bbamcr.2008.07.024
http://doi.org/10.1016/j.kint.2017.05.034
http://www.ncbi.nlm.nih.gov/pubmed/28893420
http://doi.org/10.1038/s41581-021-00423-5
http://doi.org/10.1016/j.cca.2019.07.005
http://www.ncbi.nlm.nih.gov/pubmed/31276635
http://doi.org/10.2337/db19-0043
http://www.ncbi.nlm.nih.gov/pubmed/31624141
http://doi.org/10.1074/jbc.RA119.011110
http://doi.org/10.1007/s11892-019-1263-x
http://doi.org/10.1139/y59-099

	Introduction 
	Results 
	MS/MS Fragmentation Patterns of CLs 
	Identification of CLs in Tissues 
	CL Distribution in Seven Tissues Based on Targeted Lipidomic Analysis 
	Sex Differences of CLs in Tissues 

	Discussion 
	Materials and Methods 
	Chemicals and Materials 
	Sample Preparation 
	LC/MS Conditions 
	Data Processing 

	Conclusions 
	References

