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Improvement in insulin resistance after gastric bypass surgery
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Abstract

Background—@Gastric bypass surgery for weight reduction often corrects dysglycemia in
diabetic patients, but a full understanding of the underlying biochemical pathways continues to be
investigated. We explored the effects of weight loss by surgical and dietary interventions on
plasma metabolites using both targeted and discovery-oriented metabolomics platforms.

Setting—An academic medical center in the United States.

Methods—Improvement in HOMA-IR, as an index of insulin resistance, was compared at Six
months in eleven patients that underwent Roux-en-Y gastric bypass (RYGB) against eleven
patients that were matched for weight loss in the Weight Loss Maintenance (WLM) program.
Metabolites in plasma were evaluated by non-targeted gas chromatography/mass spectrometry
(GC/MS) for the potential detection of more than 1100 biochemical markers.

Results—Among multiple metabolites detected, 2-hydroxybutyric acid (2-HBA) declined most
significantly after six months in comparing patients that underwent RYGB versus those in WLM
(P<0.001), corresponding with declines in HOMA-IR (£ = 0.025). Baseline levels of 2-HBA for
all patients were correlated with pre-intervention levels of HOMA-IR (R? = 0.565, £< 0.001).
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Moreover, the changes in 2-HBA after six months were correlated with changes in HOMA-IR (R?2
=0.399, A=0.0016).

Conclusions—Caorrelation between insulin resistance and 2-hydroxybutyric acid suggests the
utility of the latter as an excellent biomarker for tracking glycemic improvement, and offers
further insight into the pathways that control diabetes. This is the first report of a decline in 2-HBA
in response to bariatric surgery.
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INTRODUCTION

Restoration of normoglycemia in diabetic patients who have undergone Roux-en Y gastric
bypass (RYGB) often occurs prior to and independently of weight loss (1. Previous studies
have sought to understand the underlying mechanisms controlling this effect through the
analysis of metabolic markers (). In a study by Laferrére et af3), patients who underwent
RYGB were matched against patients who achieved similar weight loss by dietary
restriction, and their plasma metabolomes profiled by targeted tandem mass spectrometry.
Amino acids, most notably the branched-chain amino acids (BCAA) valine, leucine, and
isoleucine, and their related catabolites declined significantly after surgery, but not with diet.
Associations of plasma BCAA with insulin resistance and other measures of obesity-related
metabolic syndrome appear to correlate with metabolic changes in the muscle, liver, and
adipose, as well as the gut microbiome®). Metabolomics may help predict the metabolic
response to weight loss treatments ().

In the present study, we aimed to gain a broader view of the metabolic changes of RYGB-
associated diabetic remission by application of a non-targeted metabolomics approach.
Using gas chromatography/mass spectrometry (GC/MS), assisted by application of a
spectral library of over 1100 metabolites, we explored a larger cross-section of the human
metabolome, including amino acids, fatty acids, organic acids, ketone bodies, sterols, and
carbohydrates. Among the metabolites examined was 2-hydroxybutyric acid (2-HBA), of
recent interest based on its emergence as an indicator for dysglycemia and a potential early
marker of diabetes (> 6). Through our investigation, we further establish 2-HBA as a key
component in the overall metabolome by demonstrating its decrease with the improvement
in insulin resistance, as effectively accomplished by surgical intervention.

MATERIALS AND METHODS

Eleven patients that had undergone RYGB at the Metabolomics and Weight loss Surgery
Center, Duke University Medical Center(7), were matched for weight loss against eleven
participants in the Weight Loss Maintenance (WLM) program that included a low-fat diet
and support counseling®. The RYGB cohort included morbidly obese individuals with type
2 diabetes (T2DM) who were taking oral diabetes medications, glucagon-like peptide-1
receptor agonists (GLP-1 RA) or insulin, while WLM enrolled obese subjects who were
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taking medications for hypertension and/or dyslipidemia. The weight of each participant was
measured at the start of intervention and after six months, at which times blood was drawn
and immediately processed for EDTA-plasma. Participant heights were also measured for
subsequent calculation of body mass index (BMI) in kg/mZ2. Studies involving all
participants were registered in clinicaltrial.gov (NCT00054925 and NCT00787670) and
were approved by the Institutional Review Board (IRB) at our institute.

Plasma glucose and other metabolites were measured by enzymatic assays on a DxC600
clinical analyzer (Beckman-Coulter, Brea, CA); insulin by immunoassay from Meso Scale
Discovery (Rockville, MD), standardized against WHO 66/304; and a panel of fifteen amino
acids quantitatively measured by targeted MS/MS using stable-isotope dilution, as
previously described(®. Homeostasis model assessment was used as an index of insulin
resistance (HOMA-IR)(0), calculated as the product of fasting glucose (mg/dL) and insulin
(LU/mL) divided by 405. For non-targeted GC/MS, plasmas were extracted and derivatized
by methoximation and trimethylsilylation (TMS) according to a procedure previously
describedD), and run using instrumentation from Agilent Technologies (Santa Clara, CA),
which included a 6890N GC and a 5975B MS using electron ionization. GC features were
deconvoluted using AMDIS(2), and annotated by matching against known analytes in a
spectral library based on both retention time and mass fragmentation pattern. The library we
used was initially created by Fiehn and co-workers(13), and since supplemented by our
laboratory to include more than 1100 metabolites. Integrated peak areas of chromatographic
features were logy-transformed and grouped across samples based on their annotation.

Statistical analysis

RESULTS

Continuous data were presented as mean (+ standard deviation). Comparisons between
groups were performed using independent sample t-tests, and comparisons of change
between baseline and 6 months done by dependent sample t-tests. Pearson correlation
coefficients were calculated to evaluate the relationship between the continuous variables.
Statistics including t-tests and Pearson correlations were performed using Microsoft Excel,
and multiple regressions by SAS, version 9.4 (Cary, NC).

Characteristics of the participants in the RYGB and WLM groups are outlined in Table 1.
Pre-intervention weight and BMI were not statistically different between groups. Participant
age tended slightly higher for WLM, which had more males, whereas the RYGB group was
mostly females. Baseline plasma glucose, insulin and HOMA-IR were significantly higher
in the RYGB group. This was expected for the RYGB cohort, which included only patients
with T2DM, while the WLM cohort enrolled obese subjects with hypertension and
dyslipidemia. Other targeted metabolites that were increased in the RYGB cohort include
NEFA, valine, branched-chain amino acids (BCAA, combined leucine/isoleucine and
valine), and glutamate/glutamine, whereas glycine was decreased, as have previously been
associated with dysglycemia(®. Each metabolite is shown here to have a significant
correlation with HOMA-IR.
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At six months, subjects in both groups lost significant weight (RYGB —23.98 + 4.34 kg
versus WLM -23.60 + 4.63 kg, P = 0.845) and at an equivalent level, as was intended.
Combined with the loss in weight, patients in the RYGB group showed significant decreases
in fasting insulin and glucose, and thereby HOMA-IR, achieving post-intervention levels
that were more in line with normoglycemia. This resulted in levels becoming more similar to
those for WLM, in which patients were already normoglycemic. Moreover, 10/11 (90.9%)
patients in the RYGB cohort no longer needed diabetes medications and insulin at 6 months
after surgery. Significant differences in six-month changes between RYGB and WLM
therefore mostly reflect changes for RYGB (with WLM mostly unchanged) and since weight
loss was equivalent between groups, suggest an association with glycemic improvement. In
addition to insulin, glucose, and HOMA-IR, six-month changes for NEFA, valine, and
BCAA were significantly decreased for RYGB relative to WLM (P = 0.015, 0.002, and
0.005, respectively). The association is consistent with our earlier study(®, in which
branched-chain amino acids declined more for RYGB relative to a dietary intervention. We
further show here a significant correlation between changes of HOMA-IR and changes for
either valine (P=0.002) or BCAA (P =0.009), respectively), when measured by targeted
MS/MS.

We used non-targeted GC/MS to explore a much broader array of relevant metabolites. A
total of 118 non-targeted metabolites were detected, of which Table 1 lists twelve that
displayed significant differences and that were not in the targeted panels. Not included are
amino acids (except cysteine), fatty acids, and glucose, which were measured with greater
sensitivity in the targeted assays, and are instead displayed with all non-targeted metabolites
in Table S1.

Prominent among the non-targeted metabolites is 2-HBA, which showed a significant
decline for the RYGB intervention relative to WLM (P < 0.001). The effect was again due to
higher pre-intervention levels of 2-HBA for RYGB (P < 0.001), which became reduced after
surgery to the levels seen with WLM. 2-HBA levels for WLM, by contrast, did not
substantially change. These observations are consistent with the apparent association
between 2-HBA and insulin resistance, wherein patients electing RYGB were more
dysglycemic at baseline. Thus, Figure 1A shows HOMA-IR for all patients covering a large
range, but being generally higher for those in the RYGB group. A clear correlation between
HOMA-IR, representing insulin resistance, and 2-HBA (r? = 0.565, £< 0.001) is observed.
Moreover, as Figure 1B displays, the declines in HOMA-IR with intervention, as more
strongly produced by RYGB, were highly correlated with the corresponding declines in 2-
HBA (r2 = 0.399, = 0.016). These correlations between the glycemic index HOMA-IR and
2-HBA were stronger than for any other measured metabolite, including the BCAAs, as
indicated in Figures 1C-D.

Other metabolites detected by non-targeted GC/MS showed significant differences when
comparing RYGB against WLM. Of the twelve selected for Table 1, eleven showed
significantly higher levels for RYGB at baseline relative to WLM. Of these, five also showed
significant differences in six-month changes between RYGB and WLM, including 2-HBA,
3-hydroxybutyric acid (3-HBA), acetoacetic acid, CMPF, and hypoxanthine. These changes
generally appeared as a decrease for RYGB, and an increase for WLM. Considering the
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baseline correlations with HOMA-IR, only those for 2-HBA, 2-hydroxyvaleric acid (2-
HVA), and cysteine were significant. Of these, only 2-HBA and 2-HVA also showed
significant correlations with six-month changes of HOMA-IR. 2-Aminobutyric acid (2-
ABA) and 3-HBA were also significant for the six-month correlations, but not for
correlations with HOMA-IR at baseline.

As our study was exploratory in nature, aimed at discovery rather than validation, we did not
correct for multiple comparisons. Applying a Bonferroni correction!4) for the 118 non-
targeted metabolites nevertheless did not alter our statistical conclusions for 2-HBA,
including that for differences between the two interventions in levels of change (P corrected
<0.001). The effect for changes in 2-HBA also remained significant when adjusted for
patient baseline levels, including those for HOMA-IR, BMI, and 2-HBA (£ = 0.0083). In
addition, the correlation between changes in 2-HBA and HOMA-IR was strongly significant
(P=0.0016), whereas that between changes in 2-HBA and BMI was not (P = 0.067),
indicating the association is with glycemic improvement and not weight loss. In contrast,
correlations between changes in HOMA-IR and BMI were not significant (P= 0.77).

DISCUSSION

Studying plasma in patients that underwent RYGB allowed us to observe large
improvements in glycemic status and thereby detect any significant metabolic correlations
using both targeted and non-targeted metabolomics. Our preliminary study found evidence
that supports 2-HBA as a potential new marker for dysglycemia and insulin resistance, not
only confirming its previously shown association at baseline®: ©), but now further showing
that 2-HBA declines in a manner strongly correlated to the improvement of insulin
resistance after treatment. Previous work by others had shown no apparent change in 2-HBA
with surgery(®), however those patients were first exposed to a low-caloric liquid diet before
surgical intervention, such that the effect was possibly obscured, and also observed after
only 28 days. Here, we measured changes at six-month post-surgery, when the full effects of
the intervention became more apparent. In subsequent work by Ferrannini and coworkers,
improvement in insulin resistance by pharmaceutical means to increase levels of the incretin,
glucagon like peptide (GLP)-1, also showed 2-HBA to decrease(16). Other factors like
circulating pigment epithelium-derived factor levelsX?) or circulating lipopolysaccharide-
binding protein (LBP)(8) have also been shown to associate with insulin resistance and
decrease after weight loss, possibly involved in the observed metabolic changes and
improvement of insulin resistance after RYGB. There may also be additional unidentified
factors involved in insulin sensitivity and energy balance regulation(19).

A mechanism previously proposed to link insulin resistance with 2-HBA suggests
channeling through the precursor 2-ketobutyric acid (2-KBA)®: ), which increases as a
consequence of oxidative stress-related glutathione synthesis, thus driving increased
glutamate and cysteine, and decreased glycine. Through a separate pathway, BCAA and
non-esterified fatty acids (NEFA) are also expected to increase 2-KBA. Our observations for
the baseline levels of amino acids and NEFA, comparing RYGB versus WLM, are consistent
with these mechanisms, as are the correlations with the individual baseline levels of HOMA-
IR (Table 1). Correlations for six-month changes for these metabolites are less compelling
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however, the exception being BCAA, driven predominantly by valine. The association of
BCAA with insulin resistance and other metabolic syndrome effects have been noted in
many previous studies, for which the operative pathways may be manifold, and possibly
overlapping those connected with 2-HBA.

Finding markers like 2-HBA that are associated with glycemic status are important for
revealing pathways in dysglycemic conditions such as diabetes, and can offer unique
perspectives for tracking efficacy of therapeutic interventions. The criteria for such a marker
are that 1) it shows a significant distinction pre-intervention between a population of
dysglycemic individuals and a population with normoglycemia, 2) pre-intervention levels
are significantly correlated with an index for glycemia, like HOMA-IR, 3) changes
following intervention between the dysglycemic and normoglycemic population are
significantly different, and 4) these changes are significantly correlated with the changes in
the index. In the present study, the dysglycemic population are those with T2DM who
undergo RYGB, and the normoglycemic were those in WLM. The index used was HOMA-
IR. Table 1 clearly demonstrates that 2-HBA meets all four of the above criteria, with highly
significant levels observed for all statistical probabilities that are listed. The BCAA, as
strongly influenced by valine, also meet the criteria, although to a much lower level of
significance.

There is currently no clear consensus on what constitutes a success in bariatric surgery. A
common definition of successful postoperative outcome is a loss of 50% of excess weight at
1-2 years postoperatively (29). However, the success of bariatric surgery cannot be defined in
terms of absolute weight loss without describing the health and quality of life improvements
associated with weight loss(1). Preoperative levels of metabolites or their changes after
bariatric surgery, particularly for 2-HBA, may be used as predictors or new criteria to define
success of bariatric/metabolic surgery.

Other metabolites detected by non-targeted GC/MS appear closely related to 2-HBA, and
share some similarities in their relationship to insulin resistance. Among these are 2-
aminobutyric acid (2-ABA), formed by the transamination of 2-KBA, the precursor to 2-
HBA,; and 2-hydroxyvaleric acid (2-HVA), the five-carbon analog of 2-HBA. Both decline
significantly with RYGB only (Table S1), and also show correlation of changes with changes
in HOMA-IR, although clearly not as strongly as 2-HBA (Table 1). Neither meet all four
criteria outlined above for consideration as a marker of glycemic status. We also observed
significant differences in baseline and six-month changes between groups for the ketone
bodies, 3-hydroxybutyric acid (3-HBA) and acetoacetic acid. Neither ketone body marker
however meets the criteria for correlation with HOMA-IR at baseline (and acetoacetic acid
also fails for the changes). Changes at six months, unlike with 2-HBA, are mostly influenced
by increasing levels for WLM, and comprise smaller declines for RYGB (Table S1). We
suspect these changes are more likely a reflection of the weight loss in both groups, with
WLM patients exhibiting a larger relative shift towards reliance on fatty acid oxidation.
Ketone bodies in the diabetic RYGB group were high at baseline (as were also targeted
NEFA and oleic and linoleic acids) due to compensatory mechanisms for failure to
adequately utilize glucose. A catabolic influence to increase levels following surgery
occurred as metabolic fuels became less supplied, but were offset by the opposing influence

Surg Obes Relat Dis. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shantavasinkul et al.

Page 7

of improving insulin sensitivity. We also observe a decline in RYGB patients only for 3-
carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF), a furan recently implicated in
diabetes development(??), although here showing no particular correlation with HOMA-IR.

We acknowledge some limitations in this preliminary study, including its small sample size,
and its comparison of two different populations, one with obese normoglycemic individuals
and the other with diabetic obese subjects that underwent RYGB. A larger study is needed to
further explore the extent to which metabolomics changes, particularly for 2-HBA, in
diabetic obese individuals are the result of weight loss per se or bariatric surgery. Despite
these limitations, the present study findings are important and highlight the complexity of
mechanisms of weight loss and comorbidities resolution after bariatric surgery.

CONCLUSION

We provide further evidence to confirm 2-HBA as a reliable marker for insulin resistance
and incipient diabetes, and indicate its additional utility in tracking therapeutic
improvement. We believe that metabolomics will continue to serve a valuable discovery role
in rapidly revealing key metabolites that illuminate the pathways giving rise to diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

This is the first report of a decline in 2-hydroxybutyric acid in response to bariatric
surgery. Correlation between insulin resistance and 2-hydroxybutyric acid suggests the
utility of the latter as an excellent biomarker for tracking glycemic improvement, and
offers further insight into the pathways that control diabetes.
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