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Abstract

Context—The mechanisms mediating the short- and long-term improvements in glucose 

homeostasis following bariatric/metabolic surgery remain incompletely understood.

Objective—To investigate whether a reduction in adipose tissue inflammation plays a role in the 

metabolic improvements seen after bariatric/metabolic surgery, both in the short-term and longer-

term.

Design—Fasting blood and subcutaneous abdominal adipose tissue were obtained before (n=14), 

at one month (n=9), and 6–12 months (n=14) after bariatric/metabolic surgery from individuals 

with obesity who were not on insulin or anti-diabetes medication. Adipose tissue inflammation 
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was assessed by a combination of whole-tissue gene expression and flow cytometry-based 

quantification of tissue leukocytes.

Results—One month after surgery, body weight was reduced by 13.5±4.4 kg (p<0.001), with 

improvements in glucose tolerance reflected by a decrease in area-under-the-curve (AUC) glucose 

in 3-h oral glucose tolerance tests (−105±98 mmol/L*min; p=0.009) and enhanced pancreatic β-

cell function (insulinogenic index: +0.8±0.9 pmol/mmol; p=0.032), but no change in estimated 

insulin sensitivity (Matsuda insulin sensitivity index [ISI]; p=0.720). Furthermore, although 

biomarkers of systemic inflammation and pro-inflammatory gene expression in adipose tissue 

remained unchanged, the number of neutrophils increased in adipose tissue 15–20 fold (p<0.001), 

with less substantial increases in other leukocyte populations. By the 6–12 month follow-up visit, 

body weight was reduced by 34.8±10.8 kg (p<0.001) relative to baseline, and glucose tolerance 

was further improved (AUC glucose −276±229; p<0.001) along with estimated insulin sensitivity 

(Matsuda ISI: +4.6±3.2; p<0.001). In addition, improvements in systemic inflammation were 

reflected by reductions in circulating C-reactive protein (CRP; −2.0±5.3 mg/dL; p=0.002), and 

increased serum adiponectin (+1,358±1,406 pg/mL; p=0.003). However, leukocyte infiltration of 

adipose tissue remained elevated relative to baseline, with pro-inflammatory cytokine mRNA 

expression unchanged, while adiponectin mRNA expression trended downward (p=0.069).

Conclusion—Both the short- and longer-term metabolic improvements following bariatric/

metabolic surgery occur without significant reductions in measures of adipose tissue 

inflammation, as assessed by measuring the expression of genes encoding key mediators of 

inflammation and by flow cytometric immunophenotyping and quantification of adipose tissue 

leukocytes.
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1. Introduction

The ongoing obesity pandemic represents a profound public health crisis with far-reaching 

societal and economic consequences. In addition to incurring greater healthcare costs [1], 

individuals with obesity have shorter life expectancies associated with increased risk for 

developing cardiovascular disease, many forms of cancer, and diabetes [2–5]. A major link 

between these undesirable outcomes and obesity is a state of chronic, low-grade 

inflammation, characterized by increased circulating levels of the acute phase protein C-

reactive protein (CRP) and pro-inflammatory cytokines such as the interleukins (IL) IL-1β 
and IL-6 [6–8].

This state of chronic, low-grade inflammation is thought to result at least in part from low-

grade chronic inflammatory processes in the expanded adipose tissue [9]. Although the 

specific cause of this inflammation is unknown, it appears to occur in response to the 

physiological stress associated with overfeeding [10, 11], wherein adipose tissue must 

expand to accommodate this nutrient excess. Adipose tissue inflammation is defined by the 

recruitment and accumulation of leukocytes in adipose tissue [12–14]. Once present in that 

tissue, these cells may become activated by the interstitial milieu [11] or other factors, 
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resulting in the production and release of pro-inflammatory cytokines [15]. Several of these 

cytokines, such as tumor necrosis factor (TNF)-α and IL-1β are known to antagonize insulin 

action [9, 16], enhance lipolysis [2, 8, 17], and affect adipocyte secretion of adiponectin, 

leptin, and resistin [2, 6, 12, 17, 18]. It is through this process that adipose tissue 

inflammation is linked to insulin resistance and lipid accumulation in the liver and skeletal 

muscle, thereby promoting systemic insulin resistance and inflammation [17]. Despite 

abundant evidence for this paradigm in rodent models, there remains a paucity of direct 

evidence correlating adipose tissue inflammation with adiposity and insulin resistance in 

humans.

Because of its striking ability to effectively reverse metabolic disease [5, 19], bariatric/

metabolic surgery serves as an intriguing model to study these relationships. Systemically, 

bariatric/metabolic surgery reduces circulating levels of pro-inflammatory markers CRP and 

IL-6, but not typically before six months [20–25]. Importantly, patients at this stage have lost 

substantial body weight [5]. Similarly, subcutaneous adipose tissue expression of CRP, IL-6, 

TNFα, and many other pro-inflammatory genes have been shown to decline six months after 

surgery [20–22, 26, 27]. However, the onset of metabolic improvements associated with 

bariatric/metabolic surgery is rapid, usually within days [5, 19]. We have recently shown that 

modest (7%) weight loss from Roux-en-Y gastric bypass (RYGB) surgery or an intensive 

lifestyle modification did not reduce measures of adipose tissue inflammation [28], and 

therefore was unable to explain the rapid metabolic improvements that occur within days 

after this operation. However, it remains unclear as to whether reductions in adipose tissue 

inflammation may contribute to further improvements in insulin sensitivity and glucose 

tolerance that occur with greater weight loss following bariatric/metabolic surgery.

The purpose of this investigation was to better define the relationships between leukocyte 

infiltration and activation in adipose tissue and systemic inflammation, adiposity, and insulin 

resistance, in the context of substantial weight loss following bariatric/metabolic surgery.

2. RESEARCH DESIGN AND METHODS

2.1 Study design and subjects

Seventeen men and women with obesity, scheduled for bariatric/metabolic surgery, either 

RYGB (n=7) at the University of Washington Medical Center (UWMC) or vertical sleeve 

gastrectomy (VSG; n=10) at Puget Sound Surgery Center, were enrolled into the study 

between June 2011 and May 2013. Participant body mass index (BMI) at enrollment ranged 

from 36.0–62.6 kg/m2. Exclusion criteria included smoking; pregnancy or plans to become 

pregnant in the ensuing 12 months; use of insulin or any other antidiabetic medications; any 

chronic inflammatory condition; or the use of selective serotonin-reuptake inhibitors, lipid-

lowering drugs, β-blockers, glucocorticoids, or anabolic steroids.

2.2 Clinical procedures

Subjects completed up to three outpatient clinic visits at the UWMC Clinical Research 

Center. The first (baseline) visit was scheduled in the two weeks prior to surgery. A second, 

optional study visit was performed 4–6 weeks after surgery (‘1-month visit’), and a third 
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visit was conducted 6–12 months after surgery (’12-month visit’). Three participants 

withdrew because they were unable or unwilling to complete all study procedures. Of the 14 

subjects who completed the study, nine elected to participate in the optional 1-month clinic 

visit. Procedures for all study visits included anthropometric measurements (height, weight, 

waist and hip circumference) for calculation of BMI and the body adiposity index (BAI; 

[29]), a fasting blood draw, and a 3-hour oral glucose tolerance test (OGTT) with blood 

collected at 0, 10, 20, 30, 60, 90, 120, and 180 min. As the risk of post-operative 

hypoglycemia and dumping syndrome is elevated among RYGB recipients, 45 g of glucose 

was administered as a beverage in all OGTT (rather than the typical 75 g), including at the 

pre-surgery visits, to reduce the likelihood of these adverse events. Abdominal subcutaneous 

adipose tissue samples were collected at surgery and again at each of the post-surgery study 

visits. At follow-up visits, adipose tissue was obtained by needle aspiration biopsy, as 

described previously [30].

The Institutional Review Board at the Fred Hutchinson Cancer Research Center (FHCRC) 

approved all study procedures. All participants provided written informed consent. Adverse 

events were generally mild, consisting of bruises and skin discolorations from the adipose 

tissue biopsies or phlebotomy, and mild cases of hypoglycemia and/or dumping syndrome 

during the OGTT after surgery.

2.3 Sample collection and processing

Following collection, adipose tissue was first rinsed with sterile PBS. Several pieces were 

flash frozen on dry ice for mRNA gene expression analysis, and the remainder was 

transferred to a tube containing 20 mL of PBS with 1% BSA. Tissues were then immediately 

transported to the FHCRC for processing and analysis by flow cytometry. Fasting blood and 

OGTT samples were drawn from an intravenous line, placed on ice, spun at ~1,000 × g 

immediately after collection for 10 min at 4°C, with the exception of serum tubes, which 

was allowed to clot at room temperature for 20 min. Serum and EDTA-plasma were stored at 

−70°C until analyses. CRP, IL-6, and adiponectin measures in fasting blood were used to 

assess systemic inflammation. Glucose and insulin measures from OGTT samples were used 

to assess glucose tolerance (fasting glucose, 120 min glucose, area-under-the-curve [AUC] 

glucose during 3-hour OGTT), estimated insulin sensitivity (homeostasis model assessment 

insulin resistance index [HOMA-IR] [31] and Matsuda insulin sensitivity index [ISI] [32]), 

and pancreatic β-cell function (insulinogenic index [IGI] [33] and oral disposition index [DI] 

[34]), based on the spreadsheet available at http://mmatsuda.diabetes-smc.jp/MIndex.html. 

Adipose tissue inflammation was assessed by measuring the absolute and relative abundance 

of major leukocyte populations in adipose tissue by flow cytometry, and by measuring the 

mRNA expression of TNFα, IL-1β, IL-6 and adiponectin.

2.4 Laboratory methods

Plasma concentrations of glucose, insulin, and high sensitivity CRP were measured at the 

UW Northwest Lipid Research Laboratory, Seattle, Washington. Glucose was measured on a 

Hitachi 917 autoanalyzer (Boehringer Mannheim, Mannheim, Germany), insulin by 

immunoenzymatic assay on AIA 600 II autoanalyzers (Tosoh Bioscience Inc., San 
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Francisco, CA), and CRP by immunonephelometry using a Behring Nephelometer II 

(Behring Diagnostics, Somerville, NJ).

Total adiponectin was measured by ELISA (Linco/Millipore, Billerica, MA), and IL-6 by 

high sensitivity ELISA (R&D systems, Minneapolis, MN). All ELISA measurements were 

performed in triplicate, and all samples from each subject were analyzed on the same plate. 

Intra- and inter-assay coefficients of variance for these assays were below 10% and 15%, 

respectively.

2.5 Immunophenotyping of adipose tissue stromal vascular cells

Subcutaneous adipose tissue was digested and labeled for flow cytometric analysis, as 

described previously [35]. Briefly, the adipose tissue was digested using Collagenase I 

(Worthington, Lakewood, NJ; final concentration 1.0 mg/mL) in PBS with 50 U/mL DNAse 

I for 60 min at 37°C. After lysing red blood cells and separating the stromal vascular cells 

(SVC) from adipocytes, the SVC were labeled using a combination of directly conjugated 

primary antibodies to identify, characterize, and quantify leukocyte populations. Selected 

markers included the pan leukocyte marker CD45; CD15 and CD16 for neutrophils; CD1c, 

CD11c, CD14, and CD206 for adipose tissue macrophages (ATM) and dendritic cells; and 

CD3, CD4, CD8 for T cells. All antibodies were purchased from BD Pharmagen (San Jose, 

CA), Beckman Coulter (Brea, CA) or BioLegend (San Diego, CA). Samples were analyzed 

immediately following labeling using a LSRII flow cytometer (Beckton Dickinson, Franklin 

Lakes, NJ) to collect up to 30,000 events in a broad gate defined by forward- and side-scatter 

attributes. Analysis was performed with FlowJo software, version 9.3.2 (TreeStar, Ashland, 

OR). Live cells were defined by fluorescence levels associated with the lower uptake of 4′,

6-diamidino-2-phenylindole, 2HCl (DAPI), a reactive dye that binds strongly to A-T rich 

regions in DNA.

2.6 Adipose tissue gene expression analysis

Total RNA was extracted from whole adipose tissue using the RNeasy Lipid Tissue kit 

(Qiagen, Hilden, Germany) and quantified using RiboGreen (Invitrogen Corp., Carlsbad, 

CA). cDNA synthesis was carried out on ~1 μg of total RNA using the RETROscript® Kit 

(Applied Biosystems, Austin, TX) and PCR performed using pre-designed TaqMan® Gene 

Expression Assays (Applied Biosystems) on an ABI Prism® 7900HT. Gene targets included 

adiponectin, IL-6, IL-1β, and TNFα. β-glucuronidase and 18s rRNA were measured as 

housekeeping genes, as they have previously been shown to be stably expressed in adipose 

tissue across different conditions [36]. A normalization factor based on these two genes was 

calculated using the method proposed by Vandesompele et al. [37], and was applied to all 

target genes.

2.7 Statistics

Data are presented as means ± standard deviation or medians (25th, 75th percentiles). All 

statistical analyses were performed using the Statistical Package for the Social Sciences, 

version 21 (SPSS Inc., Chicago, IL). The distribution of variables was analyzed by checking 

histograms and normal plots of the data, and normality was tested by Kolmogorov-Smirnov 

and Shapiro-Wilk tests. All statistical tests were initially conducted on non log-transformed 
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variables. If the standardized residuals were not normally distributed, the data were log-

transformed and the statistical tests repeated on transformed data. Variables that were log-

transformed included fasting plasma glucose and insulin, HOMA-IR, AUC glucose, 120 min 

glucose, Matsuda ISI, plasma CRP, IL-6 and adiponectin, adipose tissue expression of 

TNFα, IL-1β, IL-6, and adiponectin mRNA, and the adipose tissue leukocyte populations of 

neutrophils, dendritic cells, ATM and CD11c+ ATM, CD4+ and CD8+ T cell populations 

normalized per gram of adipose tissue, as well as neutrophils and CD4+ and CD8+ T cells 

expressed as a percentage of CD45+ cells, and the CD4+/CD8+ ratio. Changes over time in 

study variables between baseline and the 1-month follow up, and baseline and the 12-month 

follow up, were compared by repeated measures analysis of variance (RM-ANOVA). A 

secondary analysis was carried out with adjustment for changes in weight to determine the 

relative contribution of weight loss to any significant findings. For all analyses, several 

measures were used to assess ‘systemic inflammation’ and ‘adipose tissue inflammation’. 

Therefore, we did not adjust for multiple testing, but instead interpreted and report all such 

data together (i.e., one single significantly changed variable was not considered indicative of 

a change in the overall biological process in the absence of consistent changes in related 

variables). The level of significance was set to p<0.05 for all analyses.

3. RESULTS

3.1 Rapid improvements in metabolic status following bariatric/metabolic surgery occur in 
spite of increased leukocyte infiltration of subcutaneous adipose tissue

The 1-month post-operative assessment consisted of nine participants, three with RYGB and 

six with VSG, who were studied 38±4 days after surgery (mean±standard deviation). 

Subjects had lost 13.5±4.4 kg (mean±standard deviation, p<0.001), with comparable 

reductions in BMI (−4.8±1.2 kg/m2; p<0.001) and BAI (−4.2±2.4 %; p=0.001; Table 1). 

Fasting glucose did not change significantly (p=0.109), while fasting insulin (p=0.090) and 

HOMA-IR (p=0.078) tended to be reduced. Glucose tolerance was markedly improved 

(Table 1 and Figure 1A), with significant reductions in both AUC glucose (−105±98 mmol/

L*min; p=0.009) and 120-min glucose level during OGTT (−1.2±1.2 mmol/L; p=0.020; 

Table 1). Insulin levels during the OGTT were elevated relative to baseline (Figure 1B), and 

there was no change in the Matsuda ISI (p=0.720). Improvements in beta-cell function were 

reflected by increases in the IGI by 0.8±0.9 (p=0.032), which led to an increase in the DI of 

2.9±1.9 (p=0.002; Table 1).

Inflammation was assessed both systemically and in adipose tissue at the 1-month 

postoperative follow-up visit. Relative to baseline, there were no significant changes in the 

circulating inflammatory markers CRP (p=0.421) and IL-6 (p=0.875), or in the plasma 

concentration of the insulin-sensitizing hormone adiponectin (p=0.744), (Table 1 and Figure 

2A). In adipose tissue, there were no differences in mRNA expression levels for TNFα 
(p=0.380), IL-6 (p=0.928), IL-1β (p=0.530), or adiponectin (p=0.219) during this same time 

frame (Table 1 and Figure 2B). However, we did observe large, significant increases in the 

leukocyte populations within adipose tissue. Specifically, the number of neutrophils 

increased roughly 15–20 fold (p<0.001), while ATM (p=0.105), and the CD4+ (p=0.027) 

and CD8+ (p=0.056) T cell populations approximately doubled (Table 1).
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3.2 Longer-term improvements in metabolic status following bariatric/metabolic surgery 
are not associated with reduced subcutaneous adipose tissue inflammation

Four RYGB and 10 VSG patients completed the 12-month post-surgery visit, which 

occurred 243±60 days after surgery. Weight loss at 12 months after surgery averaged 

−34.8±10.8 kg relative to pre-surgery weight (p<0.001; Table 2). Body mass index 

(−12.6±3.4 kg/m2; (p<0.001) and BAI (−10.7±3.7 %; p<0.001) were similarly reduced. In 

addition, progressive improvements in metabolic status were observed. Compared to the 

baseline/pre-surgery visit, fasting plasma glucose was reduced (−0.8±0.9 mmol/L; p=0.003), 

as were insulin (−8.9±6.0 μU/mL; p<0.001) and HOMA-IR (−2.7±2.4; p<0.001). Glucose 

tolerance at 12 months was significantly improved over baseline (Figure 1A), with AUC 

glucose reduced by 276±229 mmol/L*min (p=<0.001) and 120-min glucose was reduced by 

2.4±1.4 mmol/L (p<0.001). There was a clear improvement in Matsuda ISI (+4.6±3.2; 

p<0.001), associated with a decline in secreted insulin in response to oral glucose challenge 

(Figure 1B), leading to an overall increase in the DI of 4.3±3.1 (p<0.001; Table 2).

Systemically, circulating CRP had dropped by −2.0±5.3 mg/dL (p=0.002), while plasma 

adiponectin concentrations had increased by 1,358±1,406 pg/mL (p=0.003) (Figure 2A and 

Table 2). Interleukin-6 levels remained unchanged from baseline (p=0.183). In contrast, 

there were no differences in adipose tissue expression of TNFα (p=0.651), IL-1β (p=0.793), 

or IL-6 (p=0.535) mRNA between baseline and the 12-month follow-up visit (Figure 2B, 

Table 2). Curiously, adiponectin tissue mRNA levels trended downwards by −658±1,121 

copies per ng RNA (p=0.069), despite observed increases in plasma adiponectin 

concentrations. As with the 1-month post-operative follow-up, the number of immune cells 

in subcutaneous adipose tissue was significantly elevated relative to pre-surgery levels. 

Neutrophils rose from just over 12,000 to more than 141,000 per gram of adipose tissue 

(p<0.001). Similarly, the number of dendritic cells (p=0.015), macrophages (p=0.019), and 

CD4+ (p=0.002) and CD8+ (p=0.006) T cells all exhibited significant increases over baseline 

(see Table 2).

Substantial reductions in body weight (−32.1±7.5 kg; p<0.001), BMI (−8.3±2.5 kg/m2; 

p<0.001), and BAI (−7.2±3.3 %; p<0.001) were observed between the 1-month and 12-

month follow-up visits (Supplemental Table 1). Correspondingly, there were further 

improvements in fasting glucose (reduced from a median of 5.1 [interquartile range 5.0–5.6] 

to 5.0 [4.9–5.0] mmol/L; p=0.089) and insulin (reduced from 9.6 [6.1–10.9] to 4.2 [2.5–7.2] 

μU/mL; p=0.036), and HOMA-IR (reduced from 2.2 [1.3–2.6] to 0.9 [0.5–1.6]; p=0.034). 

Improvements in peripheral insulin sensitivity as measured by Matsuda ISI (7.0 [4.6–9.2] at 

12 months versus 3.5 [2.5–4.7] 1-month after surgery; p=0.01) were associated with a 

decline in the IGI (from 2.2±0.9 to 1.3±0.8; p=0.005), leaving the DI largely unchanged.

Median circulating CRP and IL-6 levels declined from 2.0 (0.8–3.3) to 0.9 (0.5–1.8) mg/L 

(p=0.024) and 1.7 (1.4–3.3) to 1.5 (1.2–2.2) pg/mL (p=0.04), respectively. Circulating 

adiponectin levels increased from 5,437 [4,512–8,508] to 5,833 [5,760–9,700] pg/mL 

(p=0.011). In contrast, there were no significant differences in adipose tissue mRNA 

expression of the pro-inflammatory cytokines TNFα (p=0.482), IL-6 (p=0.652) and IL-1β 
(p=0.819), while adiponectin expression tended to decline further (p=0.099). The degree of 

leukocyte infiltration in adipose tissue remained significantly elevated from baseline but 
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overall did not change to a statistically significant degree relative to the 1-month visit, with 

the notable exception of a substantial increase in the number of dendritic cells (from 9,469 

[4,147–13,495] to 20,524 [8,465–27,874] cells per g of adipose tissue; p=0.008).

3.3 Improvements in metabolic status following bariatric/metabolic surgery appear largely 
driven by weight loss

As weight change was substantial across all time points of this study we repeated our 

statistical analyses with an adjustment for changes in body weight. The result of this 

secondary analysis was that the main effects of ‘time’ in RM-ANOVA were significantly 

attenuated, and no longer statistically significant, for all study variables previously found to 

have changed to a statistically significant degree between the baseline and the 1-month or 

12-month follow-up visits.

4. Discussion

In this prospective clinical study, we investigated whether the rapid remission of metabolic 

dysfunction following bariatric/metabolic surgery was associated with a resolution of 

adipose tissue inflammation. We saw no clear evidence of a reduction in adipose tissue 

inflammation, as assessed by gene expression analyses and flow cytometric 

immunophenotyping and quantification of adipose tissue leukocytes, either before or after 

substantial weight loss, that could explain the metabolic improvements observed in patients 

following bariatric/metabolic surgery. To the contrary, several key leukocyte populations in 

adipose tissue exhibited marked increases within the first four postoperative weeks. 

Moreover, elevated leukocyte numbers persisted for up to 12 months, despite observed 

further improvements in metabolic health.

The rationale for our approach was based on the presumed causal link between obesity, 

adipose tissue inflammation, and insulin resistance. For several reasons, bariatric/metabolic 

surgery presents an intriguing opportunity to study these relationships. Following surgery, 

individuals typically lose between 25–35% of their pre-surgery body weight within the first 

12 months, exhibit rapid improvements in glucose tolerance, and improved insulin 

sensitivity and reduced systemic inflammation [21–25, 38–44]. These findings are consistent 

with the prevailing hypothesis that obesity is associated with inflammation, and that adipose 

tissue inflammation may contribute to the development of insulin resistance. As such, the 

resolution of adipose tissue inflammation has been proposed as one mechanism by which 

bariatric/metabolic surgery may improve insulin sensitivity and glucose tolerance.

Systemic inflammation is known to persist at least through the first month following 

bariatric/metabolic surgery [21, 45]. We similarly observed no decline in markers of 

systemic inflammation during this time frame, as reported herein and previously [28]. 

However, within adipose tissue, the data are equivocal. At 12 months postoperatively, 

expression of the chemoattractant adipokine, chemerin, which regulates adipogenesis, is 

reduced in both subcutaneous and visceral adipose tissue depots [43]. For other pro-

inflammatory cytokines, such as TNFα and IL-6, reductions in adipose tissue mRNA 

expression have been observed 4–6 months after laparoscopic adjustable gastric banding or 

RYGB [20, 27]. Even within three months of surgery the expression of genes involved in 
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macrophage recruitment, as well as histological detection of ATM in adipose tissue, have 

exhibited reductions [46]. Correspondingly, gene expression of the insulin sensitizing 

adipokine, adiponection, increases during this time frame [47]. Paradoxically, however, 

while Xu et al. [44] observed improvements at three months after surgery in circulating 

high-molecular weight adiponectin and 5′ adenosine monophosphate-activated protein 

kinase (AMPK) activation, along with reductions in malonyl-CoA and oxidative stress in 

subcutaneous adipose tissue, there were no changes in the expression of inflammatory 

markers. In addition, two other studies involving morbidly obese bariatric surgery patients 

observed no significant reductions in the expression of TNFα or IL-6, along with several 

other key pro-inflammatory markers at either six or 12 months after surgery [21, 22]. We 

similarly observed no significant reductions in pro-inflammatory gene expression, at either 

one or 12 months after surgery, as reported herein, and in another recent study comparing 

7% weight loss from RYGB versus an intensive lifestyle intervention [28]. Furthermore, in 

contrast to Cancello et al. [46], Trachta and colleagues [22] reported that the expression of 

CD68 in adipose tissue, a marker of cells of the myeloid lineage, increased. Likewise, 

Viardot and colleagues [26] observed an increase in the number of granulocytes and Th1 

cells in adipose tissue following bariatric surgery. These data align more closely with our 

findings in this and our prior study [28], which indicate that leukocyte populations in 

adipose tissue likely increase after surgery and may remain elevated for considerable time. 

In a similar vein, at least as it pertains to rapid weight loss, studies involving severe energy 

restriction or surgery similarly fail to demonstrate biologically meaningful reductions with 

regard to ATM number [48] or pro-inflammatory gene expression in adipose tissue [44, 49, 

50], despite significant improvements in plasma insulin or CRP. While inconsistent, these 

data collectively support the notion that at least acutely, weight loss does not attenuate 

inflammatory processes in adipose tissue, in part at least due to the efflux and associated 

trafficking of lipids [51]. Furthermore, existing evidence suggests that a period of weight 

stabilization may be required before reductions in pro-inflammatory cytokine gene 

expression, as well as immune cell number, can consistently be observed [27, 49, 52, 53].

How then do these observations support a link between adipose tissue inflammation and the 

development of insulin resistance? We previously speculated [28], as also suggested by data 

from Nannipieri et al. [54], that the very early improvements in glucose tolerance in 

response to bariatric/metabolic surgery are likely due to improved hepatic insulin sensitivity 

and pancreatic beta-cell function, while peripheral insulin sensitivity initially remains 

unchanged. Thus, our previous finding of no reduction in adipose tissue inflammation ~12 

days after gastric bypass surgery did not preclude a direct role for adipose tissue 

inflammation in the etiology of insulin resistance. However, in the present study, we expand 

on our prior findings by now also demonstrating that the initial increase in adipose tissue 

inflammation seen in our previous study [28] persists over several months, in a time frame 

when systemic insulin sensitivity improves dramatically. While subject to some limitations, 

as discussed below, these new data are hard to reconcile with the evidence from rodent 

models that strongly implicates adipose tissue inflammation as a causal factor in establishing 

insulin resistance. This therefore suggests that the link between adipose tissue inflammation 

and insulin resistance is weaker in humans, or that bariatric/metabolic surgery alters the 

nature of this relationship.
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An emerging hypothesis that might explain the persistent inflammation in adipose tissue 

with even substantial weight loss is that macrophages, and possibly other immune cells, up 

regulate the expression of pro-inflammatory mediators in response to exposure to excess 

fatty acids [11, 51]. In the context of chronically excessive calorie intake and weight gain, 

macrophages are required to help adipose tissue expand in a healthy fashion [10]. This low-

grade pro-inflammatory activation of macrophages and the downstream insulin resistance 

could therefore be seen as one mechanism through which these cells retard the rapid 

expansion of adipocytes and associated hypoxic stress [55]. Alternatively, adipocyte 

lipolysis during calorie restriction-induced weight loss similarly exposes macrophages to 

elevated levels of free fatty acids. In response, macrophages may remain activated, pro-

inflammatory cells as they are buffering and trafficking these lipids [11, 51, 56].

Among the strengths of this study were the thorough assessments of glucose tolerance, the 

exclusion of individuals using anti-diabetes medications with the potential to confound study 

endpoints, repeated assessments within individuals over time, and the use of qPCR and flow 

cytometry to characterize adipose tissue inflammation. Nevertheless, this study had several 

limitations, including a small sample size, and assessments of pro- and anti-inflammatory 

gene expression from a single subcutaneous adipose tissue depot. Although it is known that 

differences in the absolute expression of pro-inflammatory cytokines exist between visceral 

and subcutaneous adipose tissue in humans, gene expression patterns in both depots are 

equivalently associated with obesity [43, 57] and metabolic disease [43, 58, 59]. Related to 

this issue, Dadson et al. [60] observed differences in insulin-stimulated glucose uptake 

between visceral and subcutaneous adipose tissue depots. However, the relative change in 

glucose uptake following bariatric/metabolic surgery was similar in both depots [60]. 

Collectively, these findings suggest that assessments based solely on subcutaneous adipose 

tissue samples are not likely to grossly misrepresent the underlying processes associated 

with obesity-driven inflammation and metabolic dysfunction. Although the small sample 

size prevented subgroup and sensitivity analyses, we observed no consistent trends in gene 

expression or immune cell infiltration indicative of a reduction in adipose tissue 

inflammation. In fact, and contrary to predictions, immune cell numbers in adipose tissue 

increased significantly, and remained elevated, while adiponectin expression declined. All of 

this collectively argues against a reduction in adipose tissue inflammation. Moreover, there 

were clear improvements in glucose tolerance and its determinants in this cohort despite the 

fact that our subjects were likely a metabolically healthier subset of the obese population, as 

we excluded individuals on insulin or anti-diabetes medications. Importantly, the absence of 

manifest diabetes among the study cohort eliminated potential confounding by post-bariatric 

surgery changes in the use of anti-diabetes medicines, likely strengthening our analysis. It is 

also worth noting that the results related to inflammation of the present study are very 

consistent with those published recently in a population with manifest T2DM [28]. As such, 

we feel confident that if the resolution of inflammation in adipose tissue were indeed a 

contributing factor to the rapid metabolic improvements associated with bariatric/metabolic 

surgery, we would have observed at least a trend in that direction.

In summary, we detected no reductions in adipose tissue-specific inflammation, as assessed 

by gene expression analysis and flow cytometric quantification and characterization of 

adipose tissue leukocytes, despite clear metabolic improvements in glucose homeostasis 
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within the first four weeks following bariatric/metabolic surgery. Moreover, although 

systemic inflammation was attenuated by 12 months after surgery, there were no signs of a 

reduction in adipose tissue inflammation, despite substantially increased insulin sensitivity 

and improved glucose tolerance. Therefore, although improvements in systemic 

inflammation follow significant weight loss over many months, a reduction in chronic low-

grade inflammation of adipose tissue does not appear to be a mechanism by which bariatric/

metabolic surgery improves glucose tolerance and insulin sensitivity in humans.
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Figure 1. 
Glucose (A) and insulin (B) concentrations during oral glucose tolerance tests (OGTT) 

performed at baseline (●), and at one (■) and 12 (▲) months after bariatric/metabolic 

surgery. (A) Significant reductions in AUC glucose were observed at both one month 

(p=0.009) and 12 months (p<0.001) relative to baseline (pre-surgery). Glucose 

concentrations at the 120 min time point were similarly reduced at one month (*, p=0.020) 

and 12 months (**, p<0.001) relative to baseline (no statistical tests were conducted at other 

time points during the OGTT). (B) The rise in insulin secretion in the first 30 min relative to 

the rise in glucose concentrations (i.e., the insulinogenic index) was greater at one month 

(p=0.032) compared to baseline, but returned to baseline levels with a greater increase in 

insulin sensitivity by the 12-month time point.
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Figure 2. 
Changes in circulating plasma markers and mRNA expression in subcutaneous adipose 

tissue from baseline (visit 1) to one (visit 2) and 12 (visit 3) months after bariatric/metabolic 

surgery. (A) No change in circulating CRP (●), IL-6 (■), and adiponectin (▲) within the 

first month of surgery. By 12 months, relative to baseline levels, circulating adiponectin 

exhibited a marked increase (*, p=0.003), while CRP (**, p=0.002) but not IL-6 (p=0.183) 

concentrations were significantly reduced. (B) There were no significant changes in mRNA 

expression patterns for TNFα (●), IL-1β (◆), IL-6 (■) and adiponectin (▼) in 

subcutaneous adipose tissue from baseline out to 12 months post-surgery, except for a 

downward trend in adiponectin expression (p=0.069).
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Table 1

Comparison of clinical and biological parameters between baseline and follow up 1 month after bariatric/

metabolic surgery (n=9 unless otherwise noted).1

Baseline 1-month follow up P(time)

Weight (kg) 132.6 ± 28.6 119.1 ± 24.9 <0.001

BMI (kg/m2) 47.7 ± 7.5 42.8 ± 6.5 <0.001

Body Adiposity Index (%) 49.6 ± 7.3 45.4 ± 7.5 0.001

Fasting Plasma Glucose (mmol/L) 5.4 (5.2 – 5.7) 5.1 (5.0 – 5.6) 0.109

Fasting Plasma Insulin (μU/L) 10.9 (9.6 – 16.0) 9.6 (6.1 – 10.9) 0.090

HOMA-IR 2.7 (2.1 – 3.7) 2.2 (1.3 – 2.6) 0.078

120 min Glucose (mmol/L, OGTT) 6.7 (5.7 – 7.5) 4.7 (4.2 – 6.9) 0.020

AUC Glucose (mmol/L*min, OGTT) 1,261 (1,147 – 1,349) 1,118 (1,037 – 1,194) 0.009

Insulinogenic Index (pmol/mmol) 1.4 ± 0.6 2.2 ± 0.9 0.032

Matsuda Index 3.4 (1.9 – 4.8) 3.5 (2.5 – 4.7) 0.720

Oral Disposition Index 4.2 ± 1.4 7.1 ± 1.8 0.002

Fasting Plasma CRP (mg/L) 2.2 (1.4 – 4.8) 2.0 (0.8 – 3.3) 0.421

Fasting Plasma IL-6 (pg/mL) 1.7 (1.6 – 3.4) 1.7 (1.4 – 3.3) 0.875

Fasting Plasma Adiponectin (pg/mL) 6,214 (3,198 – 8,007) 5,438 (4,512 – 8,508) 0.744

SQAT TNFα mRNA (copies/ng RNA) 2.6 (2.0 – 2.9) 2.9 (2.6 – 3.7) 0.380

SQAT IL-1β mRNA (copies/ng RNA) 2.1 (1.5 – 2.3) 2.4 (1.0 – 2.8) 0.530

SQAT IL-6 mRNA (copies/ng RNA) 1.8 (1.3 – 2.6) 2.2 (1.7 – 2.4) 0.928

SQAT Adiponectin mRNA (copies/ng RNA) 2,981 (2,328 – 4,345) 2,604 (2,109 – 3,248) 0.219

CD15+CD16+ Neutrophils (n=8):

 per g SQAT 14,492 (7,435 – 18,601) 146,313 (83,039 – 373,945) <0.001

 as % of CD45+ fraction 5.8 (4.8 – 7.4) 24.9 (15.6 – 47.9) <0.001

CD1c+CD11c+ Dendritic cells (n=7):

 per g SQAT 8,082 (3,307 – 11,098) 9,275 (4,147 – 12,818) 0.963

 as % of CD45+ fraction 2.4 ± 1.2 1.4 ± 0.9 0.044

CD14+CD206+ ATM (n=8):

 per g SQAT 26,502 (14,452 – 32,973) 61,605 (26,093 – 103,110) 0.105

 as % of CD45+ fraction 11.3 ± 5.5 9.9 ± 6.1 0.614

CD14+CD206+CD11c+ ATM (n=8):

 per g SQAT 7,318 (5,272 – 12,564) 13,651 (8,209 – 45,262) 0.167

 as % of CD45+ fraction 4.0 ± 2.1 3.3 ± 2.3 0.429

CD3+CD4+ T cells (n=8):

 per g SQAT 24,262 (17,567 – 48,297) 65,810 (35,646 – 74,146) 0.027

 as % of CD45+ fraction 10.8 (8.3 – 16.7) 9.2 (6.9 – 10.5) 0.154

CD3+CD8+ T cells (n=8):

 per g SQAT 18,116 (10,376 – 27,316) 45,588 (14,990 – 65,832) 0.056
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Baseline 1-month follow up P(time)

 as % of CD45+ fraction 7.8 (5.3 – 8.2) 4.7 (3.2 – 6.5) 0.067

CD4+/CD8+ T cell ratio (n=8) 1.5 (1.0 – 2.5) 1.7 (1.5 – 2.0) 0.551

1
Values are means ± standard deviation for normally distributed data or medians (25th, 75th percentiles) for non-normally distributed, log-

transformed data. P-values are based repeated measures analysis of variance (ANOVA). HOMA-IR, homeostasis model assessment-insulin 
resistance (index); CRP, C-reactive protein; IL, interleukin; OGTT, oral glucose tolerance test; TNF, tumor necrosis factor; SQAT, subcutaneous 
adipose tissue; ATM, adipose tissue macrophage.
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Table 2

Comparison of clinical and biological parameters between baseline and follow up 12 months after bariatric/

metabolic surgery (n=14 unless otherwise noted).2

Baseline 12-month follow up P(time)

Weight (kg) 131.7 ± 27.1 96.9 ± 18.0 <0.001

BMI (kg/m2) 46.2 ± 7.5 34.0 ± 4.5 <0.001

Body Adiposity Index (%) 47.8 ± 8.5 37.1 ± 5.8 <0.001

Fasting Plasma Glucose (mmol/L) 5.7 (5.2 – 6.0) 5.0 (4.7 – 5.3) 0.003

Fasting Plasma Insulin (μU/L) 11.3 (9.6 – 17.5) 4.3 (2.5 – 7.2) <0.001

HOMA-IR 2.9 (2.1 – 4.6) 1.0 (0.5 – 1.6) <0.001

120 min Glucose (mmol/L, OGTT) 6.6 (5.9 – 7.5) 4.5 (3.8 – 5.0) <0.001

AUC Glucose (mmol/L*min, OGTT) 1,310 (1,147 – 1,458) 1,085 (975 – 1,138) <0.001

Insulinogenic Index (pmol/mmol) 1.2 ± 0.6 1.2 ± 0.7 0.854

Matsuda Index 3.3 (1.9 – 4.8) 7.4 (4.9 – 9.2) <0.001

Oral Disposition Index 3.5 ± 1.6 7.8 ± 3.1 <0.001

Fasting Plasma CRP (mg/L) 4.6 (1.7 – 6.3) 1.5 (0.6 – 2.6) 0.002

Fasting Plasma IL-6 (pg/mL) 1.8 (1.5 – 3.0) 1.4 (1.2 – 2.2) 0.183

Fasting Plasma Adiponectin (pg/mL) 4,608 (3,024 – 8,007) 5,807 (5,095 – 8,224) 0.003

SQAT TNFα mRNA (copies/ng RNA) 2.6 (2.2 – 3.8) 2.8 (1.7 – 5.0) 0.651

SQAT IL-1β mRNA (copies/ng RNA) 1.8 (1.5 – 2.3) 2.5 (0.9 – 5.2) 0.793

SQAT IL-6 mRNA (copies/ng RNA) 2.0 (1.3 – 2.6) 2.1 (1.2 – 2.9) 0.535

SQAT Adiponectin mRNA (copies/ng RNA) 2,816 (1,839 – 4,086) 2,328 (2,073 – 2,688) 0.069

CD15+CD16+ Neutrophils (n=13):

 per g SQAT 12,019 (5,845 – 21,287) 141,006 (92,300 – 194,407) <0.001

 as % of CD45+ fraction 5.1 (3.9 – 7.4) 12.7 (8.6 – 38.4) <0.001

CD1c+CD11c+ Dendritic cells (n=12):

 per g SQAT 7,167 (3,722 – 11,172) 20,976 (12,723 – 27,874) 0.015

 as % of CD45+ fraction 2.7 ± 1.1 1.8 ± 1.0 0.032

CD14+CD206+ ATM (n=13):

 per g SQAT 20,948 (13,808 – 32,988) 62,124 (20,222 – 114,951) 0.019

 as % of CD45+ fraction 10.2 ± 4.6 7.3 ± 4.1 0.092

CD14+CD206+CD11c+ ATM (n=13):

 per g SQAT 7,477 (3,722 – 11,172) 9,363 (12,723 – 27,874) 0.116

 as % of CD45+ fraction 3.8 ± 2.2 1.9 ± 1.2 0.01

CD3+CD4+ T cells (n=12):

 per g SQAT 24,519 (17,567 – 48,297) 84,178 (57,838 – 114,757) 0.002

 as % of CD45+ fraction 11.0 (8.3 – 13.7) 9.0 (7.4 – 10.5) 0.138

CD3+CD8+ T cells (n=12):

 per g SQAT 18,116 (12,237 – 28,520) 52,524 (32,760 – 92,953) 0.006
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Baseline 12-month follow up P(time)

 as % of CD45+ fraction 7.7 (6.0 – 9.1) 6.1 (4.3 – 6.9) 0.08

CD4+/CD8+ T cell ratio (n=12) 1.3 (1.0 – 2.2) 1.7 (1.5 – 1.8) 0.441

2
Values are means ± standard deviation for normally distributed data or medians (25th, 75th percentiles) for non-normally distributed, log-

transformed data. P-values are based repeated measures analysis of variance (ANOVA). HOMA-IR, homeostasis model assessment-insulin 
resistance (index); CRP, C-reactive protein; IL, interleukin; OGTT, oral glucose tolerance test; TNF, tumor necrosis factor; SQAT, subcutaneous 
adipose tissue; ATM, adipose tissue macrophage.
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