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Abstract

Introduction Diabetes mellitus is a serious metabolic disorder causing multiple organ damage in human.
However, the lipidomic profiles in different organs and their associations are rarely studied in either diabetic
patients or animals.

Objectives To evaluate and compare the characteristics of lipid species in serum and multiple tissues in a
diabetic mouse model.

Methods Semi-quantitative profiling analyses of intact and oxidized lipids were performed in serum and
multiple tissues from a diabetic mouse model fed a high fat diet and treated with streptozotocin by using
LC/HRMS and MS/MS. The total content of each lipid class, and the tissue-specific lipid species in all tissue
samples were determined and compared by multivariate analyses.

Results The diabetic mouse model displayed characteristic differences in serum and multiple organs: the
brain and heart showed the largest reduction in cardiolipin, while the kidney had the most remarkable alterations
in triacylglycerol. Interestingly, the lipidomic differences also existed between different regions of the same
organ: triacylglycerol species with shorter fatty acyl chains decreased in renal medulla but increased in cortex;
cardiolipin species with highly polyunsaturated fatty acyls decreased only in atrium but not in ventricle.
Importantly, diabetes caused an accumulation of lipid hydroperoxides, suggesting that oxidative stress was
induced in all organs except for the brain during the development of diabetes.

Conclusion  These findings provided novel insight into the organ-specific relationship between diabetes and
lipid metabolism, which might be useful for evaluating not only diabetic tissue injury but also the effectiveness

of diabetic treatments.
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1  Introduction

Diabetes mellitus has become a serious metabolic disorder throughout the world, representing one of the leading
causes of morbidity and mortality (Bertoni et al. 2002), in which the type 2 diabetes mellitus accounts for
approximately 90% of all the cases (International Diabetes Federation 2017). Diabetes not only leads to blood
glucose imbalance, but also results in a series of whole-body complications, such as diabetic peripheral
neuropathy, heart failure, and chronic kidney disease (CKD). These complications are becoming a major cause
of increased mortality in diabetic patients (Gémez-Marcos et al. 2010; Klein and Waxman 2003; Papatheodorou
et al. 2015). Therefore, it is imperative to characterize and understand diabetes-induced changes in different
organs and tissues so that targeted therapies could be designed to reduce diabetic complications and mortality.
Also, the potential metabolite markers could be used as screening tools for predicting the risk of these
complications.

Oxidative stress is known to play a key role in the pathogenesis of diabetes and its complications (Giugliano
et al. 1996). The increased reactive oxygen species (ROS) can attack biomolecules such as DNA, proteins, and
lipids, damage cellular organelles including mitochondria and lipid droplets (Chen et al. 2017; Tsukui et al.
2019), and attenuate insulin secretion leading to diabetes (Evans et al. 2002). Although diabetic complications
are associated with elevated levels of the lipid peroxidation products, most previous studies have focused on the
oxidation end-products, e.g. thiobarbituric acid reactive substances, malondialdehydes, advanced glycation end
products, and isoprostanes (Davi et al. 2005; Fatani et al. 2016; Greifenhagen et al. 2016). In our recent study on
oxidized lipids, phospholipid hydroperoxides levels were found markedly elevated in the plasma from type 2
zebrafish model of diabetes (Chen et al. 2018). Besides the blood sample, Mora-Ortiz et al. investigated the
metabolic biomarkers glucose and glutamate in kidney, spleen, eye, and other organs from type 2 diabetic db/db
mice (Mora-Ortiz et al. 2019). Nevertheless, comparative lipidomic studies on blood and organs from other
diabetic animal models are still limited.

The aims of this study were to identify general or tissue specific lipid biomarkers in a mouse model of type 2
diabetes, and to clarify the relationship between type 2 diabetic status of the mice and their lipidomic profiling.
To this end, we performed a comprehensive investigation of the intact lipids in serum and multiple tissues from
mice with type 2 diabetes, and conducted multivariable statistics to discover the lipid species that differed in the

diabetic mouse model. Furthermore, we characterized the intact lipids and lipid hydroperoxides that were linked
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to oxidative stress-induced damage in serum and different tissues.

2 Materials and Methods

2.1 Chemicals

Spectral grade solvents for lipid extraction and LC/MS analysis were obtained from Sigma-Aldrich (St. Louis,
MO). The authentic internal standards (IS) for lipidomic analysis were purchased from Sigma-Aldrich and
Avanti Polar Lipids (Alabaster, AL), including triglyceride (TG) 11:0/11:0/11:0, phosphatidylcholine (PC)
13:0/13:0,  lysophosphatidylcholine ~ (LPC)  15:0,  phosphatidylethanolamine ~ (PE)  15:0/15:0,
lysophosphatidylethanolamine (LPE) 13:0, phosphatidylinositol (PI) 8:0/8:0, lysophosphatidylinositol (LPI)
13:0, and free fatty acid (FFA) 17:0. While cardiolipin (CL) (15:0)4 was synthesized according to Ahmad et al.
(2005). The mixed solution of all the IS was newly prepared with methanol (containing 0.006% BHT, w/v) and
stored at —80 °C until use. Other chemicals and reagents were of analytical grade unless specified.

2.2 Induction of diabetes and preparation of samples

All animal protocols conformed to the Public Health Service Guide for Care and Use of Laboratory Animals,
which were approved by New York Institute of Technology College of Osteopathic Medicine (NYITCOM,
Approval No. 2016-QL-01). The type 2 diabetes in FVB/N mice was induced as described previously with some
modifications (Yu et al. 2017). The detailed information of animal feeding and modeling was described in
Supplementary Material 1. Blood glucose levels were determined using a TRUEtrack glucometer (NIPRO
DIAGNOSTICS, Fort Lauderdale, FL), and a fasting blood glucose level of 250 mg/dL or greater was
considered diabetic. Echocardiography and hemodynamic measurement were examined as described in
Supplementary Material 1. Mice of both control (Con) and high-fat diet/streptozotocin-induced diabetic
(HFD-STZ) groups (n =5 for each) were anesthetized with 2% isoflurane and the blood was taken from the left
ventricle into 3.5 mL Vacutainer Plus Plastic Serum Tubes (BD-367983-1, MedexSupply, Passaic, NJ 07055) for
serum separation, and the separated serum samples were immediately stored in —80 °C. Tissue samples were
collected, including liver, brain, ventricle, atrium, renal medulla, renal cortex, and spleen, and immediately
snap-frozen in liquid nitrogen and stored in —80 °C until analysis.

2.3 Lipid extraction from serum and tissues

The lipid extraction procedure of serum samples was based on Bligh and Dyer (1959). In Brief, 100 pL of serum
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sample was extracted with 800 pL of cold chloroform/methanol 1:1 (v/v, with IS) twice, followed by drying
under vacuum. For tissues, lipids were extracted by the modified method of Folch (1957). Briefly,
approximately 10 mg of tissue sample was weighed followed by adding 600 pL of ice-cold chloroform/methanol
2:1 (v/v, with IS) and homogenized using a Bead Mill Homogenizer (Fisherbrand®, Pittsburgh, PA). The
extraction was performed twice for each sample, and the combined extract was dried under vacuum. Then, the
dried lipids were dissolved in 100 pL of methanol, centrifuged at 2500xg 4 °C for 15 min to remove any
insoluble material, and thereafter stored at —80 °C until analysis. The sample pretreatment was completed within
1 h to avoid lipid auto-oxidation or degradation.

2.4 LC/MS analysis

Semi-quantitative lipidomics was performed with a Shimadzu Prominence HPLC system (Shimadzu Corp.,
Kyoto, Japan) and an LTQ Orbitrap mass spectrometer (Thermo-Fisher Scientific Inc., San Jose, CA) using
electrospray ionization (ESI) mode in both positive and negative modes. The HPLC conditions, gradient elution
programs, and MS detection parameters were set according to our previous work (Wu et al. 2019), described in
Supplementary Material 1. To avoid bias and ensure the stability, samples were randomized in injection
sequence, and the quality control (QC) samples which were prepared by pooling each serum sample before
extraction, were inserted were tested at regular intervals throughout the sequence (Boretti et al. 2020). The raw
data were processed by Xcalibur 2.2 (Thermo-Fisher Scientific Inc.) and SIEVE 2.0 (Thermo-Fisher Scientific
Inc.). The identification of lipid molecules was executed with the help of LIPIDMAPS (Sud et al. 2007) as well
as the comparison of standards synthesized in our laboratory previously (Hui et al. 2003, 2010). The amount of
each lipid species was calculated by the IS amount and the peak area ratio of analyte/IS, as shown in
Supplementary Material 2.

2.5 Statistics

Data were expressed as means + standard deviations (SD). For pairwise comparisons, Shapiro-Wilk test for
normality and nonparametric Mann-Whitney U-test were conducted using SPSS 26.0 (SPSS, Inc., Chicago, IL).
While Q values were calculated by the Benjamini-Hochberg false discovery rate correction (Benjamini and
Hochberg 1995). For multivariate analysis of intact lipid species, principal component analysis (PCA) and
hierarchical cluster analysis (HCA) with Ward’s linkage method were conducted by JMP 14 pro (SAS Institute

Inc., Cary, NC) without scaling or centering, while orthogonal partial least squares discriminant analysis
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(OPLS-DA) was processed using SIMCA-P 14.1 (Umetrics, Umed, Sweden) with Pareto scaling of the
semi-quantitative dataset and “Autofit” function to establish the optimal model for each tissue/serum.
Correlation analysis was performed by calculating the Spearman correlation coefficient between the selected
lipid species using SPSS 26.0. The heatmap was generated by the R package ‘“heatmap3”
(https://cran.r-project.org/package=heatmap3) with Z-score scaling. The lipidomic network was visualized by
Cytoscape 3.7.1 (https://cytoscape.org/), in which lipid species and tissues/serum was set as nodes. The lipid
variations (fold of change in HFD-STZ) were imported as connections of lipid-tissue/serum, while the HCA

distance among lipid species were imported as connections of lipid-lipid (Shannon et al. 2003).

3 Results and Discussion

3.1 Characterization of the diabetic mouse model

The purpose of this study was to investigate the effects of overt diabetes on lipid metabolism and heart function.
Type 2 diabetes accounts for more than 90% of all diabetic patients. Many previous studies have used HFD-fed
animals to model type 2 diabetes. Unfortunately, HFD-feeding does not easily induce overt diabetes and the
heart only shows very mild or no functional impairments. STZ diabetic animal model does have certain cardiac
abnormalities, but it is type 1 diabetes which only accounts for 5% of all diabetic cases. Recent studies have
used both HFD and low dose STZ (HFD-STZ) to induce a disease condition that more closely mimics overt type
2 diabetes than either HFD alone or STZ alone. This relatively newer HFD-STZ diabetic model has fast onset
diabetes and clear cardiac functional impairment and has been increasingly used for investigating diabetic
complications. Accordingly, our present study focused on the comparison between non-diabetic control and
HFD-STZ-induced overt diabetes.

As shown in Table S1.1, blood glucose concentration was markedly higher in mice in HFD-STZ group than
control (427 + 88 vs. 107 + 29 mg/dL), indicating that HFD-STZ induced overt diabetes in mice. We determined
their cardiac function with echocardiographic and hemodynamic measurements. The results showed that the
diabetic mice had clearly impaired cardiac function as shown by a 14% decrease in ejection fraction, a 23%
decrease in fractional shortening, an 11% reduction in left ventricle systolic pressure, a 20% reduction in
dP/dt-max, and an 18% reduction in dP/dt-min. These results suggested that HFD-STZ-induced diabetes is a

valid model for investigating diabetic complications especially diabetic cardiomyopathy.
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3.2 Comparison of different lipid classes in multiple organs

The present LC/MS and MS/MS analysis identified a total of 173 intact lipid molecular species according to
their retention behavior on HPLC as well as their protonated, ammoniated, or deprotonated ion peaks on HRMS
(Table S1.2). Initially, the unsupervised statistic approach PCA using all the intact lipid species as variables was
performed (Fig. 1). The first three principal components accounted for 22.5%, 16.4%, 13.9% of the total
variation, respectively, indicating the complexity of the whole variance. The QC samples for evaluating the
accuracy and robustness of the whole analytical procedures were clustered tightly in the graph, which confirmed
the reliability of the data acquisition (Lee et al. 2013). The distinctive clustering of different organs was revealed,
especially for liver, brain, ventricle, and atrium. Notably, serum samples grouped apart from other organs.
Although organ samples are usually unavailable in clinic, the blood is widely used for diagnosis as well as
metabolism studies, our results suggested the need to investigate multiple organs to acquire the entire lipid
metabolic information.

The concentrations of individual lipid classes in serum and tissues are shown in Table 1. TG was the most
abundant lipid class in liver, heart, kidney, and spleen, accounting for 51.6% of the total lipid content in the
spleen as the highest, and 30.6% in the liver as the lowest. For the phospholipids, PE ranked the most abundant
in all the investigated tissues, especially for brain, in which PE contributed 50.2% of the total lipids and 82.0%
of the total phospholipids. These results were consistent with a previous study on phospholipids in rat brain
which demonstrated PE as the major class (Choi et al. 2018), and the abundance of PE in brain might be related
to the highly active interactions of membrane components (Sdderberg et al. 1991). Additionally, PE in
HFD-STZ group was lower than control in liver and atrium, but not in other tissues or sera. Apart from PE, total
CL of HFD-STZ group also exhibited a depletion in all the tested tissues, especially in ventricle and atrium,
which has been claimed to precipitate mitochondrial dysfunction in diabetic cardiomyopathy (Han et al. 2007).
The lipid alterations in these tissues indicated lipid metabolic disorders, prompting us to explore the detailed
characteristics of specific lipid species.

3.3 Tissue-specific lipid species in the HFD-STZ diabetic mouse model
To discover the most remarkable lipid metabolic impairments in the diabetic mouse model, we subsequently
performed the supervised approach OPLS-DA for multiple tissues and sera individually, to recognize the

specific modulations (Fig. $3.1-3.7). The explained variation (R?Y) and predicted variation (Q?Y) indicated that
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the resultant OPLS model was valid and highly reliable in each tissue/serum except for brain (Table S3.1). All
the samples were clearly separated into two clusters in the scatter plots, suggesting distinct lipid profiles
between control and the diabetic model. The top 10 increased or decreased lipid species in HFD-STZ groups
were calculated according to their correlation (p(corr)[1]), and the differences between the two groups were
listed in Table S3.2.

It is interesting that, even within the same organ, different regions showed characteristic lipidomic profiles.
For the heart (Fig. 2A-D), CL species with long chain and high unsaturation degree including 76:10, 76:11,
78:11, 78:12, and 78:13 were found as the top decreased lipids in the atrium from the HFD-STZ group, but only
CL68:5 and CL72:8 were decreased in the ventricle. Moreover, the TG species with shorter fatty acyl chains
(mainly 14:0, 16:0, and 16:1) were revealed as the top decreased lipids only in ventricle, while TG species
enriched with 18:2 and 18:3 were elevated only in atrium. For kidney (Fig. 2E-H), the HFD-STZ medulla
showed lower TG species with shorter fatty chains ( carbon number 42 to 48), but higher TGwith longer
chains (carbon number 50 to 54). Whereas in cortex, though similar alteration was observed, both the decreased
TG (carbon number 48 to 52) and increased TG (58:7, 58:8, and 62:12) showed even longer chain than medulla,
indicating the specific metabolic roles of the lipidome in different regions of the same organ. Our results also
supported the viewpoint that the alterations of fatty acyl composition in TG might suggest the differences in fat
storage and lipid droplets. Besides, our findings exhibited a trend of CL immaturity in both medulla and cortex,
suggesting a potential mitochondrial dysfunction in diabetic kidney (Chicco and Sparagna 2007).

CL species were also remarkably reduced in the brains (Table S4.1) of HFD-STZ mice (Fig. 3A). The
percent reduction of the selected CL species (P < 0.05 for all) ranged from 49.4% (CL76:8) to 87.2% (CL78:10)
(Fig. 3B), suggesting a severe loss of mitochondrial function in the diabetic brain, which was associated with
neuronal damage (Moreira et al. 2007). Moreover, studies on the brain mitochondria of diabetic rats showed that
diabetes reduced the activities of the mitochondrial respiratory chain enzymes, leading to decreased ATP
production and mitochondrial dysfunction (Mastrocola et al. 2005). In contrast, most of the increased lipid
species in the brain contained linoleoyl, such as TG50:4 (16:1/18:2/16:1), PC40:8 (18:2/22:6), LPC18:2, and
LPE18:2 (Fig. 3A and C). Long-chain polyunsaturated fatty acids (LCPUFAs) were reported as neuroprotective
and anti-inflammatory constituents, including arachidonic acid, eicosapentaenoic acid, and docosahexaenoic

acid (Das 2002, 1994), but the functional role of linoleic acid in the inflammatory response remains
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controversial (Fritsche 2008). Our results suggested that an imbalance of n-6 LCPUFAs might have adverse
effect on the brain. Furthermore, we investigated linoleoyl-containing lipids to explore the variation of other
related species (Fig. 2D). The predominant species PE38:6 (18:2/20:4), together with TG54:6 (18:1/18:3/18:2),
TG54:7 (18:2/18:3/18:2), and all the CL species, showed a trend to decrease in HFD-STZ group, while the other
linoleoyl-containing TG species and phospholipids, as well as FFA18:2, had the opposite trend. Considering that
there was no difference in total linoleoyl amount in the brain, we suppose that it was fatty acyl-chain remodeling
rather than fat accumulation that happened in the diabetic mouse brain. Given that tissue-specific
glycerophospholipid remodeling was associated with diabetic complications (Sas et al. 2018), our data might
provide further insight into the relationship between diabetes-induced disturbance of linoleoyl metabolism and
the brain injury.

3.4 Oxidized lipids in serum and organs from HFD-STZ diabetic mouse model

Since oxidative stress plays a key role in the pathogenesis of diabetes and its complications, the oxidized lipids
such as the lipid hydroperoxides were also determined, including the hydroperoxides for TG, PC, PE, and PI.
The identification was based on their HRMS signals, the retention behavior on HPLC (Table S5.1), and the
tandem MS fragmentations (Shrestha et al. 2019) (shown in Fig. S5.1, taking PCOOH34:2 (16:0/18:2-O0H) as
an example). The amounts of them in control and HFD-STZ groups were listed in Supplementary Material 2.
For serum, all hydroperoxides were markedly elevated, by 5.4-fold over control for TGOOH, 4.9-fold for
PCOOH, 2.1-fold for PEOOH, and 1.8-fold for PIOOH in HFD-STZ group (Fig. 4A), which were consistent
with our previous study on the zebrafish model of type 2 diabetes (Chen et al. 2018). Also, the elevation of
PCOOH, a major product of phospholipid hydroperoxidation, agreed with the clinical study by Nagashima et al.
on the serum from type 2 diabetic patients (Nagashima et al. 2002).

Furthermore, the levels of lipid hydroperoxide species varied depending on specific tissues (Fig. 4B—E).
Most tissues exhibited increased levels of lipid hydroperoxides, including liver, heart (both ventricle and
atrium), and kidney (both medulla and cortex). The livers from the HFD-STZ group showed an accumulation of
total hydroperoxides for all lipid classes, with a 3.3-fold elevation of TGOOH, a 2.8-fold elevation of PCOOH,
3.3-fold of PEOOH, and 2.7-fold of PIOOH. The HFD-STZ hearts showed the lowest accumulation of
TGOOH compared with other tissues. Meanwhile, all the phospholipid hydroperoxides were increased in both

ventricles and atria from the HFD-STZ group. Besides, lipid hydroperoxides showed no difference in the pattern
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of alteration between ventricle and atrium. For kidney, the lipid hydroperoxide profile was very similar to that of
the heart except that the TGOOH levels were increased in renal medulla from HFD-STZ group by 4.2 folds of
control. These results suggested that metabolic syndrome and diabetes are strongly associated with oxidative
stress(Hopps et al. 2010). Insulin resistance and inflammation increase ROS production, causing an imbalance
between pro-oxidant and anti-oxidant species. The elevated levels of ROS were found in the liver of rats with
high-fat diet induced metabolic syndrome (Auberval et al. 2014). Similarly, the increased ROS and lipid
peroxidation were found in diabetic heart and kidney (Fukushima and Lopaschuk 2016; Mazumder et al. 2004;
Thomas et al. 2015). In addition, renal medullary oxidative stress was involved in the pathogenesis of metabolic
syndrome, diabetes, hypertension, and CKD (Makino et al. 2002; Mori et al. 2012; Palm et al. 2003). It was
noted that the brain was the only organ that showed no differences in the levels of the lipid hydroperoxides from
all lipid classes. This observation appeared to be incompatible with a previous study that implicated
mitochondrial-derived ROS and insulin resistance in the pathogenesis of brain dysfunction in diabetes (Muriach
et al. 2014). Also, our results showed a depletion of CL in diabetic brain, which could result in brain dysfunction.
Therefore, the possible explanation of these results might be that, although oxidative stress and mitochondrial
damage did occur in the brain, the lipid hydroperoxides were quickly purged by cellular degradation systems
including the ubiquitin proteasome system (UPS) and autophagy. Nevertheless, the functional states of the UPS
and autophagy in the diabetic brain remain to be determined.

PCOOH appeared to be the most abundant hydroperoxides that accumulated in other tissues. Therefore, to
explore whether the associations between the accumulation of PCOOH and the alteration of other lipids were
consistent among different tissues, we further selected PC (the intact form) together with LPC and FFA (the
corresponding degradation products) to perform the correlation analysis, which were visualized as heatmaps
with Spearman correlation coefficients for liver, ventricle, atrium, renal medulla, and renal cortex (Fig. 4F—J).
In liver, PC species expressed unique correlating pattern: for those with the same carbon number, the more
unsaturated PC species showed negative correlation with PCOOH, while the less unsaturated ones showed
positive correlation. This finding indicated that the balance of PC-composited fatty acyls in liver was tilted
under the diabetic oxidative stress. Besides, the positive relation between PCOOH and most of LPC and FFA
species suggested the oxidative stress-induced phospholipid degradation (Fig. 4F) (Chen et al. 2018; Ha et al.

2012). Heart and kidney exhibited opposite correlations in the majority of PC species: negative in the former,
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but positive in the latter, especially for atrium and renal cortex. Although the exact reason for this discrepancy
remained unknown, it was suggested that the oxidation of PC, one of the major biological membrane
components, might be through different mechanisms between the two organs. In terms of LPC, atrium, renal
medulla and cortex shared a similar correlation pattern in which LPC18:2 and LPC20:5 were the only two
species positively correlated to PCOOH, whereas in ventricle the LPC species positively correlating to PCOOH
were 18:0, 18:2, 20:4, and 22:6. The correlationship to FFA showed even more complicated patterns among
these tissues. Nevertheless, all these results revealed that the oxidation of phospholipids (typically the formation
of PCOOH) is quite variable among multiple tissues, which requires not only lipidomics but also the integrative
omics to identify the complicated regulating pathways.

To achieve a global view on all these lipidomic alterations, the dependency network was constructed
between lipid species and serum/tissues (Fig. 5), in which the lines connecting lipid to serum/tissues illustrated
the shifting trends in HFD-STZ group. Specifically, lipid hydroperoxides showed more clear positive connection
to serum, liver, and kidney than intact lipids. CL exhibited the predominant decrease over other lipids in brain,
heart, kidney, and spleen, while TG expressed varying levels depending on fatty acyl composition in atrium,
renal medulla, and spleen. These findings showed that liver, atrium, and renal medulla provided large amounts
of information regarding lipidomic alterations for understanding the HFD-STZ diabetic model and its
complications. In addition, from the connection of each two lipid species (dependency as the distance calculated
by HCA), CL species and phospholipid hydroperoxides were strongly associated, suggesting a possible
relationship between mitochondrial dysfunction and membrane damage, which may help to predict
mitochondria dysfunction in certain organs. In short, these comprehensive lipidomic data could help us better
understand the molecular mechanisms underlying diabetes and its complications.

This study could be improved by more thoroughly characterizing the altered lipidomic profiles of multiple
organs from animals with diabetes. One limitation of the present study is that the comparison was made only
between the control and HFD-STZ mice, while the HFD-only and STZ-only mice were not included. This might
have missed information important for understanding the underlying mechanisms that mediate the different
phenotypes between these models, which clearly warrants further investigation in future studies. Additionally, as
we focused on diabetic complications in major organs which cause patient death, adipose tissues were not

investigated in this study, despite that they play an important role in the metabolic syndrome and diabetes.
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Besides, since the technique of MS imaging has been recently applied in tissue metabolomic changes, such as
mediated albumin degradation in diabetic nephropathy (Grove et al. 2018) and renal oxidative stress in CKD
(Hayasaka et al. 2016), this approach may be used to visualize lipid species in ventricle/atrium and

medulla/cortex from diabetic model in the future.

4  Conclusion

In summary, type 2 diabetes-induced lipidomic changes in serum and multiple organs were characterized and
compared between the control and HFD-STZ diabetic mice by using LC/HRMS and MS/MS. The lipidomic
alterations even differed between ventricle and atrium as well as renal medulla and cortex, indicating the distinct
lipid metabolic properties in different regions of the same organ. Moreover, diabetes caused increased
accumulation of lipid hydroperoxides in all the organs examined except for the brain, suggesting that oxidative
stress was induced in organs during the development of hyperlipidemia and diabetes. Together, these findings
provided novel insight into the organ/tissue-specific relationship between diabetes and lipid metabolism. The
specific lipidomic alterations might be used for not only the diagnosis of diabetic tissue injury but also the

evaluation of the effectiveness for diabetic treatments.
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Figure Captions

Fig. 1 Three-dimensional score plot by PCA revealed the lipidomic profiles of serum and different tissues.
Samples are illustrated in different colors, and groups are indicated by different symbols: control (Con, %),
high fat diet-STZ (HFD, 0O), together with quality control samples (QCs, %). The ellipses were illustrated

manually for showing the clusters.

Fig. 2 Scatter plots of OPLS-DA for lipidomic characteristics in ventricle (A), atrium (C), renal medulla (E),
and renal cortex (G) from control and HFD-STZ groups. (B, D, F, H) The top 10 increased/decreased lipid
species in the corresponded tissues from HFD-STZ group, selected according to their correlation (p(corr)[1]). O
values were calculated using Mann-Whitney U-test followed by Benjamini-Hochberg false discovery rate
correction within all the selected lipid variables. The line in the middle of the box indicates the median value,
the box indicates the first and third quartiles, while the whiskers indicate the minimum and the maximum values,

respectively (there were no outliers).

Fig. 3 (A) Volcano plot of brain lipid profile differed between control and HFD-STZ groups, together with
the selected lipid species which were decreased (B) or increased (C) in HFD-STZ group. * P <0.05,
** P <0.01, calculated using Mann-Whitney U-test. (D) Heatmap of the linoleoyl-contained lipid species in the
brain from control and HFD-STZ groups. Semi-quantitative data was Z-score scaled, and lipid species was
sorted by hierarchical cluster analysis with Ward’s linkage method. The line in the middle of the box indicates
the median value, the box indicates the first and third quartiles, while the whiskers indicate the minimum and

the maximum values, respectively (there were no outliers).

Fig. 4 (A) Differences of lipid hydroperoxides between control (Con) and high fat diet-STZ (HFD) serum.
(B-E) Comparison of lipid hydroperoxides in multiple tissues between Con and HFD groups, including
TGOOH (B), PCOOH (C), PEOOH (D), and PIOOH (E). P values were calculated using Mann-Whitney U-test,
and Q values were calculated by Benjamini-Hochberg false discovery rate correction within all the total lipids.

(F-J) Correlation analysis of PCOOH species and the intact lipids PC, LPC, and FFA species in liver, ventricle,
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atrium, renal medulla, and cortex, calculated as the Spearman correlation coefficients. The line in the middle of
the box indicates the median value, the box indicates the first and third quartiles, while the whiskers indicate the

minimum and the maximum values, respectively (there were no outliers).

Fig. S Visualized connection of lipidomic alterations in diabetes model serum and tissues. Node shapes
represent different types of variables (o, lipid; o, serum/tissue), the color and width of the lines connecting lipid
to serum/tissue are proportional to the shifting importance, and the blue lines connecting two lipid species
correspond to their high dependency (as the distance in hierarchical cluster analysis with Ward’s linkage

method).
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Table 1 Total intact lipid content in multiple tissues and serum, summarized by lipid classes (n = 5)
Total content for each class of intact lipids (nmol/g for tissues, or nmol/mL for serum)
Sample Group
TG FFA PC LPC PE LPE PI LPI CL
Con 1720.8 £315.1 1101.2 +£239.7 402.1+374  88.8+264 1951.8+284.6 182.8+544 172.1+£209 55+22 6.4+3.8
) HFD 2037.9 +£419.7 1301.2+241.5 4145+84.1 112.4+33.0 1315.5+41.3 266.5+109.6 163.0+199 10.7+6.0 42+3.1
Liver Pvalue 0.151 0.421 0.690 0.310 0.008 ** 0.222 0.151 0.222 0.310
Qvalue 0.331 0.571 0.799 0.470 0.048 0.401 0.331 0.401 0.470
Con 1234.9+92.0 1181.9+ 1353 450.8+42.8 17.0+23 3132.7+£540.7 66.8+5.3 136.5+£149 3.7+1.6 11.2+7.0
) HFD 1321.3 £207.9 1185.5+£1983 441.0+67.5 20.8+6.5 3101.2+£5452 963 +483 117.6+18.0 3.2+2.0 5116
Brain Pvalue 0.548 0.841 1.000 0.421 1.000 0.222 0.095 0.548 0.151
QOvalue 0.680 0.893 1.000 0.571 1.000 0.401 0.258 0.680 0.331
Con 2414.3 £398.2 1383.6 £287.3 567.6+311.9 41.0+£5.2 851.0+£167.5 75.1 £20.1 191.0£90.7 1.0+£0.3 23.4+10.1
i HFD 1986.9 + 498.1 1387.4+£182.1 3252+762 50.8+12.8 820.7+135.2 111.3£40.0 1453+£293 23+0.8 9.8+29
Ventricle Pvalue 0.222 1.000 0.222 0.310 1.000 0.222 0.548 0.008 ** 0.016 *
Qvalue 0.401 1.000 0.401 0.470 1.000 0.401 0.680 0.048 0.075
Con 1785.7+589.0 1086.4 +106.0 628.7+270.3 57.1+£17.3  884.7+142.7 73.5+£42.2 116.0+£45.6 1.0+0.8 48.7+11.6
i HFD 1421.3 +£454.4 1004.8 £222.0 304.5+91.5 364+79 656.2 +£78.2 59.1+£22.0 1182+11.2 13403 19.6 £12.8
Atrium Pvalue 0.421 0.841 0.056 0.151 0.008 ** 0.690 0.421 0.841 0.016 *
Qvalue 0.571 0.893 0.180 0.331 0.048 0.799 0.571 0.893 0.075
Con 2697.3+£390.5 760.8+£200.0 388.8+113.1 32.5+8.6 1330.5+512.3 76.6+22.3 76.4+8.7 32+09 58+53
Renal HFD 29333+6734  686.0+180.6 404.1+73.0 27.1+74 1204.2+4339 61.0+163 83.0+179 38+19 24408
medulla P value 0.841 0.690 0.690 0.421 0.690 0.310 0.548 0.841 0.421
Qvalue 0.893 0.799 0.799 0.571 0.799 0.470 0.680 0.893 0.571
Con 2364.8 £465.5  599.2+573 2843+74.1 40.2+92 1945.3 +286.3 116.3+9.5 702+151 S51+14 10.6 £3.9
Renal HFD 1591.0+2944  548.1 +83.8 3453+81.3  344+39 2548.0+758.2  87.5+14.8 624+134 43+14 6.4+2.0
cortex Pvalue 0.016* 0.310 0.310 0.222 0.222 0.008 ** 0.548 0.421 0.095
Qvalue 0.075 0.470 0.470 0.401 0.401 0.048 0.680 0.571 0.258
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Con 18149+656.8 571.0+111.7 3247+ 110.8 28.3+4.5 675.5+47.8 522+2.1 435+ 12.2 1.8+0.3 41+1.5
Spleen HFD 14855+161.0 770.6+189.0 309.6+86.6 38.6+152 667.6+92.7 485+7.1 535+72 21+1.1 2.0+0.7
Pvalue 0.421 0.095 0.841 0.151 0.548 0.151 0.310 0.690 0.032
Qvalue 0.571 0.258 0.893 0.331 0.680 0.331 0.470 0.799 0.110
Con 884.0+ 111.0 1170.1 £280.2 189.3+144  33.0+4.6 49.1+17.8 459+123 17.2+3.3 10.3+1.5  Not detected
HFD 1043.2 +133.0 1244.0+382.2 2143+40.7 455+149 504+15.6 59.2+164 19.6 £3.7 179+7.5  Not detected
Serum Pvalue 0.151 0.841 0.310 0.095 1.000 0.151 0.310 0.032 -
Qvalue 0.331 0.893 0.470 0.258 1.000 0.331 0.470 0.110 -

Con, control group; HFD, high fat diet-STZ group. Data were expressed as means =+ standard deviations. * P < (.05, ** P <0.01 vs control group, calculated using Mann-

Whitney U-test. Q value was calculated by Benjamini-Hochberg false discovery rate (FDR) correction (FDR rate was set at 0.1) within all the total lipids.

Abbreviations of lipid classes: TG, triacylglycerol; FFA, free fatty acid; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phosphatidylethanolamine; LPE,

lysophosphatidylethanolamine; PI, phosphatidylinositol; LPI, lysophosphatidylinositol; CL, cardiolipin.
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