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Background

Obesity has been associated with depressive symptoms and impaired cognition, but the mechanisms underlying these relationships are not well understood. It is also not clear whether reducing adiposity reverses these behavioral outcomes. The current study tested the impact of bariatric surgery on depressive symptoms, cognition, and the brain; using a mediation model, we also examined whether the relationship between changes in adiposity after the surgery and those in regional thickness of the cerebral cortex are mediated by changes in low-grade inflammation (as indexed by C-reactive protein; CRP).





Methods

A total of 18 bariatric patients completed 3 visits, including one baseline before the surgery and two post-surgery measurements acquired at 6- and 12-months post-surgery. Each visit consisted of a collection of fasting blood sample, magnetic resonance imaging of the brain and abdomen, and assessment of depressive symptoms and cognition.





Results

After surgery, we observed reductions of both visceral fat (p< 0.001) and subcutaneous fat (p< 0.001), less depressive symptoms (p< 0.001), improved verbal reasoning (p< 0.001), and reduced CRP (p< 0.001). Mediation analyses revealed that the relationships between the surgery-related changes in visceral fat and cortical thickness in depression-related regions are mediated by changes in CRP (ab=-.027, SE=.012, 95% CI [-.054, -,006]).





Conclusion

These findings suggest that some of the beneficial effects of bariatric surgery on brain function and structure are due to a reduction of adiposity-related low-grade systemic inflammation.
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1 Introduction

We are in the midst of a global epidemic of obesity and diabetes. World Health Organization estimates that – since 1980 - the number of adults living with obesity has doubled, and the number of adults living with diabetes has almost quadrupled (1). Obesity is associated not only with adverse cardiometabolic health outcomes, but also with impaired cognition (2, 3) and depressive symptoms (4). The relationship between obesity and impaired cognition has been described in the context of inhibitory control and working memory (5, 6), verbal memory, and processing speed (7) Moreover, mid-life obesity has been reported as a risk factor for cognitive impairment and dementia in later life (8–10).

Bariatric surgery is the most effective treatment of both obesity and obesity-related diseases, including type 2 diabetes mellitus. Various mechanisms have been proposed to explain its effectiveness, including mechanical restriction and lower food intake, action of neuropeptides (incretin, GLP-1) (11), malabsorption, changes in bile-acid circulation (12, 13) or satiety regulation (14). It was also suggested that bariatric surgery might improve the pre-operative cognitive deficits, and that the improved self-esteem might have positive effects on mood (15).

Previous research reported associations between obesity and brain structure (16, 17). A meta-analysis of 21 studies on obesity and voxel-based morphometry demonstrated consistent associations between obesity-related variables and lower gray-matter volume in several regions of the cerebral cortex and in the cerebellum (18). In an independent dataset, higher body mass index (BMI) was associated with lower volumes of regions implicated in executive control (18). In the UK Biobank dataset, higher total body fat was associated with lower volumes of gray matter in subcortical nuclei, and variations in structural properties of white matter (19) Two previous studies investigated possible consequences of bariatric surgery on regional volumes (20) and regional thickness (21) of the cerebral cortex, with inconsistent results, possibly due to small sample sizes. While several mechanisms explaining the effects of bariatric surgery on the brain and behavior have been proposed (22, 23), a better understanding of the relationships is needed.

C-reactive protein (CRP) is a simple, relatively inexpensive, and widely available blood test used to detect inflammation, including subclinical inflammation (24). Several studies have shown a causal association between (visceral) adiposity and low-grade inflammation (24–26), including studies in experimental animals (27). CRP, a marker of both acute and chronic (low-grade) inflammation (28, 29) were reported in overweight and obese adults (30). It has been also suggested that inflammatory markers including the CRP might change after bariatric surgery, but the literature is inconsistent (31). While some studies demonstrated an increase in inflammatory markers in the early postoperative period in response to tissue healing (32, 33), a meta-analysis (34) showed a consistent decrease in inflammatory markers CRP and IL-6 observed six and more months after bariatric surgery.

The current study investigated the impact of bariatric surgery on depressive symptoms and cognition. We also aimed to determine the specific impact of post-surgery changes in adiposity, as indexed by BMI, visceral and subcutaneous fat, on post-surgery changes in these behavioral outcomes. We hypothesized that bariatric surgery-related reduction of BMI, visceral and subcutaneous fat will predict less inflammation, less depressive symptoms, better cognition and more cortical thickness in the relevant brain regions. Finally, we also hypothesized that the relationships between the post-surgery changes in adiposity and the changes in cortical thickness of brain regions associated with the behavioral outcomes will be mediated by changes in CRP. To test these hypotheses, we used a longitudinal design, with a baseline measurement before the surgery and two measurements afterward (at 6- and 12-months post-surgery).




2 Materials and methods



2.1 Participants

This report includes a total of 18 participants with severe obesity (3 men, 15 women; mean age 48.6 ± 10.6 years; mean BMI 43.3 ± 6.7 kg/m²) who underwent bariatric surgery. All participants completed three visits, the baseline visit 2 weeks before the surgery, as well as two follow-up visits at 6 months and 12 months after the surgery (see Procedures). All participants were recruited during their pre-surgery examination, received complete information about the study, and passed the following exclusion criteria: presence of neurological or psychiatric disorders, medication other than for diabetes and hypertension, previous gastric, esophageal, brain or bariatric surgery, gastro-intestinal inflammatory disease, severe food allergy pregnancy and any contraindications of magnetic resonance (MR) imaging. The presence of a psychiatric disorder was assessed during a psychological interview but symptoms of depression or binge-eating disorder were not included under the exclusion criteria. We approached a total of 33 potential participants; 8 participants were excluded based on the above exclusion criteria and 7 eligible participants declined to participate, thus leaving a final sample of 18 participants. Further demographic information, the presence of co-morbidities such as diabetes or hypertension, and blood levels of basic cardiometabolic disease (CMD) indicators are provided in Table 1A. The study was approved by the Research Ethics Committee at Masaryk University, and all participants provided written informed consent.


Table 1 | Adiposity, cardiometabolic disease risk factors, and neuropsychological test performance before and after the bariatric surgery.






2.2 Procedures

Each of the 18 participants completed all three visits. Each visit included collection of a fasting blood sample, assessments of depressive symptoms and cognition, and MRI of the brain and abdomen.



2.2.1 Blood

Blood samples collected after overnight fasting were used to analyze levels of CMD indicators, namely glucose, insulin, triglycerides, total cholesterol, high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, non-high-density lipoprotein (non-HDL)-cholesterol, and C-reactive protein (CRP).




2.2.2 Depressive symptoms and cognition

Depressive symptoms were assessed using Beck Depression Inventory (BDI) (35). The assessment of cognition included Trail making test (TMT) (36), Digit span (37)), Verbal reasoning test (38) Stroop test (39), and Flag attention test (40, 41). The TMT was used as an indicator of visual scanning, visuomotor speed, and executive function (36). It consisted of two parts; during the first part, participants were asked to connect numbers, during the second part, participants were asked to connect numbers with letters. We used the delta trace score (TMT part B minus part A) as a measure of set shift (42). During the Digit span, which tests verbal short-term memory (37), the participants were asked to memorize several digits and repeat them in the same (subtest A) or reversed (subtest B) order. The verbal reasoning test (38) was used to test verbal abilities; performance is indexed by the number of correct and incorrect answers, as well as by the average response time. The Stroop test (39) was used to test the ability to resist cognitive interference; performance is indexed by the success rate of the whole test (average number of patterns correctly found for the whole test converted to a percentage) and the average time to solve the tests. Finally, the Flag attention test (40, 41) allowed us to quantify selective attention and speed of perception by the degree of accuracy during stimuli evaluation, and the number of stimuli processed in a given time.




2.2.3 MR imaging: acquisition

All participants underwent structural MR imaging of the brain and abdomen at 3T Siemens Prisma MRI scanner located at the Central European Institute of Technology, Masaryk University (CEITEC MU) during each visit. The MR protocol included a T1-weighted MPRAGE scan (TR=2400ms; TE=2.12ms; TI=1060ms; FA=8deg; FOV=230x230mm; matrix size=288x288; 256 sagittal slices with slice thickness=0.8mm; voxel size=0.8mm isotropic; acceleration factor: GRAPPA, PE=2; the image comprised entire head) and DIXON fat-only Controlled Aliasing In Parallel Imaging (CAIPI; TR=4ms; TE1 = 1.27ms; TE2 = 2.5ms; FA=9deg; FOV=499x390mm; matrix size=320x250; 72 transversal slices with slice thickness=3mm; voxel size=1.56x1.56x3mm; acceleration factor: GRAPPA, PE=2; slice partial Fourier 7/8; all images comprised L3 to L5 part of spine).





2.3 MR imaging: analysis

Cortical thickness was estimated using FreeSurfer 7.1.1. First, we ran default recon-all command for all participants and visits individually. Next, we created an unbiased individual-specific template from all three visits for each participant with recon-all and –base/-tp directives. Finally, each visit was registered to an individual’s template by recon-all and –long directive. Subsequently, we extracted overall cortical thickness in a total of 30 depression-related regions as identified by (42), namely right (R) middorsolateral frontal cortex, left (L) frontopolar cortex (lateral), R ventromedial prefrontal cortex, R frontal medial cortex, L middorsolateral frontal cortex, R and L superior frontal sulcus, R frontal precentral sulcus, R and L temporal pole, R superior temporal gyrus, R and L superior temporal sulcus (anterior), R and L superior temporal sulcus (posterior), R and L supramarginal/angular gyrus, R and L fusiform gyrus, R lingual gyrus, R and L precuneus, L parieto- occipital sulcus, R and L anterior cingulate sulcus (rostral), L and R insula (anterior), R and L anterior cingulate sulcus (caudal), R parahippocampal gyrus, as well as overall cortical thickness in a total of 6 verbal reasoning-related regions as identified by Chen et al. (2017), namely R inferior frontal gyrus/insula, dorsal anterior cingulate cortex, supplementary motor area, L and R angular gyrus, and R temporo-parietal junction. The binary images that defined the regions of interest (ROIs) were mapped to the Freesurfer’s FSaverage template with mri_vol2surf command. Then, the participants’ estimates of whole-brain cortical thickness were registered to FSaverage using mri_surf2surf command, and the average cortical thickness for each ROI was computed using mri_segstats command. The outputs from all steps were visually inspected for any segmentation and spatial registration errors. Cortical thickness in all the depression-related regions was averaged to get a single value of cortical thickness in depression-related regions. Similarly, cortical thickness in all the verbal reasoning-related regions was averaged to get a single value of cortical thickness in verbal reasoning-related regions.

Visceral and subcutaneous fat were quantified manually using Slice-O-Matic 5.0 (Tomovision, Quebec, Canada). This segmentation process was performed in a blinded manner, with the abdominal scans anonymized. First, CAIPI scans were converted from NIFTI into DICOM format using the software Mango (University of Texas, Texas, USA). Then, the DICOM scans were segmented using Slice-O-Matic 5.0. Scans at the L4 intervertebral disc level were then used to quantify visceral and subcutaneous fat volumes (cm3). Adipose tissue within the abdominal cavity and outside of organ compartments were marked as visceral fat; tissue outside of the abdominal muscles and spinal erectors was marked as subcutaneous fat.




2.4 Statistical analyses

All statistical analyses were carried out using JMP version 10.0.0 (SAS Institute Inc., Cary, NC). First, we log‐transformed variables that did not follow normal distribution, and then we used repeated-measures ANOVA to examine the impact of bariatric surgery on adiposity (BMI, visceral and subcutaneous fat in the L4 region), depressive symptoms (BDI), cognition (Trail making test, Verbal reasoning test, Digit span, Stroop test, Flag test), and cortical thickness in the regions implicated in depression and cognitive functioning. Effect size for these analyses is reported with η2. Since most of the bariatric surgery-related effects showed between Visit 1 and Visit 2 (6 months after the surgery) but not between Visit 3 and Visit 2, the next set of analyses focused on the changes between Visit 2 and Visit 1. Linear regression assessed the relationships between post-surgery changes (Visit 2 – Visit 1) in adiposity and post-surgery changes (Visit 2 – Visit 1) in CRP, depressive symptoms, cognitive functioning, and cortical thickness in the regions implicated in depression and cognitive functioning. Finally, we aimed to determine whether changes in CRP (an index of inflammation, during Visit 2 – Visit 1) might mediate the relationship between changes in adiposity (Visit 2 – Visit 1) and changes in cortical thickness (Visit 2 – Visit 1) in the regions implicated in depression and cognitive functioning. The mediation analyses were done using the PROCESS macro for SPSS (IBM SPSS Statistics, IBM Corp, Armonk, NY). Conditional indirect effects were assessed for significance using bootstrapped bias corrected 95% confidence intervals constructed around indirect effect estimates, based on 10 000 bootstrapping iterations.





3 Results



3.1 Effects of bariatric surgery on body adiposity

As expected, repeated measures ANOVA showed lowering effects of bariatric surgery on all measures of body adiposity: BMI (Wilks’ Lambda = 0.089, F (2,16) = 81.91, p = 3.9x10-9, η2 = 0.91), weight (Wilks’ Lambda = 0.112, F (2,16) = 63.66, p = 2.4x10 -8, η2 = 0.89), visceral fat (Wilks’ Lambda = 0.160, F (2,13) = 34.12, p = 6.7x10-6, η2 = 0.84), and subcutaneous fat (Wilks’ Lambda = 0.254, F (2,13) = 19.12, p = 1.3x10-4, η2 = 0.75). These results remained significant also when controlling the model for sex: BMI (Wilks’s Lambda = 0.23, F(2,15)=24.81, p<0.001, η2 = 0.77), weight (Wilks’s Lambda = 0.35, F(2,15)=9.32, p<0.001, η2 = 0.55), visceral fat (Wilks’s Lambda = 0.236, F(2,12)=31.54, p<0.001, η2 = 0.62), subcutaneous fat (Wilks’s Lambda = 0.242, F(2,12)=18.77, p=0.002, η2 = 0.46). Subsequent post-hoc comparisons between visits indicated lower BMI, weight, and visceral fat after the surgery (after 6 months vs. pre-surgery baseline), as well as between the first and second post-surgery measurements. For subcutaneous fat, these differences were found between the baseline and the first/second post-surgery measurements but not between first and second post-surgery measurements See statistics in Table 1A.




3.2 Effects of bariatric surgery on cardiometabolic disease risk factors

Also as expected, repeated measures ANOVA showed lowering effects of bariatric surgery on systolic blood pressure (Wilks’ Lambda = 0.368, F(2,16) = 13.75, p = 3.3x10-4, η2 = .63), insulin (Wilks’ Lambda = 0.403, F(2,16) = 11.86, p = 0.001, η2 = 0.60), and CRP (Wilks’ Lambda = 0.231, F(2,16) = 26.58, p =8.2x10-6, η2 = 0.73), and increasing effects of bariatric surgery on HDL-cholesterol (Wilks’ Lambda = 0.563, F(2,16) = 6.22, p = 0.010, η2 = 0.44). There was only a trend for the effect of bariatric surgery on glucose (Wilks’ Lambda = 0.535, F(2,16) = 6.95, p = 0.007). These results did not change significantly even when controlling for sex: systolic blood pressure (Wilks’ Lambda = 0.328, F(2,15) = 15.33, p < 0.001, η2 = 0.57), insulin (Wilks’ Lambda = 0.202, F(2,15) = 8.16, p = 0.010, η2 = 0.37), CRP (Wilks’ Lambda = 0.581, F(2,15) = 5.42, p =0.017, η2 = 0.42), HDL-cholesterol (Wilks’ Lambda = 0.552, F(2,15) = 6.01, p = 0.012, η2 = 0.40), and glucose (Wilks’ Lambda = 0.527, F(2,15) = 6.7, p = 0.008). Follow-up post hoc comparisons between visits indicated that, after (vs. before) bariatric surgery, there was lower systolic blood pressure, glucose, insulin, CRP and higher HDL-cholesterol; most of these differences were found between the baseline and the first or second post-surgery measurement but not between the first and second post-surgery measurements. There was no significant effect of bariatric surgery on diastolic blood pressure, triglycerides, and total, LDL- and non-HDL-cholesterol. See statistics in Table 1A.




3.3 Effects of bariatric surgery on depressive symptoms and cognitive functioning

Repeated measures ANOVA showed effects of bariatric surgery on BDI (Wilks’ Lambda = 0.277, F(2,16) = 20.88, p =3.5x10-5, η2 = 0.72) and Verbal reasoning (Wilks’ Lambda = 0.542, F(2,16) = 6.76, p = 0.007, η2 = 0.46). These results remained significant when controlling the model for sex: BDI (Wilks’s Lambda = 0.57, F(2,15)=5.58, p=0.015, η2 = 0.43), Verbal reasoning (Wilks’ Lambda = 0.54, F(2,15) = 6.34, p = 0.010, η2 = 0.31). Post-hoc comparisons between visits indicated that there were fewer depressive symptoms and better verbal-reasoning skills after the surgery; again, these differences were found between the baseline and the first/second post-surgery measurement but not between the first and second post-surgery measurements. There was no significant effect of bariatric surgery on Digit span, Trail making test, Stroop test, or the Flag attention test. See statistics in Table 1B.




3.4 Effects of bariatric surgery on cortical thickness in depression-related and verbal reasoning-related ROIs

Repeated measures ANOVA did not show an effect of bariatric surgery on cortical thickness in depression-related regions (Wilks’ Lambda = 0.689, F(2,16) = 3.61, p = 0.51, η2 = 0.31) but showed an effect on cortical thickness in verbal reasoning-related regions (Wilks’ Lambda = 0.546, F(2,16) = 6.66, p = 0.008, η2 = 0.45). See statistics in Table 1B. When controlling for sex, these results remained not significant in depression-related regions (Wilks’ Lambda = 0.981, F(2,15) = 0.15, p = 0.863, η2 = 0.02) but also not significant in verbal reasoning-related regions (Wilks’ Lambda = 0.869, F(2,15) = 1.13, p = 0.349, η2 = 0.13).

Given the fact that most of the measurements of adiposity, CMD-risk factors, depressive symptoms, and cognition showed changes between Visit 1 and 2 (before the surgery vs. 6 months after the surgery; see Table 1) but not between Visit 2 and 3 (6 vs. 12 months after the surgery), the subsequent analyses focused on the changes between Visit 1 and 2.




3.5 Post-surgery changes in adiposity and CRP

While post-surgery changes (Visit 2 – Visit 1) in BMI and subcutaneus fat did not show a relationship with post-surgery changes in CRP (BMI: beta=0.21, p=0.396; subcutaneous fat: beta=0.05, p=0.855), there was a strong and significant relationship between post-surgery changes in visceral fat and CRP (beta=0.72, p=0.002, R2 = 0.53; Figure 1A). These results remained significant when controlling for sex: post-surgery changes (Visit 2 – Visit 1) in BMI and subcutaneous fat did not show a relationship with post-surgery changes in CRP (BMI: beta=0.23, p=0.372; subcutaneous fat: beta=0.17, p=0.581), but there was a strong and significant relationship between post-surgery changes in visceral fat and CRP (beta=0.76, p=0.001, R2 = 0.62).




Figure 1 | Post-surgery changes in visceral fat (Visit 2 – Visit 1) and their relationship with post-surgery changes in CRP (A); beta=0.72, p=0.002, R2 = 0.53) and cortical thickness in depression-related regions (B); beta=0.59, p=0.019, R2 = 0.36).






3.6 Post-surgery changes in adiposity and depression and cortical thickness in depression-related regions

There was no relationship between post-surgery changes in adiposity (BMI, visceral fat or subcutaneous fat) and post-surgery changes in depressive symptoms (BMI: beta=-0.44, p=0.067; visceral fat: beta=-0.09, p=0.749; subcutaneous fat: beta=0.05, p=0.865). While post-surgery changes in BMI and subcutaneous fat did not show a relationship with cortical thickness in depression-related regions (BMI: beta=0.33, p=0.183; subcutaneous fat: beta=0.38, p=0.159), there was a strong and significant relationship between post-surgery changes in visceral fat and cortical thickness in depression-related regions (beta=0.59, p=0.019, R2 = 0.36; Figure 1B).

These results remained significant when controlling for sex: post-surgery changes in adiposity (BMI, visceral fat or subcutaneous fat) and post-surgery changes in depressive symptoms (BMI: beta=-0.46, p=0.055; visceral fat: beta=-0.13, p=0.659; subcutaneous fat: beta=-0.07, p=0.810). While post-surgery changes in BMI and subcutaneous fat did not show a relationship with cortical thickness in depression-related regions (BMI: beta=0.33, p=0.193; subcutaneous fat: beta=0.42, p=0.180), there was a strong and significant relationship between post-surgery changes in visceral fat and cortical thickness in depression-related regions (beta=0.59, p=0.026, R2 = 0.36).




3.7 Post-surgery changes in adiposity and verbal reasoning and cortical thickness in verbal reasoning-related regions

There was no relationship between adiposity (BMI, visceral or subcutaneous fat) and verbal reasoning (BMI: beta=-0.21, p=0.398; visceral fat: beta=-0.09, p=0.762; subcutaneous fat: beta=0.16, p=0.569) or cortical thickness in verbal reasoning regions (BMI: beta=-0.37, p=0.132; visceral fat: beta=-0.32, p=0.251; subcutaneous fat: beta=0.17; p=0.553). These results remained not significant for verbal reasoning (BMI: beta=-0.21, p=0.427; visceral fat: beta=-0.09, p=0.772; subcutaneous fat: beta=0.20, p=0.541) or cortical thickness in verbal reasoning regions (BMI: beta=-0.35, p=0.157; visceral fat: beta=-0.29, p=0.302; subcutaneous fat: beta=0.32; p=0.301) even when controlling for sex.




3.8 Do post-surgery changes in CRP mediate the relationship between post-surgery changes in visceral fat and cortical thickness in the depression regions?

The mediation analysis showed that the relationship between the post-surgery changes in visceral fat and post-surgery changes in cortical thickness in the depression-related regions was completely mediated by post-surgery changes in CRP (ab=-.027, SE=.012, 95% CI [-.054, -,006]; see Figure 2). These results remained significant (ab=-.028, SE=.012, 95% CI [-.056, -.007]) even when controlling for sex.




Figure 2 | Mediatory role of post-surgery changes in C-reactive protein (CRP) in the relationship between post-surgery changes in visceral fat and post-surgery changes in cortical thickness in depression regions. Post-surgery changes in CRP (Visit 2 – Visit 1) mediated the relationship between post-surgery changes in visceral fat (ab=-.027, SE=.012, 95% CI [-.054, -,006]) and post-surgery changes in cortical thickness in depression regions. Standardized coefficients are provided.







4 Discussion

This study examined the effect of bariatric surgery on depressive symptoms, cognition, and the brain, and tested whether the bariatric surgery-associated changes in low-grade inflammation might mediate the relationships between adiposity and cortical thickness in depression- andverbal-reasoning-relatedd regions. We demonstrated that bariatric surgery was associated with a reduction of depressive symptoms and improved verbal reasoning, changes that paralleled those in post-surgical reduction of both visceral and subcutaneous fat, and CRP. The post-surgical decrease in CRP mediated the relationship between post-surgery reduction of adiposity (visceral fat) and post-surgery increase of cortical thickness in depression-related cortical regions. This is consistent with our previous research, which showed that visceral fat is associated with circulating markers of systemic inflammation more closely than subcutaneous fat (43). Moreover, these findings suggest that the bariatric surgery-related change in systemic inflammation is the underlying mechanism explaining the relationship between reduced adiposity and improved mental health.

We did not observe similar relationships between post-surgery change in visceral fat and post-surgery change in cortical thickness in verbal reasoning-related regions, suggesting that the impact of bariatric surgery on depressive symptoms and verbal reasoning are driven by different mechanisms. While reduced adiposity and inflammation seem to underlie the effect of bariatric surgery on the reduction of depressive symptoms, the mechanisms underlying the relationship between bariatric surgery and improved verbal reasoning are less clear and might include greater confidence and more frequent participation in socially and mentally stimulating activities after the weight reduction (44) or novel mechanisms such as a reduction in the adipokine-induced inflammatory response (45). It is also important to point out that there were no effects of bariatric surgery on other cognitive skills including attention, working memory or ability to resist cognitive interference, and that the improved reaction time on verbal reasoning test might be simply associated with participants familiarity with the test they have already done at visit 1. Therefore, the impact of bariatric surgery on verbal reasoning should be interpreted with caution.

The current study has several strengths including the longitudinal design, MRI of both the brain and abdomen, as well as the combination of MRI with rich behavioral assessments. Still, there are also several limitations. First, given our relatively small sample size, we were powered to detect large and medium effects but not small effects. Future research should replicate our findings using a larger sample. Second, we did not include a control group as the aim of our study was to test the effect of bariatric surgery on depressive symptoms, cognition and the brain rather than to compare participants with and without obesity or an obese control group treated by other methods or untreated. Further, the self-reporting nature of the survey might have biased results regarding depressive symptomatology. Future studies could also examine the duration of obesity as an important factor for cognitive outcomes. Any duration of obesity might result in adverse consequences for the brain, but it is more likely that a longer duration of obesity or obesity at a critical period of brain development will have greater consequences. Future research might also consider the influence of other factors, such as changes in non-adipose tissue, exercise habits (46), sleep quality (47), gastrointestinal hormone secretion (48, 49) and the impact of estrogens and a woman’s menstrual cycle (50, 51) on brain structure and function after bariatric surgery (53).





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The study was approved by the Research Ethics Committee at Masaryk University, and all participants provided written informed consent.





Author contributions

LK - investigation, formal analysis, writing original draft, and visualization, RM – software and data curation, AM – methodology and software, AT – software and formal analysis, MB – resources and funding acquisition, MC – resources, TP – conceptualization and methodology, reviewing and editing the manuscript, ZP – conceptualization and funding acquisition, reviewing and editing the manuscript, KM – supervision, formal analysis, reviewing and editing the manuscript. All authors contributed to the article and approved the submitted version.





Funding

We acknowledge the core facility MAFIL of CEITEC MU supported by the Czech-BioImaging large RI project (LM2018129 funded by MEYS CR) for their support with obtaining scientific data presented in this paper.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Chan, M. Obesity and diabetes: the slow-motion disaster. Milbank Q (2017) 95(1):11–4. doi: 10.1111/1468-0009.12238

2. Balasubramanian, P, Kiss, T, Tarantini, S, Nyúl-Tóth, Á., Ahire, C, Yabluchanskiy, A, et al. Obesity-induced cognitive impairment in older adults: a microvascular perspective. Am J Physiology-Heart Circulatory Physiol (2021) 320(2):H740–61. doi: 10.1152/ajpheart.00736.2020

3. Fergenbaum, JH, Bruce, S, Lou, W, Hanley, AJG, Greenwood, C, and Young, TK. Obesity and lowered cognitive performance in a Canadian first nations population. Obesity (2009) 17(10):1957–63. doi: 10.1038/oby.2009.161

4. Soczynska, JK, Kennedy, SH, Woldeyohannes, HO, Liauw, SS, Alsuwaidan, M, Yim, CY, et al. Mood disorders and obesity: understanding inflammation as a pathophysiological nexus. NeuroMolecular Med (2011) 13(2):93–116. doi: 10.1007/s12017-010-8140-8

5. Gunstad, J, Paul, RH, Cohen, RA, Tate, DF, Spitznagel, MB, and Gordon, E. Elevated body mass index is associated with executive dysfunction in otherwise healthy adults. Compr Psychiatry (2007) 48(1):57–61. doi: 10.1016/j.comppsych.2006.05.001

6. Schwartz, DH, Leonard, G, Perron, M, Richer, L, Syme, C, Veillette, S, et al. Visceral fat is associated with lower executive functioning in adolescents. Int J Obes (2013) 37(10):1336–43. doi: 10.1038/ijo.2013.104

7. Stanek, KM, Strain, G, Devlin, M, Cohen, R, Paul, R, Crosby, RD, et al. Body mass index and neurocognitive functioning across the adult lifespan. Neuropsychology (2013) 27(2):141–51. doi: 10.1037/a0031988

8. Barnes, DE, and Yaffe, K. The projected effect of risk factor reduction on alzheimer’s disease prevalence. Lancet Neurol (2011) 10(9):819–28. doi: 10.1016/S1474-4422(11)70072-2

9. Gustafson, D, Rothenberg, E, Blennow, K, Steen, B, and Skoog, I. An 18-year follow-up of overweight and risk of Alzheimer disease. Arch Internal Med (2003) 163(13):1524–8. doi: 10.1001/archinte.163.13.1524

10. Whitmer, RA, Gunderson, EP, Barrett-Connor, E, Quesenberry, CP, and Yaffe, K. Obesity in middle age and future risk of dementia: a 27 year longitudinal population based study. BMJ (Clinical Res Ed.) (2005) 330(7504):1360. doi: 10.1136/bmj.38446.466238.E0

11. Madsbad, S, Dirksen, C, and Holst, JJ. Mechanisms of changes in glucose metabolism and bodyweight after bariatric surgery. Lancet Diabetes Endocrinol (2014) 2(2):152–64. doi: 10.1016/S2213-8587(13)70218-3

12. Ahmad, NN, Pfalzer, A, and Kaplan, LM. Roux-en-Y gastric bypass normalizes the blunted postprandial bile acid excursion associated with obesity. Int J Obes (2013) 37(12):1553–9. doi: 10.1038/ijo.2013.38

13. Ryan, KK, Tremaroli, V, Clemmensen, C, Kovatcheva-Datchary, P, Myronovych, A, Karns, R, et al. FXR is a molecular target for the effects of vertical sleeve gastrectomy. Nature (2014) 509(7499):183–8. doi: 10.1038/nature13135

14. Miras, AD, and le Roux, CW. Mechanisms underlying weight loss after bariatric surgery. nature reviews. Gastroenterol Hepatol (2013) 10(10):575–84. doi: 10.1038/nrgastro.2013.119

15. Alosco, ML, Galioto, R, Spitznagel, MB, Strain, G, Devlin, M, Cohen, R, et al. Cognitive function following bariatric surgery: evidence for improvement 3 years post-surgery. Am J Surg (2014) 207(6):870–6. doi: 10.1016/j.amjsurg.2013.05.018

16. Marqués-Iturria, I, Pueyo, R, Garolera, M, Segura, B, Junqué, C, García-García, I, et al. Frontal cortical thinning and subcortical volume reductions in early adulthood obesity. Psychiatry Res (2013) 214(2):109–15. doi: 10.1016/j.pscychresns.2013.06.004

17. Veit, R, Kullmann, S, Heni, M, Machann, J, Häring, H-U, Fritsche, A, et al. Reduced cortical thickness associated with visceral fat and BMI. NeuroImage: Clin (2014) 6:307–11. doi: 10.1016/j.nicl.2014.09.013

18. García-García, I, Michaud, A, Dadar, M, Zeighami, Y, Neseliler, S, Collins, DL, et al. Neuroanatomical differences in obesity: meta-analytic findings and their validation in an independent dataset. Int J Obes (2019) 43(5):5. doi: 10.1038/s41366-018-0164-4

19. Dekkers, IA, Jansen, PR, and Lamb, HJ. Obesity, brain volume, and white matter microstructure at MRI: a cross-sectional UK biobank study. Radiology (2019) 291(3):763–71. doi: 10.1148/radiol.2019181012

20. Prehn, K, Profitlich, T, Rangus, I, Hessler, S, Witte, AV, Grittner, U, et al. Bariatric surgery and brain health-a longitudinal observational study investigating the effect of surgery on cognitive function and Gray matter volume. Nutrients (2020) 12(1):127. doi: 10.3390/nu12010127

21. Bohon, C, Garcia, LC, and Morton, JM. Changes in cerebral cortical thickness related to weight loss following bariatric surgery. Obes Surg (2018) 28(8):2578–82. doi: 10.1007/s11695-018-3317-6

22. Hankir, MK, Al-Bas, S, Rullmann, M, Chakaroun, R, Seyfried, F, and Pleger, B. Homeostatic, reward and executive brain functions after gastric bypass surgery. Appetite (2020) 146:104419. doi: 10.1016/j.appet.2019.104419

23. Nota, MHC, Vreeken, D, Wiesmann, M, Aarts, EO, Hazebroek, EJ, and Kiliaan, AJ. Obesity affects brain structure and function- rescue by bariatric surgery? Neurosci Biobehav Rev (2020) 108:646–57. doi: 10.1016/j.neubiorev.2019.11.025

24. Denis, GV, and Obin, MS. ‘Metabolically healthy obesity’: origins and implications. Mol Aspects Med (2013) 34(1):59–70. doi: 10.1016/j.mam.2012.10.004

25. Khanna, D, Khanna, S, Khanna, P, Kahar, P, and Patel, BM. Obesity: a chronic low-grade inflammation and its markers. Cureus (2022) 14(2):e22711. doi: 10.7759/cureus.22711

26. Sliz, D, and Hayley, S. Major depressive disorder and alterations in insular cortical activity: a review of current functional magnetic imaging research. Front Hum Neurosci (2012) 6:323. doi: 10.3389/fnhum.2012.00323

27. Yu, J-Y, Choi, W-J, Lee, H-S, and Lee, J-W. Relationship between inflammatory markers and visceral obesity in obese and overweight Korean adults. Medicine (2019) 98(9):e14740. doi: 10.1097/MD.0000000000014740

28. Bonaccio, M, Di Castelnuovo, A, Pounis, G, De Curtis, A, Costanzo, S, Persichillo, M, et al. A score of low-grade inflammation and risk of mortality: prospective findings from the moli-sani study. Haematologica (2016) 101(11):1434–41. doi: 10.3324/haematol.2016.144055

29. Rönnbäck, C, and Hansson, E. The importance and control of low-grade inflammation due to damage of cellular barrier systems that may lead to systemic inflammation. Front Neurol (2019) 10. doi: 10.3389/fneur.2019.00533

30. Visser, M, Bouter, LM, McQuillan, GM, Wener, MH, and Harris, TB. Elevated c-reactive protein levels in overweight and obese adults. JAMA (1999) 282(22):2131–5. doi: 10.1001/jama.282.22.2131

31. Tyrrell, JB, Hafida, S, Stemmer, P, Adhami, A, and Leff, T. Lead (Pb) exposure promotes diabetes in obese rodents. J Trace Elements Med Biol (2017) 39:221–6. doi: 10.1016/j.jtemb.2016.10.007

32. Chiappetta, S, Jamadar, P, Stier, C, Bottino, V, Weiner, RA, and Runkel, N. The role of c-reactive protein after surgery for obesity and metabolic disorders. Surg Obes Related Dis (2020) 16(1):99–108. doi: 10.1016/j.soard.2019.10.007

33. Villard, MA, Helm, MC, Kindel, TL, Goldblatt, MI, Gould, JC, and Higgins, RM. C-reactive protein as a predictor of post-operative complications in bariatric surgery patients. Surg Endoscopy (2019) 33(8):2479–84. doi: 10.1007/s00464-018-6534-0

34. Rao, SR. Inflammatory markers and bariatric surgery: a meta-analysis. Inflammation Res (2012) 61(8):789–807. doi: 10.1007/s00011-012-0473-3

35. Beck, AT, Epstein, N, Brown, G, and Steer, RA. An inventory for measuring clinical anxiety: psychometric properties. J Consulting Clin Psychol (1988) 56(6):893–7. doi: 10.1037//0022-006x.56.6.893

36. Llinàs-Reglà, J, Vilalta-Franch, J, López-Pousa, S, Calvó-Perxas, L, Torrents Rodas, D, and Garre-Olmo, J. The trail making test: association with other neuropsychological measures and normative values for adults aged 55 years and older from a Spanish-speaking population-based sample. Assessment (2017) 24(2):183–96. doi: 10.1177/1073191115602552

37. Woods, DL, Kishiyama, MM, Yund, EW, Herron, TJ, Edwards, B, Poliva, O, et al. Improving digit span assessment of short-term verbal memory. J Clin Exp Neuropsychol (2011) 33(1):101–11. doi: 10.1080/13803395.2010.493149

38. Kirschner, A, Cruse, D, Chennu, S, Owen, AM, and Hampshire, A. A P300-based cognitive assessment battery. Brain Behav (2015) 5(6):e00336. doi: 10.1002/brb3.336

39. Stroop, JR. Studies of interference in serial verbal reactions. J Exp Psychol (1935) 18(6):643. doi: 10.1037/h0054651

40. Broadbent, DE. A mechanical model for human attention and immediate memory. psychol Rev (1957) 64(3):205–15. doi: 10.1037/h0047313

41. Moray, N. Attention in dichotic listening: affective cues and the influence of instructions. Q J Exp Psychol (1959) 11(1):56–60. doi: 10.1080/17470215908416289

42. Jensen, SKG, Dickie, EW, Schwartz, DH, Evans, CJ, Dumontheil, I, Paus, T, et al. Effect of early adversity and childhood internalizing symptoms on brain structure in young men. JAMA Pediatr (2015) 169(10):938–46. doi: 10.1001/jamapediatrics.2015.1486

43. Lezak, MD, Howieson, DB, and Loring, DW. Neuropsychological assessment. 4th ed. New York: Oxford University Press (2004).

44. Zacková, L, Jáni, M, Brázdil, M, Nikolova, YS, and Marečková, K. Cognitive impairment and depression: meta-analysis of structural magnetic resonance imaging studies. NeuroImage: Clin (2021) 32:102830. doi: 10.1016/j.nicl.2021.102830

45. Zeki Al Hazzouri, A, Haan, MN, Whitmer, RA, Yaffe, K, and Neuhaus, J. Central obesity, leptin and cognitive decline: the Sacramento area Latino study on aging. Dementia Geriatric Cogn Disord (2012) 33(6):400–9. doi: 10.1159/000339957

46. Coen, PM, Tanner, CJ, Helbling, NL, Dubis, GS, Hames, KC, Xie, H, et al. Clinical trial demonstrates exercise following bariatric surgery improves insulin sensitivity. J Clin Invest (2015) 125(1):248–57. doi: 10.1172/JCI78016

47. Peromaa-Haavisto, P, HJ, T, Kössi, J, Virtanen, J, Luostarinen, M, Pihlajamäki, J, et al. Prevalence of obstructive sleep apnoea among patients admitted for bariatric surgery. a prospective multicentre trial. Obes Surg (2016) 1–7:1384–90. doi: 10.1007/s11695-015-1953-7

48. Meek, CL, Lewis, HB, Reimann, F, Gribble, FM, and Park, AJ. The effect of bariatric surgery on gastrointestinal and pancreatic peptide hormones. Peptides (2016) 77:28–37. doi: 10.1016/j.peptides.2015.08.013

49. Dubol, M, Epperson, CN, Sacher, J, Pletzer, B, Derntl, B, Lanzenberger, R, et al. Neuroimaging the menstrual cycle: a multimodal systematic review. Front Neuroendocrinol (2021) 60:100878. doi: 10.1016/j.yfrne.2020.100878

50. Meeker, TJ, Veldhuijzen, DS, Keaser, ML, Gullapalli, RP, and Greenspan, JD. Menstrual cycle variations in Gray matter volume, white matter volume and functional connectivity: critical impact on parietal lobe. Front Neurosci (2020) 14:594588. doi: 10.3389/fnins.2020.594588

51. Tuulari, JJ, Karlsson, HK, Antikainen, O, Hirvonen, J, Pham, T, Salminen, P, et al. Bariatric surgery induces white and grey matter density. Human Brain Mapping (2016) 37(11):3745–3756. doi: 10.1002/hbm.23272




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Kotackova, Marecek, Mouraviev, Tang, Brazdil, Cierny, Paus, Pausova and Mareckova. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1171244-g002.jpg
C-reactive

protein

a=0.99 (0.26)** b =-0.027 (0.012)*

Cortical
visceral fat (L4) Z;ewf:;ii;n
DIRECT EFFECT pression-
¢ = 0.034 (0.024) n.s. NEATER Pagions
INDIRECT EFFECT
* 1 < 0.05 ab = -0.027, SE = 0.012, 95% CI [-0.054; -0.006]

% 1y < 0.001





OEBPS/Images/fendo-14-1171244-g001.jpg
>

Post-surgery change in CRP

-1 -08 -06 -04 -02
Post-surgery change in viseral fat

0

Post-surgery change in cortical

w

thickness in depression regions

0,03
0,02
0,01

-0,01
-0,02
-0,03

-0,04

-1 -08 -06 -04 -02
Post-surgery change in visceral fat

0





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Bariatric surgery and its impact on depressive symptoms, cognition, brain and inflammation

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Participants

          



          		

            2.2 Procedures

          

            		

              2.2.1 Blood

            



            		

              2.2.2 Depressive symptoms and cognition

            



            		

              2.2.3 MR imaging: acquisition

            



          



          



          		

            2.3 MR imaging: analysis

          



          		

            2.4 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of bariatric surgery on body adiposity

          



          		

            3.2 Effects of bariatric surgery on cardiometabolic disease risk factors

          



          		

            3.3 Effects of bariatric surgery on depressive symptoms and cognitive functioning

          



          		

            3.4 Effects of bariatric surgery on cortical thickness in depression-related and verbal reasoning-related ROIs

          



          		

            3.5 Post-surgery changes in adiposity and CRP

          



          		

            3.6 Post-surgery changes in adiposity and depression and cortical thickness in depression-related regions

          



          		

            3.7 Post-surgery changes in adiposity and verbal reasoning and cortical thickness in verbal reasoning-related regions

          



          		

            3.8 Do post-surgery changes in CRP mediate the relationship between post-surgery changes in visceral fat and cortical thickness in the depression regions?

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo.2023.1171244_cover.jpg
& frontiers | Frontiers in Endocrinology

Bariatric surgery and its impact on
depressive symptoms, cognition, brain and
inflammation





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
A - Adiposity and cardiometabolic disease risk factors before and after the bariatric surgery

Visit 1 Visit 2 Visit 3
(2 weeks before bariatric (V2 years after (1 year after Pairwise comparison
surgery) bariatric surgery) bariatric surgery)
1st vs. 2nd
st vs.
n=18 n=18 n=18 2nd vs. 3rd i
o o 3rd visit
visit visit

Mean SD Range Mean SD Range Mean SD Range P P P
Age 4867 | 1057 33-69 4897 | 1057 | 33-69 1967 1068 34-70
Sex M:3 M:3 M:3

w: 15 w: 15 W: 15
Weight 12778 | 22585 98-172 10372  17.03 71-132 96.67 | 17.69 65-124
BMI (kg/m?) 4333 | 667 | 35.11-6395 3522 | 508 | 2608-49.08 = 327 | 468 | 2424 - 4387 *
Visceral fat (cm®) | 505 | 2347 | 23.6-1095 = 3437 2004 | 805-7676 3053 1956 948 - 7573 *
f“b‘;;"a"mus BU 17780 3372 107.8-2199 12695 | 4242 | 75831986 12383 4828 | 68.4 - 1981 oo NS e
cm
Systolic blood 13833 1475 | 110- 160 125 1043 | 100-140 12639 1026 | 110- 145 - NS
pressure (mmHg)
Diastolic blaod 8633 | 858 80 - 110 8233 | 615 70 - 98 8220 | 428 80 - 90 NS NS NS
pressure (mmHg)
Hypertension Yes: 11 Yes:3

No:

No:7 5
Type» Zdishetes Yes: 3 Yes:1
mellitus

No: 15 Ne:

17

Glucose (mmol/l)  5.68 158 41-96 488 | 082 39-7 502 128 | 39-96 * NS NS
Insulin (mmol) 2569 | 1848 | 38-7076 1444 11 | 483-5305 1113 524 | 5.11-2267 * NS
“Total cholesterol 534 118 | 288-813 534 | 105 | 393-774 | 513 | 086 | 378-666 NS NS NS
levels (mmol/l)
Triglycerides 161 069 | 0.87-302 14 069 | 065-281 14 061 | 066-292 NS NS NS
(mmol/l)
HDL chlestercl 122 027 | 084-174 13 032 0.83-2 14 03 | 087-19 NS NS *
(mmol/l)
LDL-cholesterol 3.46 107 | 093-554 341 085 | 193-527 31 071 | 182-439 NS NS N
(mmol/l)
NonHDL-
cholesterol 41 109 | 204-69 405 | 093 | 287-654 374 | 073 | 256-504 NS NS N
(mmol/l)
CRP (mg/l) 904 | 725 13-26 529 | 458 | 03-186 388 | 384 | 03-135 * *

B - Neuropsychological test performance before and after the bariatric surgery

Visit 1 Visit 2 Visit 3
(2 weeks before bariatric (%2 year after bariatric (1 year after bariatric
surgery) surgery) surgery)

Pairwise compar-
ison

1t 2 d 15t

VS. VS. VS.
an 3rd 3rd

visit | visit
Mean SD Range Mean SD Range Mean SD Range P P P
Assessment of mood
BDI 14.05 10.77 1.0 - 39.0 6.27 7.56 0-27 6.27 7.56 0-27 Gk NS o

Executive functions and attention

Digit span total

Subtest A 9.22 2.67 3-14 9.11 2.19 3-13 9.83 2.79 3-14 NS NS NS
Subtest B 9.22 3.62 3-16 9.28 2.74 4-15 9.06 2.88 5-15 NS NS NS
Verbal reasoning test (Perf) 70.69 | 11.62 525-975 78.47 12.99 57.5 - 100 74.86  15.06 47.5 - 100 * NS NS
Stroop test (Perf) 98.84 1.34 95.8 - 100 98.84 1.04 96.7 - 100 98.89 118 96.7 - 100 NS NS NS

Flag attention test (PoE) 0.06 0.11 0-45 0.16 0.56 0-24 0.27 0.9 0-385 NS NS NS

Trail making test

Subtest A 66.41 | 2201  38.13-10851 | 61.86 2567 3225-13039 61.13 2045 = 3596 - 108.96 NS NS NS

Subtest B 100.11 | 41.18 = 50.42 -213.8 | 103.87 = 6847 51.9 - 3449 87.78 | 41.02 | 4211 - 21037 NS NS NS

CT in depression-related ROIs 2.63 0.07 25-274 263 0.08 249 -2.75 2.61 0.1 243-275 NS NS NS

CT in verbal reasoning-related

ROL 2.5 0.12 223-282 2.51 0.14 2.21 -2.86 247 0.15 22-285 NS * NS
s

Adiposity and cardiometabolic disease risk factors are described in 1A, neuropsychological test performance in 1B.

HDL, high density lipoproteins; LDL, low density lipoproteins; CRP, C-reactive protein; *p < 0.05, **p < 0.01, ***p < 0.001, NS, non-significant.
BDI, Beck depression inventory; Perf, Performance; PoE, percentage of errors; CT, cortical thickness.

*p < 0.05, *p < 0.01, ***p < 0.001, NS, non-significant.





