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A B S T R A C T

33 Aims: Hepatic insulin resistance, induced by fat, occurs before peripheral resistance and

34 leads to prediabetes and diabetes. If insulin resistance is detected earlier, lifestyle changes

35 could prevent or delay disease development. Therefore, we analysed lipids in the liver and

36 serum of prediabetic and diabetic mice by MeV TOF-SIMS with a focus on diacylglycerols

37 (DAGs) as the best predictor of (liver) resistance.

38 Methods: Glucose impairment was spontaneously developed or induced by HFD in NOD/LtJ

39 mice, and prediabetic and diabetic mice were selected according to their glucose levels.

40 MeV TOF-SIMS was applied to image the lipid distribution in the liver and to relatively

41 quantify lipids related to insulin resistance in both the liver and serum.

42 Results: The same lipids were detected in the liver and serum but with different intensities

43 between mice. The intensity of DAGs and fatty acids was higher in the diabetic than that in

44 the prediabetic liver.

45 Imaging of liver tissue showed a more compact density of prediabetic (non-fatty) than

46 diabetic liver with DAG remodelling in diabetes. DAGs, which are greatly increased in dia-

47 betic serum, were successfully detected and quantified already in prediabetes.

48 Conclusion: MeV TOF-SIMS applied to the serum presents an excellent tool for in vivo mon-

49 itoring of disease development over time.
50 � 2019 Published by Elsevier B.V.
51

52

53

54

55 1. Introduction

56 Our modern lifestyle and mechanized society often include

57 physical inactivity accompanied by the consumption of a

58high-calorie diet [1]. The consequence is energy imbalance,

59where caloric intake exceeds expenditure, thus contributing

60to the current epidemic of obesity.

https://doi.org/10.1016/j.diabres.2019.107986
0168-8227/� 2019 Published by Elsevier B.V.

Abbreviations: MeV TOF-SIMS, Time-of-Flight Secondary Ion Mass Spectrometry using MeV ions; HFD, high-fat diet; SFD, standard-fat
diet; STIM, Scanning Transmission Ion Microscopy; DAGs, diacylglycerols; FAs, fatty acids; PC, phosphocholine
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61 The liver is the major site for converting excess dietary

62 carbohydrates and fats into fatty acids (FAs) and triglycerides,

63 which are then deposited first in liver cells and later in adi-

64 pose tissue. It is normal to have a small amount of fat in

65 the liver, but the build-up of fat in the liver is connected with

66 specific hepatic insulin resistance, metabolic syndrome, and

67 prediabetes, which increases the risk for developing type 2

68 diabetes [2].

69 Experiments with high-fat diet (HFD)-fed rodent models

70 have shown that consuming a HFD contributes to the chronic

71 increase in circulating free FAs. A high rate of FAs is delivered

72 into the liver through the liver-specific fatty acid transport

73 protein 5 (FATP5), resulting in increased levels of long-chain

74 fatty acids (LCoAs) [3,4], which can be converted to diacylglyc-

75 erols (DAGs). DAG is a glyceride consisting of two fatty acid

76 chains covalently bonded to a glycerol molecule through ester

77 linkages, thus forming 1,2-diacylglycerols and 1,3-

78 diacylglycerols. Therefore, saturated fatty acids are usually

79 bonded at the C1 position and unsaturated fatty acids at the

80 C2 or C3 position. The accumulation of DAGs containing sat-

81 urated FAs in various intracellular compartments such as the

82 membrane or lipid droplets in hepatocytes may interfere with

83 b-cell function and insulin signalling, causing liver-specific

84 insulin resistance [5–7].

85 The link between intrahepatic DAG accumulation and hep-

86 atic insulin resistance could be attributed to the activation of

87 protein kinase Ce (PKCe), which is the predominant PKC iso-

88 form activated in the liver with a much greater affinity for

89 DAGs [8,9]. Lipid-induced enzyme activation inhibits insulin

90 receptor substrate-2 (IRS-2) tyrosine phosphorylation by the

91 insulin receptor kinase, leading to the inability of insulin to

92 activate hepatic glycogen synthesis and the inability to sup-

93 press hepatic glucose production.

94 Intrahepatic fat vacuoles and hepatic insulin resistance in

95 mice and rats can be induced with only 3 days of high-fat

96 feeding before the development of obesity, muscle lipid accu-

97 mulation or peripheral insulin resistance [8]. It has been

98 demonstrated that ectopic lipids in the liver are specifically

99 associated with hepatic insulin resistance. Among all corre-

100 lated lipid components, Magkos et al. [10] demonstrated that

101 the hepatic DAG content, but not hepatic ceramide content,

102 was the best predictor of hepatic insulin resistance in obese

103 humans. Additionally, shifts in lipids and lipoproteins at the

104 periphery were detected early in the progression of metabolic

105 syndrome in overweight rhesus monkeys, certainly by the

106 time insulin resistance has developed and possibly even in

107 advance of that [11]. Among them, the plasma diacylglycerol

108 composition has been suggested as a biomarker of metabolic

109 syndrome onset in rhesus monkeys [11].

110 After months or years of (hepatic) insulin resistance, blood

111 sugar begins to rise, leading to prediabetes, when the glucose

112 level is between 6.1 and 6.9 mmol/L (according to the WHO

113 criteria for the diagnosis of prediabetes based on the fasting

114 glucose level). In clinical settings, to check if someone has

115 prediabetes, doctors commonly measure the fasting plasma

116 glucose level and/or fasting blood glycosylated haemoglobin.

117 At the same time, doctors do not test for insulin resistance

118 since the hyperinsulinaemic-euglycemic clamp and intra-

119 venous glucose tolerance test, as the most reliable methods

120 available for estimating insulin resistance, are time consum-

121ing and expensive. If we can determine a marker of insulin

122resistance in the target tissues and/or in the serum earlier,

123it would be possible to make some immediate and lasting life-

124style changes that could help prevent not only the onset of

125type 2 diabetes but also all related complications, including

126heart disease, vision loss, nerve damage, and kidney failure.

127Taking into account all of the aforementioned factors, it is

128clear that determining DAGs in liver tissue and/or serum

129could play an important role in the prediction of early events

130in the development of glucoregulatory impairment.

131To our knowledge, there are several different ways to iden-

132tify DAGs in biological samples. Most available kits use the

133competitive binding enzyme immunoassay system on micro-

134titre plates. In that case, DAGs from the sample are captured

135on a pre-coated DAG-specific antibody and further visualized

136by applying enzyme-linked secondary antibody and substrate

137for producing visible signal, which is measured spectrophoto-

138metrically. The concentration of DAGs in the sample is deter-

139mined by comparing the optical density of the samples to the

140standard curve.

141Most of those kits are suitable for the analysis of cell

142lysate, plasma or serum, but some of them are able to mea-

143sure the DAG content in tissue homogenate and collected

144supernatant, which can be applied on the microtitre plate.

145DAGs in tissue can also be measured by thin layer chro-

146matography (TLC) or liquid chromatography-mass spectrom-

147etry (LC-MS). For that purpose, tissue should be frozen and

148DAGs isolated through several steps that involve chloro-

149form/methanol extraction, evaporation to dryness and re-

150dissolving in hexane-methylene chloride-ethyl ether and sep-

151aration from triglycerides. The eluted DAG fraction is then

152evaporated to dryness and re-dissolved in solvent suitable

153for LC-MS analysis. Since the procedure for tissue preparation

154is complex and requires tissue homogenization, information

155about the 2D distribution of DAGs is lost.

156It is obvious that all mentioned methods for measuring

157DAGs have some limitations, such as using species-specific

158primary antibodies, creating standard curves requirements

159for protocol optimization. To better understand the composi-

160tion of biological samples as well as to evaluate chemical and

161structural pathological changes in the tissue, methods are

162required that offer detailed chemical information with high

163spatial distribution and sensitivity. The method that satisfies

164those conditions is Time-of-Flight-Secondary Ion Mass Spec-

165trometry (TOF-SIMS).

166TOF-SIMS was originally developed as a surface analysis

167technique for the identification and 2D molecular imaging

168of organic and inorganic materials by detecting secondary

169molecular ions released from the sample surface by a primary

170ion beam [12–14]. In recent years, the potential of the tech-

171nique for implementation in life sciences has been widely

172explored. Fundamental advances, such as lateral resolution

173below 1 lm and high sensitivity for the examination and

174characterization of lipids, allow the utilization of TOF-SIMS

175for studying lipid-related diseases [15,16]. Therefore it is pos-

176sible to detect multiple lipid species directly from the sample

177surface, which is ideal for the analysis of complex biological

178systems under physiological or pathological conditions.

179In recent years, the capability of TOF-SIMS for surface

180analysis and structural investigations in biological samples
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181 has been greatly improved by using either cluster ion sources

182 [17] or MeV ions for excitation, making identification of

183 molecular species in the sample at the micron level easier.

184 We have already successfully applied MeV TOF-SIMS for

185 imaging human adenocarcinoma cells at the subcellular level

186 [18]. The goal of the present study was to determine early

187 events in the development of glucoregulatory impairment in

188 the prediabetic (spontaneously developed) and HFD-induced

189 diabetic mouse model, with a focus on lipids in the liver tis-

190 sue and also in the serum. In the liver, changes not only in

191 the content of DAGs (as an insulin resistance predictor) but

192 also in the content of FAs and cholesterol (whose increased

193 levels are found in steatosis) have been determined. To our

194 knowledge, this is the first application of MeV TOF-SIMS to

195 determine the lipid content in mouse serum. The level of

196 DAGs in the serum of prediabetic and diabetic mice correlates

197 well with their blood glucose levels. Therefore, MeV TOF-SIMS

198 is an excellent tool for tracing a lipid-based biomarker (DAGs)

199 in the assessment of metabolic disruption and insulin resis-

200 tance at an early phase, when it is possible to prevent or delay

201 type 2 diabetes.

202 2. Materials and methods

203 2.1. Treatment of mice and preparation of mouse liver
204 tissue and serum

205 To detect and measure compounds linked to hyperglycaemia/

206 insulin resistance in complex biological samples (liver tissue

207 and serum), the MeV TOF-SIMS method was applied. For that

208 purpose, normoglycaemic NOD/LtJ mice (both sexes at

209 8 weeks of age) were fed with either SFD (11.4% fat, 4 mice)

210 or HFD (58% fat, 4 mice) for 4 weeks. Both groups of mice were

211 age-matched and housed in identical environments. For

212 detection of hyperglycaemia, blood glucose levels were mea-

213 sured every week by glucometer in a blood drop taken from

214 the tail vain. Before the measurement, mice were fasted for

215 6 h. All procedures were approved by the Ministry of Agricul-

216 ture of Croatia, (No: UP/I-322-01/17-01/43 525-10/0255/17/3

217 from 19 May 2017) and carried out in accordance with associ-

218 ated guidelines of the EU Directive 2010/63/EU.

219 Two representative mice on different diets were selected

220 for further MeV TOF-SIMS analysis according to their blood

221 glucose levels in the last two measurements. The fasting glu-

222 cose level in the blood of mouse on SFD was 6.3 mmol/L (fast-

223 ing blood glucose level between 6.1 and 6.9 mmol/L is

224 considered as prediabetes), but mouse on HFD was hypergly-

225 caemic with a glucose concentration of 8.6 mmol/L (fasting

226 blood glucose level equal to or higher than 7.0 mmol/L charac-

227 terizes diabetes). Whole blood (20–30 ll) taken from the tail

228 vain was collected into the appropriate tube and allowed to

229 form a clot. The clot was removed by centrifugation, and

230 the resulting serum was pipetted in a clear vial and stored

231 at �80 �C until MeV TOF-SIMS measurements. The animals

232 were sacrificed by cervical dislocation, and the liver was

233 excised. In order to preserve liver morphology and the pri-

234 mary distribution of molecular species, a portion of the tissue

235 was immediately embedded in Tissue-Tek OCT Compound for

236 Cryostat Sectioning (Sakura, The Netherlands),

237cryo-preserved in isopentane cooled with liquid nitrogen

238and stored at �80 �C until cryo-sectioning and further

239analysis.

240OCT-embedded blocks of frozen liver tissue were removed

241from the freezer and sectioned inside a cryostat-microtome

242held at �25 �C. The liver tissue sections were selected to be

2435 lm thick to allow transmission of 9 MeV O4+ ions through

244the sample to use high lateral resolution mode for MeV

245TOF-SIMS measurements [18]. One of the sections was imme-

246diately placed onto a 100-nm-thick Si3N4 window and freeze-

247dried overnight. The time for transferring the sample from

248the freeze-drying equipment to the vacuum chamber where

249MeV TOF-SIMS measurements were performed was kept

250below 30 min. Additional cryo-sections of mouse liver were

251stained by fat-soluble Sudan III dye for the visualization of

252intra-hepatic fat vacuoles.

253In pilot experiments, the MeV TOF-SIMS measurement of

254the embedding OCT medium was performed in order to

255obtain the OCT molecular spectrum and to see if the mass

256peaks coming from the OCT interfere with themass peaks rel-

257evant for the present measurements of liver tissue.

258A portion of the mouse liver was fixed in 10% neutral buf-

259fered formalin, dehydrated in alcohol and cleared in xylene

260embedded in paraffin and cut into 5-lm-thick sections. Then,

261thin sections were stained with haematoxylin and eosin

262(H&E) according to the standard procedure [19]. Just before

263MeV TOF-SIMS analysis, serum samples were removed from

264�80 �C. For each sample, a volume of 5 ll was dispersed as a

265thin film on a clean silicon wafer, dried for 2 min and imme-

266diately placed in the vacuum chamber for MeV TOF-SIMS

267measurements.

2682.2. MeV TOF-SIMS analysis

269Measurements were performed using a setup for MeV SIMS

270with linear TOF installed at the Ruder Bošković Institute

271heavy ion microprobe. For homogeneous samples such as

272blood serum, only mass spectra were collected using the

273MeV TOF-SIMS setup with the pulsed ion beam. Since the

274used MeV TOF-SIMS spectrometer is linear type, without

275any timing focusing elements, mass resolution is M/

276DM � 400 for M = 262 [20]. More details about the experimen-

277tal setup can be found in Tadić et al. [20]. Focused 8 MeV Si4+

278ions were scanned over an area of approximately 500 � 500

279lm2. The typical lateral beam resolution was approximately

2808 � 8 lm2.

281In order to improve lateral resolution for imaging, a con-

282tinuous beam was applied instead of the pulsed primary

283beam, allowing the start signal for TOF from the charge parti-

284cle detector placed behind the thin transmission target. This

285detector is usually used for Scanning Transmission Ion Micro-

286scopy (STIM), a technique that is based on the energy loss of

287ions in the sample that can provide information about the

288sample density distribution. Therefore, together with molec-

289ular images, a STIM image of the sample density distribution

290was also recorded [26]. For the liver tissue measurements,

2919 MeV O4+ ions were scanned over an area of approximately

292360 � 360 lm2, and the typical lateral beam resolution was

293approximately 1 � 1 lm2. As shown in Stoytschev et al. [21],

294secondary molecular ion yields are, among other parameters,
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295 directly proportional to the electronic stopping power of the

296 primary ions used in the organic material, and therefore, for

297 the sensitivity, it would be better to use silicon ions instead

298 of oxygen as we have used for serum measurements. How-

299 ever, as ions have to be sufficiently energetic to reach the

300 STIM detector after passing through the 5-lm-thick liver tis-

301 sue sample, 9 MeV O4+ ions were selected.

302 Mass spectra and 2D images from liver tissue were col-

303 lected using the in-house developed data acquisition system

304 SPECTOR [22]. Positive and negative secondary molecular ions

305 were extracted from the sample surface through the ±4 kV

306 potential difference toward the extractor and linear TOF. Data

307 acquisition was controlled using SPECTOR software, while

308 data processing and normalization were performed using

309 the MATLAB software MSiReader [23] and mMass software

310 [24]. All SIMS maps were normalised to the total number of

311 counts, as is usually the case in TOF-SIMS imaging. Colour

312 scale bars, with the amplitude representing the number of

313 counts, are indicated to the right of each image.

314 3. Results and discussion

315 3.1. HFD-induced mouse model of fatty liver

316 Although the NOD strain of mice spontaneously develops an

317 autoimmune type of diabetes, consuming a HFD leads to

318 the faster development of impaired glucose tolerance and

319 its complications (such as obesity and insulin resistance).

320 The effect of high calorie intake could go directly through

321 the promotion of beta-cell apoptosis [25,26] and indirectly

322 through favoured lipid accumulation in hepatocytes, which

323 has a dangerous effect on liver function, causing a high risk

324 of developing liver insulin resistance [27,28].

325 In addition to the liver, muscles and fat can also become

326 resistant to insulin with disease progression. The pancreas

327 must produce more insulin to help glucose enter the cells

328 due to insulin resistance in the target tissue. In people who

329 already have some insulin resistance, prediabetes, the condi-

330 tion when blood glucose level is higher than normal (fasting

331 blood glucose level between 6.1 and 6.9 mmol/L), usually

332 occurs. If the pancreas could not make enough insulin to

333 overcome a weak response to insulin, the blood glucose level

334 will reach the diabetes diagnosis level (�7.0 mmol/L). It is esti-

335 mated that 25% of persons with prediabetes will fully develop

336 diabetes over three to five years.

337 In order to prevent or delay the disease progression, rec-

338 ommendations to the people with prediabetes are to eat

339 healthier and to lose some body weight.

340 It was already shown that specific lipids accumulated in

341 the liver are associated with hepatic insulin resistance, which

342 can be induced by a HFD [8]. Because resistance to insulin

343 action in the liver is developed earlier than that in the periph-

344 ery, it is very important to detect hepatic insulin resistance at

345 the very beginning, when changes in the lifestyle or the

346 appropriate therapy can be applied. Among hepatic lipids,

347 the DAG content is the best predictor of liver insulin resis-

348 tance [10].

349 As already mentioned, available methods for DAG detec-

350 tion involve complex protocols for sample preparation, and

351none of the methods provide information about the spatial

352distribution of DAGs in tissues or cells. Here, we demonstrate

353that MeV TOF-SIMS can be used for the identification of not

354only DAGs (as a predictor of hepatic insulin resistance) but

355also cholesterol, phosphocholine (PC) and FAs, directly on

356the liver cryo-sections obtained from mice fed with a SFD or

357HFD. Since all these types of lipids are normally present in

358the liver, we were interested in observing changes in their

359levels (particularly the level of DAGs) after treatment of mice

360with HFD in which they already developed impaired glucose

361tolerance and hyperglycaemia.

362This is important since the measurement of the 2D distri-

363bution across diseased tissue can reveal areas of abnormal

364chemistry, such as scarcity or over-abundance of a particular

365compound, thus connecting cellular dysfunction with

366anatomical specificity.

367One of the characteristics associated with high calorie

368intake is body weight gain. NOD mice on a HFD were approx-

369imately 3 g heavier than mice on a SFD at the end of the

370experiment. According to the expectation, the average glu-

371cose value was higher (7.7 mmol/L) after consuming a HFD

372compared to the glucose level of mice fed with a SFD

373(6.0 mmol/L). Mice fed with a SFD or HFD that were selected

374for MeV TOF-SIMS analysis had fasting glucose levels of

3756.3 mmol/L (prediabetes) and 8.6 mmol/L (diabetes), respec-

376tively, confirming that the HFD induced metabolic distur-

377bance. First, we explored the grade of liver deterioration

378caused by treatment with HFD for 4 weeks. The staining of

379SFD and HFD liver paraffine-embedded or cryo-sections

380revealed that the tissue morphology was preserved (Fig. 1.

381upper and lower panels). In order to confirm the storage of

382fat in the vacuoles, standard Sudan III dye for the visualiza-

383tion of lipid droplets within the cytoplasm of hepatocytes

384was used for both mice. Fat vacuoles were predominately pre-

385sent in the liver of mouse fed with a HFD compared to the

386mouse fed a SFD (Fig. 1, lower panel). This confirms that our

387mouse model established by HFD is characterized by hyper-

388glycaemia and also by fatty liver.

3893.2. Imaging of liver tissue and measurement of
390biochemical composition

391Since the sample preparation techniques, which should pre-

392serve the chemical and spatial integrity, are crucial for TOF-

393SIMS imaging, we have used the recommended technique

394for mouse liver preparation involving cryo-fixation in OCT

395medium, cryo-sectioning and freeze-drying [29].

396The Scanning Transmission Ion Microscopy (STIM) imag-

397ing technique was first applied to assess the cryo-sections

398of 5-lm-hick liver tissue obtained from mice fed a SFD

399(Fig. 2a) or HFD (Fig. 2b). The area shown in the image is

400approximately 360 � 360 lm2. On the left side of Fig. 2a, part

401of the Si3N4 frame can be seen where ions were completely

402stopped. The colour bar represents the density distribution

403from the highest (dark blue colour) to the lowest density

404(red colour). Black arrows indicate lipid vacuoles. From the fig-

405ures, it can be concluded that the energy loss of 9 MeV O4+

406ions is larger for the SFD (Fig. 2a) than that for the HFD

407(Fig. 2b), indicating that the tissue of the SFD liver is more
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408 dense than that of the HFD liver. Moreover, the STIM image of

409 the HFD liver displays lipid vacuoles in the analysed area

410 (Fig. 2b, arrows), which are mostly absent in the image of

411the liver from the mouse fed with SFD (Fig. 2a), which corre-

412lates well with the numerous fat vacuoles detected by Sudan

413III dye (Fig. 1, lower panel). Red colour presents regions with

Fig. 1 – Liver sections of mice fed a standard-fat diet (SFD) and a high-fat diet (HFD) stained with H&E (upper panel) and with

Sudan III (lower panel). The vacuoles and lipid droplets are marked with arrows.

Fig. 2 – Scanning Transmission Ion Microscopy (STIM) image of 5-lm-thick liver tissue samples of mice fed with SFD (a) or

HFD (b). The area of the image size is approximately 360 � 360 lm2. The colour bar represents the density distribution from

the highest (dark blue colour) to the lowest density (red colour). Black arrows indicate lipid vacuoles. From the figures, it can

be concluded the energy loss of 9 MeV O4+ ions is larger for SFD (a) than for HFD (b) liver tissue, indicating that normal liver

tissue is more dense than tissue with fat vacuoles. On the left side of (a), part of the Si3N4 frame can be seen where ions were

completely stopped. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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414 lower energy loss, which morphologically might correspond

415 to the boundary between adjacent liver segments (Fig. 2).

416 The observed difference in the density of the liver tissue is

417 due to the changes in biochemical composition as a conse-

418 quence of consuming a high-fat diet, which is confirmed by

419 measuring mass spectra. As shown in Fig. 3a, the most pro-

420 nounced peaks in the spectra (measured in the positive ion

421 mode) belong to cholesterol (m/z 369.4), DAGs (DAG 32, m/z

422 552 and DAG 34, m/z 578) and PC (m/z 760). It should be

423 emphasized that the mass peaks of cholesterol and DAGs

424 from the mouse fed with the HFD (Fig. 3a, red) are much

425 higher than the same mass peaks belonging to the mouse

426 fed with the SFD (Fig. 3a, black). This correlates with the fatty

427 liver that developed in the mouse on a HFD, which was also

428 confirmed by Sudan III staining. Additionally, the FA mass

429peaks (measured in the negative ion mode) are significantly

430higher in the liver of HFD-fed mouse than in the liver of

431SFD-fed mouse (Fig. 3b). Therefore, two groups of FAs were

432identified: the first group FA16 (C16:1 (m/z 253.2) and C16:0

433(m/z 255.2)) and the second group FA18 (C18:2 (m/z 279.2),

434C18:1 (m/z 281.2) and C18:0 (283.2)). It is assumed that FA ions

435are primarily part of TAGs and phospholipids [2].

436As the specific role of DAGs in hepatic insulin resistance

437[28,30] has already been explained, we further assessed the

438composition and spatial distribution of DAG32 and DAG34

439from mice fed with a SFD and HFD on the same liver sections

440displayed in Fig. 2. The images recorded in the positive ion

441mode show a homogenous distribution of DAGs throughout

442the entire SFD liver section (Fig. 3c, upper panel), while in

443the HFD liver, not only a higher number of accounts but also

Fig. 3 – Mass spectra in positive (a) and negative (b) ion mode collected from liver cryo-sections of mice fed with SFD (black) or

HFD (red). The peaks belonging to cholesterol, DAGs, PC and FAs are marked in themass spectra. The spatial distribution (c) of

DAG 32, m/z = 552 and DAG 34, m/z = 578 in the liver obtained frommouse on SFD (upper panel) or HFD (lower panel). Data are

collected from the same tissue area shown in Fig. 2. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Please cite this article as: M. Popović Hadžija, Z. Siketić, M. Hadžija et al., Study of the diacylglycerol composition in the liver and serum of mice
with prediabetes and diabetes using MeV TOF-SIMS, Diabetes Research and Clinical Practice, https://doi.org/10.1016/j.diabres.2019.107986

DIAB 107986 No. of Pages 9, Model 7

20 December 2019

https://doi.org/10.1016/j.diabres.2019.107986


444 the spatial remodelling of DAGs (Fig. 3c, lower panel) was

445 observed. DAGs are dispersed over the analysed area, but

446 the largest amount is localized at the boundary of segments.

447 As can be concluded from Fig. 3a, some small amount of

448 DAGs exists already in SFD-fed mouse but peaks for DAG32,

449 DAG34 and DAG36 are significantly more pronounced in the

450 liver of HFD-fed mouse most likely due to the high calorie

451 intake or fragmentation of TAGs [31]. Cholesterol, as a mem-

452 brane lipid and mass spectrometric-friendly lipid molecule,

453 displayed a higher signal in fatty liver than in non-fatty liver

454 as a consequence of the disproportionate of caloric intake rel-

455 ative to expenditure. Some lipids are not detected in situ, such

456 as fatty acids with 20 carbon atoms, which might be either

457 due to the poor desorption/ionization yields or to intense

458 fragmentation of these compounds [30].

459 We can summarize that the same lipid classes are present

460 in the liver samples of both mice but with variations in their

461 relative intensities; DAGs and FAs showed a higher intensity

462 in the diabetic mouse with a fatty liver compared to the

463 mouse with non-fatty liver. Our results are in agreement with

464 the TOF-SIMS results obtained on the tissue samples of peo-

465 ple suffering from non-alcoholic fatty liver disease

466 [15,32,33]. Additionally, the method is successfully applied

467 to image the location and to quantify a single compound or

468 even a set of compounds in diseases such as colon dysplasia,

469 osteoporosis, breast cancer or chronic obstructive pulmonary

470 disease [34–37]. To our knowledge, the only work in which

471 TOF-SIMS was used to identify the changes in the lipid com-

472 position within mouse tissue (skeletal muscle, liver and adi-

473 pose tissue) in response to the dietary intake of omega-3

474 fatty acids was published by Sjovall et al. [2]. However, there

475 is lack of data about the dietary-induced events in insulin-

476 targeted tissues that precede or cause the loss of glucose

477 homeostasis. Here, we have shown that disrupted glucose

478 homeostasis is due to the increase in DAGs and FAs in the

479 liver.

480 3.3. MeV TOF-SIMS spectra of serum

481 It is obvious that HFD-induced disease in mouse liver stems

482 from dysfunctional metabolic processes of lipids. The

483 changes in lipid metabolism, transport and storage occur

484 early in the progression of impaired glucose tolerance, cer-

485 tainly by the time of insulin resistance or possibly even before

486 it. As demonstrated above, it can be related to the increased

487 accumulation of DAGs and FAs in the mouse liver of HFD-

488 fed animals compared to the SFD-fed animals (Fig. 3a, b).

489 Studies by other authors [10,11] have shown that DAGs are

490 specifically responsible for liver insulin resistance and conse-

491 quently impaired glucose homeostasis. The increase in glu-

492 cose concentration could be detected in plasma at the very

493 beginning, in the state of prediabetes that presents an inter-

494 mediate state of hyperglycaemia. Therefore, it is very likely

495 that metabolic changes caused by the accumulation of lipids

496 in the liver in this state also have an effect on the periphery

497 through the different intensities of DAGs and/or FAs. In order

498 to test our assumption, we applied the MeV TOF-SIMS

499 method to analyse serum from the same SFD- and HFD-fed

500 mice from which liver samples were taken.

501Only 5 ll of serum was dispersed on a clean silicon wafer

502as a fine, thin film and dried only a few minutes before the

503MeV TOF-SIMS measurement. As shown in Fig. 4a, b, serum

504samples produce very clear mass spectra in positive and neg-

505ative mode, with the most pronounced peaks from choles-

506terol, DAGs, PC and FAs. Among all those peaks, only peaks

507belonging to DAGs are greatly increased in the serum of

508HFD-fed mouse compared to the serum of mouse fed with

509SFD. This is consistent with results from the liver tissue,

510where higher levels of DAGs in HFD- than in SFD-fed mouse

511were measured. This is in agreement with the observations

512of other researchers found in the literature [10,11] that the

513DAG composition could be taken as an early plasma marker

514for assessment of a metabolic syndrome risk or a marker of

515liver resistance.

516It should be noted that the levels of FAs and cholesterol in

517the serum of HFD- and SFD-fed mice are almost equal,

518although simultaneously the same compounds in the liver

519are present at slightly higher levels in the HFD- than in the

520SFD-fed mouse (comparison of Figs. 3 and 4). From that, it

521can be concluded that the level of cholesterol and FAs in the

522mouse liver is below a critical capacity of accumulation to

523affect the periphery. The increase in both components with

524diabetes development (increasing hyperglycaemia), could be

525expected, but this should be investigated in the future. As

526far as the authors know, the MeV TOF-SIMS method was

527applied for the first time to analyse serum, and even a small

528volume (5 ll) was more than sufficient to perform the analy-

529sis. It should be emphasized that in the serum, mass spec-

530trum peaks belonging to several lipid species could be

531clearly seen as well as the differences in the relative peak

532intensities.

5334. Conclusions

534The goal of this preliminary study was to determine events in

535the spontaneously developed or HFD-induced impairment of

536glucose homeostasis (state of prediabetes and diabetes), with

537a focus on lipids in the target tissue (liver) and body fluid

538(serum). The MeV TOF-SIMS method was applied to image

539the distribution of lipids in liver cryo-sections and to quantify

540the relative amount of lipid species related to insulin resis-

541tance/hyperglycaemia (particularly DAGs) in both liver and

542serum. The most pronounced peaks were peaks belonging

543to DAGs, FAs, cholesterol and PC. However, the peak intensi-

544ties varied between the prediabetic and diabetic mouse and

545between the type of sample (liver vs serum). DAGs and FAs

546showed a higher intensity in the liver of diabetic mouse with

547a fatty liver compared to the prediabetic mouse with a non-

548fatty liver. Moreover, we observed the spatial remodelling of

549DAGs in the diabetic liver. The image of the density distribu-

550tion showed a more compact density of prediabetic (non-

551fatty) liver than diabetic liver (fatty liver) due to accumulated

552fat in hepatocytes.

553Among all peaks detected in serum, only peaks of DAGs

554were significantly increased in the serum of diabetic mouse.

555However, it should be emphasized that the DAG level was suc-

556cessfully detected already in the periphery of prediabetic

d i a b e t e s r e s e a r c h a n d c l i n i c a l p r a c t i c e x x x ( x x x x ) x x x 7
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557 mouse, and it could be compared to the level found in the

558 serum of diabetic mouse.

559 Increased amounts of DAGs in the serum might be a dis-

560 tinctive marker providing information about increased accu-

561 mulation of lipids in the liver (confirmed by Sudan III dye in

562 our animal model) and the development of liver insulin resis-

563 tance. These results clearly demonstrate that serum (not only

564 specific tissues) can be useful for studying metabolic changes,

565 and the combination of the MeV TOF-SIMS method and

566 serum presents an excellent tool for in vivo investigation

567 because serum is much easier to prepare than tissue samples,

568 and a very small amount of serum is sufficient for the analy-

569 sis. An animal does not have to be sacrificed, and samples can

570 be taken from the same animal, allowing monitoring of dis-

571 ease development over time, which will be the subject of

572 our future work.

573 Although the MeV TOF-SIMS method cannot acquire abso-

574 lute quantitative data, the relative quantification comparing

575 mass spectra of healthy and pathological samples is possible.

576 The method is highly informative because the detected com-

577 pounds have a high biological significance, providing new

578 insights into the understanding of hepatic lipid metabolism

579 in normal and diabetic conditions.
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684a cross-platform software environment for precise analysis
685of mass spectrometric data. Anal Chem 2010;82:4648–51.
686[25] Linn T, Strate C, Schneider K. Diet promotes beta-cell loss by
687apoptosis in prediabetic nonobese diabetic mice.
688Endocrinology 1999;140:3767–73.
689[26] Gannon M. High fat diet regulation of b-cell proliferation and
690b-cell mass. TOEJ 2010;4(1):66–77. Available from: http://
691benthamopen.com/ABSTRACT/TOEJ-4-66. https://doi.org/
69210.2174/1874216501004010066.
693[27] Weiss R, Dufour S, Taksali SE, Tambortlane WV, Petersen KF,
694Bonadonna RC, et al. Prediabetes in obese youth: a syndrome
695of impaired glucose tolerance, severe insulin resistance, and
696altered myocellular and abdominal fat partitioning. Lancet
6972003;2013(362):951–7.
698[28] Derek ME, Shulman GI. Diacylglycerol-mediated insulin
699resistance. Nat Med 2010;16:400–2.
700[29] Passarelli MK, Winograd N. Lipid Imaging with Time-of-Flight
701Secondary Ion Mass Spectrometry (ToF-SIMS). Biochim
702Biophys Acta 2011;2011(1811):976–90.
703[30] Debois D, Bralet MP, Le Naour F, Brunelle A, Laprévote O. In
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