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Abstract

:

Background: Bariatric surgery (BS) is an important procedure used for the treatment of morbid obesity and has been proven to improve, or even cure, type 2 diabetes mellitus (T2DM). However, of the patients with T2DM who initially go into remission, a proportion experience a relapse during the follow-up. In this context, Raman spectroscopy (RS) could be a promising technique for monitoring the metabolic profile of patients after surgical treatment with the aim of improving their postsurgical management. Methods: Fourteen obese patients with T2DM were recruited. Clinical parameters, adipokines, ghrelin, Fibroblast growth factor 19 (FGF-19) values, and Raman spectra were collected and analyzed before and after surgery. RS results were compared with profiles obtained from 23 healthy subjects (HC), to observe whether the metabolic fingerprint of bariatric patients normalized during the surgical follow-up. Results: The reduction in anthropometric measures and improved glycemic control and lipid profile after surgical treatment highlighted the benefits of BS. Consequently, adipokines, ghrelin and FGF-19 concentration returned to normal values after surgery. However, RS data highlighted an altered metabolic profile even after BS. Conclusion: RS suggests that BS does not fully restore the metabolic profile of patients in the immediate follow-up after the surgery.
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1. Introduction


Morbid obesity, which represents one of the major risk factors for developing T2DM, is a clinical condition characterized by an excess of fat mass [1]. The prevalence of T2DM is increasing worldwide, along with an increase in obesity [2]. The spread of T2DM and obesity is responsible for increased cardiovascular morbidity and mortality [3].



The therapeutic approaches currently available to manage T2DM in patients with obesity are divided into non-surgical treatments (such as an adequate diet, physical activity, and pharmacological treatments) and bariatric and metabolic surgery (BS). BS is considered a valid therapeutic option for those patients where lifestyle interventions and drug therapy are ineffective [4,5,6]. Furthermore, several studies have reported the supremacy of BS over non-surgical treatment on the glyco-metabolic profile of patients with T2DM and obesity [7,8,9].



To date, BS includes different types of interventions: restrictive, hypo-absorptive, malabsorptive, and all three combined, with each intervention affecting the hormonal and glyco-metabolic profile in a different way [10,11].



BS guarantees rapid and considerable weight loss and significantly reduces calorie intake [9,10,11]. In addition, changes in the entero-hormonal pattern after BS play a decisive role in decreasing postprandial glycaemia and increasing insulin secretion. Many studies support the hypothesis that the anatomical changes induced by surgery not only play a decisive role in weight reduction, but also modify the release of gut peptides, including incretin and peptide glucagon-like peptide-1 (GLP-1), leading to improvements in glycemic homeostasis [12,13].



The remission of T2DM after BS is described in many cases and measured by achieving specific targets relating to fasting glycemia and glycated hemoglobin (HbA1c) in the absence of hypoglycemic therapy [14,15]. However, this is not a sustainable outcome in all patients, as some studies have shown a long-term relapse of T2DM in those subjects who initially went into remission [16,17,18,19,20]. Old age, disease duration, poor metabolic control, and the intensity of treatment have all been identified as unfavorable factors in T2DM remission [16,17,21,22]. However, the ability to accurately predict BS failure or the eventual recurrence of obesity would be useful for clinical practitioners when selecting those patients who could benefit from more intensive follow-up and/or associated drug treatment after BS. In this context, the study of the serum metabolic profiles of T2DM patients before and after BS would be necessary in order to understand the effectiveness of surgery.



Raman spectroscopy (RS) is an optical technique that offers the possibility of gaining an overview of the biochemical profile of the sample without any preparative process and at almost no cost except for instrumentation. RS is based on the analysis of the light scattered inelastically by a sample under the irradiation of an intense laser source. When applied to the study of biological samples, RS is able to provide a rapid overview of multiple molecules of different natures, such as proteins, small metabolites, and lipids [23]. However, even if the obtained spectra are in rich information, RS does not provide directly quantitative information on the expression of specific genes or proteins, with only a few specific exceptions, such as hemoglobin and other metalloproteins [24].



RS provides a promising non-invasive approach to studying metabolic conditions by detecting HbA1c and glucose levels for monitoring diabetes [25]. Previous studies have demonstrated RS’s potential in discriminating, with high sensitivity and specificity, between healthy and T2DM subjects [26,27,28]. This result is in accordance with several other articles in which RS appears to perform well in case-control studies focused on diagnosing diseases with metabolic implications [25]. Furthermore, RS is able to provide information about the composition of lipoproteins. Ricciardi et al., have demonstrated the suitability of RS for the characterization of the main classes of lipoproteins, suggesting that RS is a valid and reproducible approach that requires less labor than traditional lipidomic analysis [29].



However, the literature on the use of RS to assess the effectiveness of a treatment is, to the best of our knowledge, very limited.



The aim of the present study is thus to investigate the metabolic Raman fingerprint in obese T2DM patients (Ob-T2DM) before and after BS, in order to prove the effectiveness of RS as a tool for monitoring BS efficacy and the clinical management of patients. Raman spectra were acquired from the serum of Ob-T2DM patients before BS and between six and twelve months after the surgery when patients were in remission from the disease. A control group of healthy subjects (HC) was also enlisted in order to observe whether the metabolic fingerprint of bariatric patients normalizes over time. We also conducted an integrative analysis that evaluated the clinical parameters and dosing of adipokines, ghrelin and FGF-19, so as to effectively characterize the efficacy of BS in selected patients.




2. Materials and Methods


2.1. Study Population


A group of 14 obese patients of either sex, with a BMI > 35 kg/m2, diagnosed with type 2 diabetes, and aged <65 years was recruited (Ob-T2DM). All Ob-T2DM subjects underwent BS with duodenal diverted sleeve gastrectomy with ileal interposition (DDSG-II), at the Department of General Surgery, Luigi Sacco Hospital in Milan (Italy) between 2008 and 2012. The patients were studied before and during clinical remission after the surgery. The diagnosis of T2DM was determined according to the American Diabetes Association criteria [30].



At baseline, we collected data on both anthropometric (body weight, BMI, waist, and hip circumference) and laboratory values. Patients were scheduled for follow-up to assess the durability of glycemic control. T2DM remission was based on HbA1c below 6% (42 mmol/mol) [14,31,32].



A control group of 23 healthy volunteers (HC) without a history of obesity and T2DM (mean age 43.1 ± 13.2 years; mean body mass index [BMI] 21.7 ± 2.2 kg/m2) was examined.



The present study was conducted according to the principles expressed in the Declaration of Helsinki. Informed consent was obtained from all of the individual participants included in the study.




2.2. Brief Description of Surgical Procedures


All patients underwent laparoscopic surgery under general anesthesia as described by Foschi et al. [33]. The surgical procedure involves two main steps: overmesocolic with performance of sleeve gastrectomy followed by ileal interposition. Fasting glucose levels were used to select the length of the ileum loop (Figure 1) [33].




2.3. Serum Biochemistry


Blood samples were collected at baseline and at follow-up visits in serum (clot activator) tubes. Serum samples were separated by blood centrifugation at 1000× g for 10 min at room temperature. Samples were stored at −80 °C until use.



The serum concentration of the adipokines leptin and adiponectin, the gastrointestinal hormone ghrelin, and the enterokine FGF-19 were analyzed by commercially available enzyme-linked immunoassay (ELISA) kits (R&D System for leptin and FGF-19; Merck for ghrelin and adiponectin) according to manufacturers’ protocols. Measurements were performed in duplicate.




2.4. Raman Spectroscopy


An InVia Reflex confocal Raman microscope [Renishaw, Wootton-under-Edge, UK] equipped with a laser wavelength of 785 nm was used to acquire all spectra. The Raman spectrometer was calibrated daily with a silicon wafer using the peak at 520.7 cm−1.



The acquisition of Raman spectra from the serum of the subjects included was performed according to a protocol previously described [34].



Briefly, a small drop of serum (4 µL) was placed onto the surface of a CaF2 slide (Crystran, Dorset, UK) and dried for 20 min at room temperature. The Raman spectra were acquired using a 785-nm laser, a 1200 l/mm grating, and a 100× objective. All spectra were acquired in the region of 400 to 1800 cm−1. For each sample, three spectra were collected from different positions in the drop. The software package WIRE 5 (Renishaw, UK) was used for spectral acquisition and to remove cosmic rays and background fluorescence using a 5th order polynomial fit. Spectra of each sample were vector normalized, and the average of the three spectra was considered as the final spectrum representative of each subject. Spectrum normalization and data analysis were carried out using OriginPro software (OriginLab Corporation, Northampton, MA, USA).




2.5. Statistical Analysis


Data were presented as mean ± SD. We verified the normal distribution of the data and considered the data as normal only if the Shapiro–Wilk test accepted the null hypothesis of the normal distribution. We performed parametric [t test] or non-parametric [Mann–Whitney test] tests to compare mean values between groups. Statistical significance was set at p < 0.05. Multivariate analysis of data was carried out using the principal component analysis (PCA) tool function of Orange data mining software [35,36].





3. Results


3.1. Clinical Characteristics of Study Groups


Fourteen subjects with obesity and T2DM undergoing BS with DDSG-II were included in the study. All patients were examined before and after surgery. At baseline, body weight, BMI, waist and hips circumference, insulin levels, glycemia, HAb1c%, total cholesterol, and triglycerides were significantly higher in the Ob-T2DM group, whereas HDL cholesterol concentrations were lower (Table 1).



As expected, after a variable post-surgical period of 6–12 months, Ob-T2D patients experienced a significant reduction in all anthropometric measurements (weight, BMI, waist and hips circumference), suggesting a return to non-obese condition. Furthermore, insulinemia improved as evidenced by the decrease in insulin concentrations. There was also a significant decrease in the HbA1c mean values as a result of the T2DM remission. We observed an expected significant reduction in circulating triglycerides and total cholesterol, as well as an increase in HDL-cholesterol concentrations after BS (Table 1). All these data evidenced that BS is effective in achieving the clinical remission of obesity and T2DM.




3.2. Effect of Bariatric Surgery on Serum Adipokines, Ghrelin, and FGF-19


To evaluate if BS with DDSG-II normalized the release of serum adipokines, ghrelin, and FGF-19, we assessed patients’ levels before and after BS, in order to correlate the effect of BS on T2DM resolution.



Analysis of circulating adipokines, ghrelin, and serum FGF-19 levels between groups showed interesting trends (Figure 2). The results demonstrated that after BS the serum adiponectin and FGF-19 mean levels increased, while the serum leptin and ghrelin concentrations markedly decreased (* p < 0.05; ** p < 0.005) (Figure 2), reaching values similar to those observed in the literature [37,38,39,40,41]. These data confirmed a return to normal values, and corroborated clinical data on the beneficial effects of BS in selected patients.




3.3. Raman Analysis of Serum of Patients


In an attempt to identify a metabolic fingerprint, Raman analysis was conducted on serum samples of Ob-T2D patients before (Ob-T2DM) and after surgery (BS). We compared these results with those obtained from a control group of healthy, average weight subjects (BMI 21.7 ± 2.2 kg/m2) matched for age and sex (HC).



The analysis of the Raman spectra allowed us to obtain a biochemical overview of the components of the biological sample and the relative amount without the need to target specific pre-defined molecules. Figure 3 shows the overlay of normalized average Raman spectra of all samples analyzed for each group. Each of the Raman peaks represents a different functional group in the sample and thus variations in their intensity reflect a difference in the relative amount in serum.



A Raman analysis, which obtained differential spectra between each group, revealed the most significant biochemical differences between HC, Ob-T2DM, and BS (Figure 4). The differential spectrum that subtracted HC signals from Ob-T2DM evidenced a decrease in 1155, 1408 and 1525 cm−1 peaks and an increase in 1234 and 1659 cm−1 peak. These peaks remained consistent when we removed HC signals from BS. However, when we attempted to subtract signals of BS samples from Ob-T2DM, differential spectra resulted in positive peaks at 1155, 1408, 1525, and 1659 cm−1, while the peak at 1234 cm−1 was negative.



To better understand the significance of these differences, we analyzed each peak individually. Figure 5 shows the statistically significant variations observed between the three groups. Statistically relevant differences were observed in the peaks corresponding to amide III [1234 cm−1], amino acids [1408 cm−1], carotenoids [1155 cm−1 and 1525 cm−1], and amide I [1659 cm−1].



Specifically, higher Amide III peaks [1234 cm−1], associated with an increase in β–folded proteins, and less intense Amide I peaks I [1659 cm−1], related to a reduction in α-helix proteins, were evident in BS group when compared with Ob-T2DM [42]. In addition, bariatric patients were characterized by less intense peaks of carotenoids [1155 cm−1 and 1525 cm−1] in comparison to HC and Ob-T2DM. These differences were predictable since micronutrient deficiency, including of carotenoids, is common after BS because this procedure causes anatomical and physiological changes to the gastrointestinal tract that may affect nutrient absorption [43,44].



Other statistically significant differences were also observed at 1408 cm−1, the peaks related to amino acids [45]. After BS, amino acid peaks increased when compared with Ob-T2DM patients, despite remaining statistically lower than HC. The metabolic–biochemical overview obtained by RS appeared to prove that a Raman profile of BS group did not overlap with the Raman signature obtained from HC despite clinical anamnestic and biochemical data suggesting an improvement in the parameter analyzed.



To confirm the altered metabolic profile of the patients after BS, as observed in the statistical analysis of each peak, spectra of all groups were pooled and further analyzed using principal component analysis (PCA). PCA is a statistical method that reduces the number variables necessary to determine similarities/differences among groups. In our dataset, the first two PCs described 67% of the variability data available as Supplementary Data.



By plotting the score of PC1 and PC2, it was possible to identify three well-localized zones (as shown in Figure 6): one containing the grey dots corresponding to the spectra of the HC patients, another containing the red dots corresponding to the spectra of the Ob-T2DM subjects, and a final one containing the blue dots corresponding to the spectra of patients after BS. However, the results of PCA analysis clearly prove that the metabolic/biochemical Raman fingerprint of BS does not overlap with those of HC. On the contrary, their PC1 scores are not different from those of Ob-T2DM. Furthermore, PC2 scores of the HC do not differ from BS or Ob-T2DM. This suggests that the Raman spectra of BS patients are different from those of HC, which, in turn, suggests a persistent alteration in the biochemical profile in these patients.





4. Discussion


Bariatric surgery (BS) is an effective method for achieving sustained weight loss and improvement in comorbidities, and as such it is an essential tool for the management of obese T2DM patients. In this study, we examined the effects of BS on changes in the body composition and the systemic metabolism of Ob-T2DM patients from multiple points of view. Specifically, we studied the anthropometric measurements in addition to glycemic and lipid profiles, as commonly used in clinical practice. We also measured adipokines, ghrelin, and FGF-19 levels, and studied the metabolic profile of patients using Raman spectroscopy.



Anthropometric measurements, glycemic control, and lipid profile were taken during the baseline evaluation and follow-up visits. The reduction in anthropometric measurements after surgical treatment, in addition to improved glycemic control and lipid profile, highlighted the benefits of BS.



Consequently, the measure of serum adipokines, ghrelin, and FGF-19 levels after bariatric procedures confirmed that patients after BS show considerable improvements and can obtain values similar to those reported in the literature [37,38,39,40,41]. However, RS data highlighted an altered metabolic profile even after BS.



As reported in previous studies, the RS fingerprint of serum samples from T2DM subjects is clearly different from those of HC [26,27]. T2DMs have lower levels of carotenoids (peaks at 1157 and 1523 cm−1) and amino acids (1408 cm−1). In addition, they show an altered profile in the secondary structure of proteins. After surgical treatment, the Raman fingerprint remains very similar to the one observed in the samples collected before the surgery, with the notable exception of the two peaks relative to carotenoids, whose intensity is even more reduced. The low level of carotenoids observed by RS is in accordance with previous work highlighting how BS induces malabsorption of vitamins and micronutrients [44,46,47].



The fact that the metabolic fingerprint observed by RS in the BS subjects did not overlap with the Raman profile obtained from HC, despite improvements in the major clinical parameters, suggests that BS does not fully restore the metabolic profile of patients in the immediate follow-up after surgery.



Our study has several limitations that need to be acknowledged. The first is that it includes only a small number of subjects, so our results will need to be confirmed by larger prospective studies that include more subjects. Moreover, a group containing non-obese T2DM subjects should also be recruited in any prospective study. Another important limitation of our study concerns the relatively short duration of the follow-up period, which did not allow us to verify the continuing benefits of surgery on the glyco-metabolic profile of patients. Therefore, a follow-up at 18 and 24 months should also be included in a larger prospective study to further examine the metabolic profile of patients after surgery.




5. Conclusions


In conclusion, our results show that BS analysis of serum may be an effective tool for identifying specific metabolic changes in Ob-T2DM patients’ profiles. Despite the major clinical parameters and serum adipokines, ghrelin, and FGF-19 data suggesting an improvement in the parameters analyzed after BS, RS data highlighted an altered metabolic profile even after BS. Overall, these results support the need for a study with a longer follow-up period to assess the capacity of RS for monitoring the benefit of BS on the metabolic profile of patients.
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Figure 1. Duodenal diverted sleeve gastrectomy with ileal interposition. Created with BioRender.com (accessed on 12 October 2021). Reprinted with permission from Elsevier [33]. 
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Figure 2. Adiponectin, leptin, ghrelin, and FGFG-19 level in obese type 2 diabetes mellitus [Ob-T2DM; n = 14] patients before and after bariatric surgery [BS; n = 14]. Biomarkers levels were measured in the serum of patients and were compared between groups. p-values were calculated using the Mann–Whitney test. * p < 0.05; ** p < 0.005. 
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Figure 3. Average normalized Raman spectra of all serum samples. Grey spectra corresponded to the average of 23 spectra in the HC patients, while the red and blue signals represent the normalized average of 14 spectra collected from Ob-T2DM subjects before and after BS, respectively. 
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Figure 4. The differential spectrum of all groups; obese type 2 diabetes patients [Ob-T2DM; n = 14], bariatric surgery [BS; n = 14], and health control [HC; n = 23]. Dotted lines represent the peaks associated with different intensities between the groups. 
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Figure 5. Graphs showing the different intensities of selected peaks. Each point represents an individual subject analyzed. Obese type 2 diabetes patients [Ob-T2DM; n = 14] are shown as white dots; bariatric surgery patients [BS; n = 14] are shown as black dots, and health control patients [HC; n = 23] are shown as white triangles. * p < 0.05; ** p < 0.005; *** p < 0.0005. 
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Figure 6. PCA analysis of Raman spectra. Grey dots correspond to the 23 spectra of the health control patients [HC; n = 23], whereas the red and blue correspond to the 14 spectra of the obese type 2 diabetes mellitus patients [Ob-T2DM; n = 14] before and after bariatric surgery [BS; n = 14], respectively. 
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Table 1. Obese type 2 diabetes mellitus patients [Ob-T2D; n = 14] vs. patients after bariatric surgery [BS]. Data are presented as mean ± SD. Shows statistical significance, ** p < 0.005; *** p < 0.0005.
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	Parameters
	Ob-T2DM
	BS





	Patients
	14 (5 M; 9 F)
	14 (5 M; 9 F)



	Age, years
	48.5 ± 12.4
	48.5 ± 12.4



	Weight, kg
	112.4 ± 21.7
	83.9 ± 13.9 ***



	BMI, kg/m2
	41.4 ± 6.2
	30.2 ± 5.3 ***



	Waist circumference, cm
	125.2 ± 15.1
	103.9 ± 15 **



	Hips circumference, cm
	128.4 ± 15.9
	104.6 ± 13.4 ***



	Insulin, mU/mL
	14.1 ± 8
	4.9 ± 5.8 ***



	Glycemia, mg/dL
	158.5 ± 41.7
	82.2 ± 10 ***



	Glycemia 120′, mg/dL
	223.9 ± 62.5
	137.8 ± 41.2 ***



	HAb1c %
	7.7 ± 1.2
	5.3 ± 0.4 ***



	Total cholesterol, mg/dL
	211.8 ± 20.3
	142.8 ± 26 ***



	HDL-C, mg/dL
	42.6 ±7.2
	52.3 ± 4.8 ***



	Triglycerides, mg/dL
	178.1 ± 58.6
	117.1 ± 31 **
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