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a b s t r a c t 

Background: Serum concentrations of fatty acid binding protein 4, an adipose tissue fatty acid chaper- 

one, have been correlated with insulin resistance and cardiovascular risk factors. The objective of this 

study were to assess relationships among Roux-en-Y gastric bypass, intensive lifestyle modification and 

medical management protocol, fatty acid binding protein 4, and metabolic parameters in obese patients 

with severe type 2 diabetes mellitus; and to evaluate the relative contribution of abdominal subcutaneous 

adipose and visceral adipose to the secretion of fatty acid binding protein 4. 

Methods: Participants were randomly assigned to intensive lifestyle modification and medical manage- 

ment protocol ( n = 29) or to intensive lifestyle modification and medical management protocol aug- 

mented with Roux-en-Y gastric bypass ( n = 34). Relationships among fatty acid binding protein 4 and 

demographic characteristics, metabolic parameters, and 12-month changes in these values were exam- 

ined. Visceral and subcutaneous adipose tissue explants from obese nondiabetic patients ( n = 5) were 

obtained and treated with forskolin to evaluate relative secretion of fatty acid binding protein 4 in the 

different adipose tissue depots. 

Results: The intensive lifestyle modification and medical management protocol and Roux-en-Y gastric 

bypass cohorts had similar fasting serum fatty acid binding protein 4 concentrations at baseline. At 1 

year, mean serum fatty acid binding protein 4 decreased by 42% in Roux-en-Y gastric bypass participants 

( P = .002) but did not change significantly in the intensive lifestyle modification and medical manage- 

ment protocol cohort. Percentage of weight change was not a significant predictor of 12-month fatty acid 

binding protein 4 within treatment arm or in multivariate models adjusted for treatment arm. In adipose 

tissue explants, fatty acid binding protein 4 was secreted similarly between visceral and subcutaneous 

adipose tissue. 

Conclusion: After Roux-en-Y gastric bypass, fatty acid binding protein 4 is reduced 12 months after 

surgery but not after intensive lifestyle modification and medical management protocol in patients with 

type 2 diabetes mellitus. Fatty acid binding protein 4 was secreted similarly between subcutaneous and 

visceral adipose tissue explants. 

© 2018 Elsevier Inc. All rights reserved. 
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increasing at epidemic rates. 1 For decades, bariatric surgery has

been the most effective treatment for obesity and more recently

has been recognized for its value in the treatment of T2DM. Previ-

ously published results from the Diabetes Surgery Study (DSS) have

found that augmenting lifestyle modification and intensive medical

management (LS/IMM) with Roux-en-Y gastric bypass (RYGB) in-

creases weight loss and improvements in hemoglobin A1c (HbA1c)

in patients with severe T2DM and body mass index (BMI) 30.0 to

39.9. 2 Other studies have corroborated these observations. 3 

Currently less than 1% of the population with obesity and

T2DM who meet Centers for Medicare and Medicaid Services

criteria for surgical intervention undergo surgery, given its cost,

invasiveness, and patient suitability requirements. 4,5 Identifying

mechanisms responsible for the efficacy of surgery may allow us

to improve nonsurgical care for patients with T2DM. Proposed

mechanistic explanations underlying the effectiveness of bariatric

surgery include changes in bile acids, increases in glucagon-

like peptide-1 (GLP-1) and fibroblast growth factor 19 secre-

tion, and shifts toward more metabolically favorable intestinal

microbiota, among others. 6-9 However, adipose tissue dysfunc-

tion, a central feature of insulin resistance, remains inadequately

characterized. 

Fatty acid binding protein 4 (FABP4, also known as aP2) is a

15 kDa lipid carrier that is abundantly expressed in adipose tis-

sue and plays a major role as a fatty acid chaperone facilitating

lipolysis and additionally is secreted into circulation. 10 In mice fed

a high saturated fat diet, deletion of FABP4 reduces endoplasmic

reticulum stress and inflammation and improves insulin sensitivity

without altering weight, thus uncoupling insulin resistance from

obesity. 11-13 FABP4 has primarily been investigated as a cytosolic

protein, and we have previously reported a rapid reduction in the

messenger RNA and protein levels of FABP4 in subcutaneous adi-

pose tissue after bariatric surgery. 14 

Although primarily investigated as a cytosolic protein, several

studies have found associations between higher serum FABP4 and

a number of diseases. 15-18 The Framingham Heart Study found that

higher circulating FABP4 is positively correlated with insulin re-

sistance and multiple cardiovascular risk factors, including total

cholesterol, lower high-density lipoprotein cholesterol, and hyper-

tension. 18 Circulating FABP4 is known to be elevated in patients

with obesity and has been identified as a predictor of the develop-

ment of metabolic syndrome independent from adiposity and in-

sulin resistance. 19 Furthermore, a polymorphism in the promoter

region of FABP4 that results in decreased expression is associ-

ated with a reduced risk of heart disease and development of

T2DM in participants with obesity. 20 Even cancer outcomes, in-

cluding morbidity and mortality in breast, ovarian, and prostate

cancers, have been associated with higher serum FABP4 concentra-

tions. 21-23 However, the secretion of FABP4 remains poorly under-

stood. It remains unclear which adipose depot (ie, visceral versus

subcutaneous) contributes to its secretion. Although both depots

have been found to be independent contributors to cardiovascular

disease and metabolic syndrome and play active endocrine roles,

there are important physiologic differences, including adipokine

secretion and rates of lipolysis and triglyceride synthesis. 24-26 In

fact, many diseases that affect fat (ie, glucocorticoid excess and

congenital lipodystrophy) do so in a depot-specific manner. 27 Al-

though FABP4 appears to be linked to a number of diseases, stud-

ies identifying a direct relationship between FABP4 and weight

change are limited, but it appears that it may also serve as a

prognostic marker for weight loss. 28 Given its known biology, it

would be expected that FABP4 concentrations increase with rapid

weight loss because of an increase in lipolysis and fatty acid

transport, but long-term reductions in weight would result in its
29 
reduction. 

b

Although causality has not been established, the association be-

ween more favorable metabolic parameters and lower FABP4 con-

entrations suggests that achieving reductions in FABP4 may be

f value in treating metabolic syndrome. One intervention to ac-

omplish this may be bariatric surgery. Although serum FABP4

oncentrations have been reported to decrease after RYGB, it is

nclear how this decrease is related to weight loss and glucose

omeostasis. It is also unclear how current medical management

f obesity and T2DM affects serum FABP4 concentrations. 30,31 In

his study we measured serum FABP4 in a pilot cohort of par-

icipants with T2DM, HbA1c > 8.0%, and BMI 30.0 to 39.9 at

aseline. Participants were randomly assigned to LS/IMM with or

ithout RYGB. FABP4, BMI, and metabolic parameters were mea-

ured at baseline and at 1 year after intervention; in this ancillary

tudy we explored potential relationships between FABP4 and the

ther values, both within and between treatment arms. To identify

he major adipose depot contributing to serum concentrations of

ABP4, we then used visceral and subcutaneous adipose tissue ex-

lants from obese patients at the time of bariatric surgery and as-

essed the relative contribution of each depot to circulating FABP4

evel. 

ethods 

articipants 

The Diabetes Surgery Study was a randomized trial comparing

he effectiveness of RYGB and LS/IMM to achieve established ther-

peutic targets for the treatment of T2DM. Details of participant

ecruitment and allocation have been previously reported. 2,8 , 32 All

nstitutions involved had Institutional Review Board approval. Be-

ween 2008 and 2011, 60 of the 120 obese participants partic-

pating in an intensive lifestyle and medically managed weight

ontrol program were randomly assigned to undergo RYGB while

ontinuing a lifestyle/medical management protocol. Inclusion cri-

eria included age > 30, BMI of 30.0 to 39.9 kg/m 

2 , undergo-

ng treatment for T2DM for at least 6 months, HbA1c of 8.0%

r higher, and C peptide > 1.0 ng/mL 90 minutes after a liq-

id mixed meal. Participants were excluded from the study if

hey had serious conditions precluding surgery. The lifestyle inter-

ention was modeled after the Diabetes Prevention Program and

he Look AHEAD protocol. 33,34 Participants met regularly with a

rained bariatric registered dietician. Lifestyle interventions were

ugmented with intensive medical therapy to obtain treatment

oals established by American Diabetes Association: HbA1c < 7.0%;

erum LDL cholesterol < 100 mg/dL; and systolic blood pressure

 130 mm Hg. Techniques for the RYGB have been previously

ublished. 2 

Candidates for the present analysis were selected from among

he 88 DSS participants randomly allocated at 3 clinics in the

nited States (University of Minnesota, Columbia University in

ew York, and Mayo Clinic in Rochester, MN) ( Fig 1 ). Participants

ere excluded if they lacked follow-up data or available sera at 12

onths, if they had type 1 diabetes, if they used thiazolidinediones

TZDs) at baseline or during the first year of the clinical trial, or if

hey crossed over after the study was underway. Participants on

ZDs were excluded from the present analysis because TZDs are

nown to increase the activity of the nuclear receptor responsible

or FABP4 expression. 16 

Participants recruited for the evaluation of visceral and subcuta-

eous adipose tissue provided informed consent approved by the

niversity of Minnesota Institutional Review Board. Tissue biopsy

pecimens were obtained from these participants at the time of

ariatric surgery. 
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Figure 1. Study flow diagram. DM, diabetes mellitus; IMM, intensive medical management; RYGB, Roux-en-Y gastric bypass; TZD, thiazolidinedione 
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easurement and data collection 

Data were collected at baseline and at scheduled medical vis-

ts. Collected data included height, weight, medications used, and

aboratory measurements, including HbA1c, fasting and 90-minutes

ostmeal glucose, and C-peptide concentrations. Serum FABP4 was

easured with the human FABP4 Quantikine ELISA kit from R&D

ystems (Minneapolis, MN; #DFBP40) according to the manufac-

urer’s instructions. 

tatistical design and analysis 

Baseline characteristics and 1-year outcomes for this cohort

ere reported using means (95% confidence interval [CI] or ± stan-

ard deviation) for continuous data and percentages for categorical

ata. Comparisons were made using Student’s t test, χ2 statistics,

nd exact binomial models where appropriate. Univariate linear

egressions were used to analyze variables potentially associated

ith serum FABP4, including age, sex, race/ethnicity, time since di-

gnosis of T2DM, BMI, percentage weight change, HbA1c, postchal-

enge C peptide, fasting and postchallenge glucose, fasting insulin,

omeostatic model assessment of insulin resistance (HOMA-IR),

atsuda Index (calculated as 10,0 0 0 / [glucose 0 × insulin 0 × mean

lucose × mean insulin] 0.5 ), and use of exogenous insulin, other an-

ihyperglycemics, or statins. 8 Variables with P values < .15 in uni-

ariate regression analyses were considered in developing optimal

ultivariate models. Because this is an exploratory analysis, many

ypothesis tests were carried out without prior hypotheses speci-

ed; thus no adjustments for multiple comparisons were imposed.

nivariate models were used to identify determinants of 12-month

evels of FABP4 and then used to construct a multivariate model

or prediction of FABP4 at 12 months. All statistical analyses were

ompleted using SAS Software, Version 9.3 (SAS Institute, Inc, Cary,

C). 
onesterified fatty acid assay 

Visceral and subcutaneous adipose tissue explants were col-

ected from human participants. Fifty milligrams of tissue samples

ere used to measure free fatty acid (FFA) release. The explants

ere treated with either dimethyl sulfoxide (DMSO) vehicle control

r 20 μM forskolin (FSK) for 1 and 4 hours. Nonesterified fatty acid

ssay of tissue explants were performed as described 

35 and mea-

ured using a NEFA-HR kit (Wako Chemicals USA, Inc, Richmond,

A). 

mmunoblot 

The tissues were incubated in Krebs-Ringer-HEPES buffer with

% bovine serum albumin. The incubating media/extracellular ma-

erial were collected for further analysis. The tissue explants were

omogenized on ice in a homogenization buffer (50 mM Tris pH

.4, 50 mM NaCl and 1 mM EDTA, 1 mM ethylene glycol tetra-

cetic acid, 1 mM NaP 2 O 7 , 50 mM NaF supplemented with pro-

ease inhibitors [Calbiochem, Billerica, MA]). Homogenates were

entrifuged at 10 0 0 g at 4 °C for 10 minutes to separate the lipid

ake, the infranatant was removed, and sodium dodecyl sulfate was

dded to a final concentration of 1%. The lysate was then cen-

rifuged at 10,0 0 0 g for 20 minutes at 4 °C to remove insoluble

esidue and the supernatant recovered. Western blot analyses were

erformed on equal volumes of incubating media from all samples

nd 5% of tissue lysate and incubating media to detect FABP4 and

ntracellular protein β-actin. FABP4 was assayed by running cal-

ulated amounts of purified FABP4 protein samples on respective

els. The immunoblots were imaged using Odyssey infrared imag-

ng (LI-COR Biosciences; Lincoln, NE). The antibodies used were

nti-FABP4 and antiactin (Sigma-Aldrich, St. Louis, MO). 

esults 

Of the 88 possible candidates for review, 25 were excluded: 13

or absent serum samples, 10 because of TZD use at baseline, 1
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Table 1 

Baseline characteristics of participants randomly assigned to LS/IMM or RYGB. 

LS/IMM ( n = 29) RYGB ( n = 34) P 

Demographic characteristics 

Age (y) 50 ± 8 51 ± 9 .60 

Female 13 (45%) 22 (65%) .13 

Race/ethnicity 1.00 

Black or African American 4 (14%) 5 (15%) 

Native American 1 (3%) 2 (6%) 

Hispanic 2 (7%) 2(6%) 

General medical 

BMI (kg/m 

2 ) 35.7 ± 3.2 36.1 ± 2.7 .60 

Years since diabetes diagnosis 8.9 ± 5.7 11.1 ± 6.4 .14 

Laboratory values 

HbA1c (%) 9.5 ± 1.2 9.5 ± 0.9 .97 

Circulating FABP4 (ng/mL) 38 ± 17 38 ± 22 .92 

C peptide, 90-min (ng/mL) 5.1 ± 2.6 4.2 ± 1.8 .13 

Glucose, fasting (mg/dL) 215 ± 58 224 ± 65 .48 

Glucose, 90-min (mg/dL) 273 ± 64 284 ± 55 .47 

Insulin, fasting (mU/L) 22 ± 19 27 ± 30 .46 

HOMA-IR 11.5 ± 12.1 13.7 ± 13.5 .50 

Matsuda Index 2.2 ± 1.6 2.5 ± 2.5 .63 

Taking medication (yes/no) 

Insulin 15 (52%) 26 (74%) .11 

Oral antihyperglycemic 28 (97%) 28 (80%) .06 

Any antihyperglycemic 29 (100%) 34 (100%) 1.00 

Statin 19 (66%) 24 (69%) 1.00 

Values are reported as mean ± standard deviation or n (%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. One-year percentage change in serum fatty acid binding protein 4 

(FABP4) concentrations in participants after intervention. LS/IMM, lifestyle and in- 

tensive medical management; RYGB, Roux-en-Y gastric bypass. 

Figure 3. Predictive ellipses of serum fatty acid binding protein 4 (FABP4) ver- 

sus percent weight change. (A) Cross-sectional 12-month FABP4. (B) The 12-month 

percentage change in FABP4. LS/IMM, lifestyle and intensive medical management; 

RYGB, Roux-en-Y gastric bypass. 
who was later diagnosed with type 1 diabetes, and 1 patient ran-

domly assigned to LS/IMM patient who later obtained surgery out-

side the study. Two participants who declined surgery after allo-

cation but participated in the LS/IMM intervention were grouped

with the LS/IMM cohort for the present as-treated analysis. The

resulting 29 LS/IMM and 34 surgery participants were included in

the study ( Fig 1 ). 

Baseline characteristics are summarized in Table 1 . There were

no statistically significant differences between groups. Mean age

was 51; mean BMI was 36 kg/m 

2 ; mean HbA1c was 9.5%; and

mean circulating FABP4 was 38 ng/mL. Years since diabetes diag-

nosis and use of insulin were not different between groups. 

One-year outcomes are consistent with previous DSS analy-

ses. 2,8 , 36 Compared with LS/IMM, RYGB participants had signif-

icantly greater weight loss and improved glycemic control de-

spite less medication ( Table 2 ). At 1 year, circulating FABP4 was

19 ng/mL (95% CI 15–23) in RYGB participants versus 33 ng/mL

(26–40) in LS/IMM participants (42% lower; P = .002). Mean FABP4

dropped 50% in the surgery group, with a proportionate reduc-

tion in variability. FABP4 decreased in all but 2 RYGB participants,

whose concentration did not change. In contrast, in the LS/IMM

group, mean FABP4 decreased 13% but was accompanied by an

11% increase in variability; 10 of 29 (34%) of LS/IMM participants

exhibited either increased concentrations or no change ( Fig 2 ). In

the LS/IMM cohort, no factors (BMI, HbA1c, fasting glucose, fast-

ing insulin) differed significantly between participants who had

increased serum FABP4 concentrations compared with those who

had decreased concentrations. 

Within treatment arm, percentage weight change and 12-month

FABP4 were weakly associated in LS/IMM (correlation 0.35; P = .07)

but not in RYGB (correlation 0.11; P = .52; Fig 3 ). After adjustment

for baseline FABP4, percentage weight change was not a significant

predictor of 12-month FABP4 in either arm. In the IMM arm, a 10%

greater weight loss corresponded to 5.20 ng/mL lower FABP4 in the

IMM group (95% CI –3.96 to 14.36; P = .25; R 

2 = 0.34). In the surgi-

cal arm, a 10% greater weight loss was associated with 2.12 ng/mL

lower FAPB4 (95% CI –1.12 to 5.37; P = .19; R 

2 = 0.44). Both cohorts

include patients with up to 20% weight loss; although everyone

lost weight after RYGB, not everyone lost weight in the IMM co-
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Table 2 

Characteristics of participants 1 year after intervention began. 

LS/IMM (n = 29 ) RYGB (n = 34 ) P 

BMI (kg/m 

2 ) 32.2 (30.6,33.7) 25.8 (24.6,26.9) < .0 0 0 01 

Weight change (percentage of baseline) –10 (–13, –7%) –29 (–31, –26) < .0 0 0 01 

HbA1c (%) 7.1 (6.7, 7.6) 6.3 (6.0, 6.7) .01 

HbA1c < 7.0% 14 (48%) 25 (74%) .07 

HbA1c < 7.0% with no medication 0 (0%) 19 (56%) < .0 0 0 01 

Circulating FABP4 (ng/mL) 33 (26, 40) 19 (15, 23) .002 

C peptide, 90-min (ng/mL) 5.9 (4.8, 7.0) 3.9 (3.3, 4.4) .002 

Glucose, fasting (mg/dL) 139 (123, 156) 108 (99, 118) .003 

Glucose, 90-min (mg/dL) 180 (156, 205) 129 (116, 142) .001 

Insulin, fasting (mU/L) 16 (10, 21) 7 (3, 10) .01 

HOMA-IR 5.8 (3.2, 8.4) 1.9 (0.8, 3.0) .01 

Matsuda Index 6.0 (3.8, 8.1) 9.3 (7.1,11.4) .04 

Taking medication (yes/no) 

Insulin 13 (45%) 8 (24%) .11 

Oral antihyperglycemic 29 (100%) 13 (38%) < .0 0 0 01 

Any antihyperglycemic 29 (100%) 14 (41%) < .0 0 0 01 

Statin 21 (72%) 17 (50%) .08 

Values are reported as mean (95% CI) or n (%). 

Table 3 

Baseline variables as univariate predictors of a 1 ng/mL increase 

baseline FAPB4. 

Estimate (95% CI) P 

Demographic characteristics 

Age (per 10 y) 7.4 (1.5, 13.2) .01 

Female 13.36 (3.91, 22.80) .01 

Race/ethnicity — .18 

General medical 

BMI (kg/m 

2 ) –0.41 (–2.14, 1.31) .63 

Years since diabetes diagnosis 0.00 (–0.82, 0.82) 1.00 

Laboratory values 

HbA1c (%) –1.68 (–6.59, 3.24) .50 

C peptide, 90-min (ng/mL) –0.79 (–3.04, 1.46) .48 

Glucose, fasting (per 10 mg/dL) –1.1 (–1.9, –0.3) .01 

Glucose, 90-min (per 10 mg/dL) –0.8 (–1.6, 0.00) .05 

Insulin, fasting (mU/L) –0.08 (–0.28, 0.12) .42 

HOMA-IR –0.27 (–0.66, 0.12) .17 

Matsuda Index 0.78 (–1.54, 3.09) .50 

Taking medication (yes/no) 

Insulin 2.56 (–7.79, 12.90) .62 

Oral antihyperglycemic –0.16 (–15.2, 14.84) .98 

Any antihyperglycemic — —

Statin 2.91 (–7.65, 13.47) .58 

(analysis based on all study participants) 
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ort. FABP4 is much more variable for the IMM patients in this

ange than for the RYGB patients. 

In further exploratory analyses, we examined 15 baseline char-

cteristics as potential univariate predictors of baseline FABP4

 Table 3 ). Significant associations included age (7.4 ng/mL higher

ABP4 per 10-year greater age; 95% CI 1.5–13.2), female sex (13.4

g/mL higher FABP4; 95% CI 3.9–22.8), fasting glucose (1.1 lower

g/mL FABP4 per 10 mg/dL higher fasting glucose; 95% CI 0.3–1.9),

nd 90-minute postchallenge glucose (0.8 ng/mL lower FABP4 per

0 mg/mL higher glucose; 95% CI 0–1.6; P = .05). 

Similarly, individual patient characteristics (including baseline,

2-month, and 12-month change, where appropriate) were exam-

ned individually as predictors of 12-month FABP4 ( Table 4 ). Re-

ressions were conducted separately by treatment arm and ad-

usted for baseline FABP4. At 12 months, percent weight change

ominated treatment arm as a predictor of HbA1c, as previously

eported 

2 . However, percent weight change was not a signifi-

ant predictor of 12-month FABP4 within either treatment arm,

ither after adjustment for baseline FABP4 or in potential multi-

ariate models. Similarly, no other baseline value was predictive

f 12-month FABP4 after adjustment for baseline FABP4. In the
S/IMM group, the optimal multivariate model for 12-month FABP4

ncluded baseline FABP4, change in fasting insulin, and change in

ostchallenge C peptide. In the RYGB group, the optimal model in-

luded only baseline FABP4. R 

2 , the proportion of variability ex-

lained by the model, was 0.50 in the optimal LS/IMM model and

.41 in the optimal RYGB model. 

Next we used visceral and abdominal subcutaneous adipose tis-

ue explants obtained from obese human participants undergo-

ng bariatric surgery to identify the relative contributions of these

epots to the secretion of FABP4 (Supplemental Table I). The ex

ivo tissue explants effluxed nonesterified free fatty acids and re-

ponded to lipolytic stimuli ( Fig 4 , A ), indicating that the tissues

ere metabolically active. To analyze the secretory capacity of vis-

eral and abdominal subcutaneous depots, we measured the FABP4

ecreted from excised samples. The 2 types of adipose samples se-

reted similar amounts of FABP4 ( P = .47 and P = .17, 1 and 4 hours

fter DMSO treatment, respectively; Fig 4 , B and C ). Intriguingly,

he secretion of FABP4 was not stimulated in response to lipolytic

ignal from human tissue ( P = .19 and P = .17, 1 hour and 4 hours

fter FSK treatment, respectively). To confirm that the FABP4 in the

upernatant was secreted and not present in media as a result of

issue cellular lysis, we evaluated the expression of β-actin in both

ntracellular and extracellular material. The presence of actin in the

ellular lysate but not in the cell culture supernatant fraction is an

ndicator of intact cells and implies that FABP4 found is the se-

reted fraction resulting from regulated release rather than lytic

elease. 

iscussion 

This study assessed serum FABP4 concentrations in a diabetic

opulation 1 year after random allocation to LS/IMM with or with-

ut RYGB. Mean serum FAPB4 decreased 50% in the year after

urgery versus a 1-year decrease of just 13% in LS/IMM. Further-

ore, no statistically significant correlation was identified between

eight loss and 12-month FABP4 levels in either arm. In evaluat-

ng the relative contribution of the secretion of FABP4 from visceral

nd abdominal subcutaneous adipose tissue, both depots secrete

pproximately similar amounts of FABP4/mg tissue, suggesting that

he majority of serum FABP4 is attributable to subcutaneous adi-

ose tissue given its larger volume. 

Our observations are consistent with findings from others

eporting reductions in serum FABP4 concentrations at 6 and

2 months after RYGB. 30,31 However, the present study described

articipants with severe T2DM, whereas the previous cohorts were
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Table 4 

Predictors of 1 ng/mL greater FABP4 at 12 months by treatment arm. 

Predictors of FABP4 at 12 months by treatment arm 

∗

IMM RYGB 

Estimate (95% CI) P Estimate (95% CI) P 

Baseline FABP4, as a univariate predictor 0.63 (0.24, 1.03) .003 0.37 (0.22, 0.53) < .0 0 01 

Individual predictors adjusted for baseline FABP4 

At 12 months: 

HbA1c (%) 3.36 (–2.08, 8.8) .24 3 (–0.31, 6.31) .09 

Glucose, fasting (mg/mL) –0.01 (–0.16, 0.13) .88 0.12 (0.01, 0.24) .04 

Insulin, fasting (mU/L) 0.37 (–0.06, 0.8) .10 0.1 (–0.2, 0.41) .51 

Change from baseline to 12 months 

Percentage weight change (per 10%) 51.98 (–35, 138.95) .25 21.25 (–10, 52.5) .19 

HbA1c (%) 2.78 (–1.75, 7.31) .24 2.14 (–0.43, 4.71) .11 

C peptide, 90-min (ng/mL) –2.88 (–6.5, 0.74) .13 0.5 (–1.16, 2.17) .56 

Glucose, fasting (per 10 mg/dL) 0.1 (–1.1, 1.3) .87 0.4 (–0.1, 0.9) .11 

Glucose, 90-min (per 10 mg/dL) 0.0 (–1.0, 1.1) .94 0.4 (–0.1, 0.8) .11 

Insulin, fasting (mU/L) 0.32 (0.01, 0.63) .05 –0.01 (–0.13, 0.11) .87 

Optimal multivariate model † 

FABP4 at baseline (ng/mL) 0.44 (0.06, 0.82) .03 0.37 (0.22, 0.53) < .0 0 01 

Change in fasting insulin (mU/L) 0.36 (0.05, 0.67) .02 

Change in 90-min C peptide (ng/mL) –3.4 (–6.92, 0.11) .06 

∗ The following potential predictors were also considered: age, sex, years since diabetes diagnosis, BMI, use of 

insulin, other antihypoglycemic medications or statins, and BMI. Only percentage weight change and predictors with 

P < .15 after adjustment for baseline FABP4 are shown in this table. 
† R 2 for the optimal multivariate models was 0.50 (IMM) and 0.41 (RYGB). 

Figure 4. Fatty acid binding protein 4 (FABP4) is secreted from both visceral and subcutaneous adipose tissues. (A) Adipose tissue explants from either the visceral (Vis) or 

subcutaneous (Sc) depot were treated with dimethyl sulfoxide (DMSO) or forskolin (FSK) for 1 to 4 hours and nonesterified free fatty acids (FFA) released into the incubation 

medium determined. (B) Immunoblot of FABP4 secreted from tissue explants from human participants (S1–S5) in response to DMSO or FSK treatment. (C) Quantitation of 

FABP4 secreted into the incubating media. (D) Immunoblot of β-actin from tissue lysates and incubation media of DMSO and FSK-treated tissue explants. 
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predominantly nondiabetic. It thus appears that RYGB is associ-

ated with significant 1-year reductions in serum FABP4, regard-

less of diabetic status. The reduction of serum concentration of

FABP4 may contribute to improved metabolism after RYGB. Nu-

merous animal studies and evaluations of human polymorphisms

link FABP4 to insulin resistance, increased production of proinflam-

matory cytokines, and increased reactive oxygen species. 10,12 , 20,37 

Higher serum FABP4 is associated with higher BMI and wors-

ened dyslipidemia. 18,38 Elevated FABP4 is also linked to hepatic

insulin resistance and increased hepatic gluconeogenesis. Further-

more, a genetic polymorphism that decreases FABP4 expression

appears to have a protective effect against T2DM and atheroscle-

rosis when controlled for BMI. 20 Although causal pathways have

yet to be determined, clinical treatments that reduce serum FABP4

might be beneficial for patients with metabolic syndrome or type

2 diabetes. Animal studies targeting the reduction of FABP4 using

monoclonal antibodies have been promising. 39 RYGB is currently

the only known treatment that reliably significantly decreases this

adipokine, although angiotensin II receptor blockers, atorvastatin,

and omega-3 fatty acids have produced modest reductions. 40-42 

Although others have reported a positive correlation between

FABP4 concentrations and HOMA-IR after RYGB, 30 in our ex-
loratory analysis we did not identify the same association. We

id, however, find a weak negative association between fasting glu-

ose levels and serum FABP4 concentrations at baseline. In the

S/IMM cohort, change in fasting insulin was included in the op-

imal multivariate model predicting 12-month FABP4. Reasons for

hese differences are unclear, but they may be related to medi-

ation use, extent of weight loss, and diabetic status. Further in-

epth metabolic studies are needed to elucidate these relation-

hips. Greater age and female sex were both also associated with

igher baseline FABP4. Factors accounting for sex differences in-

lude androgen hormone production and body composition. 43 

It is not clear how FABP4 concentrations decline after RYGB.

 gene target of the nuclear receptor peroxisome proliferator-

ctivated receptor γ , FABP4 is the major lipid chaperone in

dipocytes, facilitates lipolysis, and is secreted into serum by un-

onventional means. 44,45 Sustained reductions in serum FABP4 at

 year after RYGB may be due to alterations in adipose tissue

etabolism that are specific to RYGB. This reduction may be me-

iated by the effect of RYGB on other serum factors, like GLP-1,

hich is increased after RYGB. 8,9 Sitagliptin, a dipeptidyl pepti-

ase 4 inhibitor that increases GLP-1, results in mild reductions of

ABP4 concentrations in patients with T2DM. 46 It is possible that
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YGB with significant weight loss itself contributes to reductions

n FABP4 in the long term, but how this may occur is also unclear.

ong-term studies of FABP4 in medically managed weight loss co-

orts after 2 years of treatment have found reductions in FABP4. 47 

aseline FABP4 has even been proposed as a prognostic factor for

aintenance of weight loss after a calorically restricted medical

ntervention. 28 However, these assessments were made in insulin-

ensitive populations. 

FABP4 lacks a conventional secretion signal sequence and thus

ses an unconventional secretion mechanism. Molecular details de-

cribing this secretion have been limited. Importantly, the underly-

ng concept of how different adipose depots contribute to circu-

ating FABP4 is yet unexplored. Analyzing the relative contribution

f FABP4 secretion from visceral and abdominal subcutaneous de-

ots provides an insight to the relationship of body composition to

hole-body FABP4 secretion. Our findings here indicate that both

isceral and subcutaneous adipose tissues secrete FABP4. An in-

riguing finding, however, is that FABP4 secretion was not poten-

iated in response to lipolytic stimuli, in contrast with studies in

ice wherein β-adrenergic signaling stimulated FABP4 secretion. 48 

his observation suggests that the subcutaneous depot may be the

ajor contributor to serum concentrations of FABP4 because of its

ignificantly larger volume. Likewise, a substantial loss of subcuta-

eous adipose tissue after surgery is likely to contribute to reduc-

ions in FAPB4 concentrations. However, more studies are needed

o confirm our initial observations. 

There are limitations of this study that should be highlighted.

YGB participants had greater weight loss than medical man-

gement (mean = 29% vs 10% in LS/IMM); the study would be

trengthened by weight loss–matched cohorts. Effects of recent

eight loss may confound the relationship between adipose tissue

nd serum FABP4. If the apparent differences in FABP4 metabolism

re related to RYGB per se, RYGB participants may be compared

ith another form of bariatric surgery (eg, banding or sleeve

astrectomy). Other potential confounders include medication use

t baseline and differences in medication use at 12 months as well

ossible changes in dietary fat intake, which has been found to

lter the expression of FABP4 in adipose tissue. 49 This study is also

imited by the variability in the changes in FABP4 concentrations

fter each intervention and could be strengthened by a larger

ample size. In contrast to the DSS patients providing longitudinal

aboratory data, patients providing adipose tissue samples were

nsulin sensitive and were not taking any antidiabetic medications.

he contrast weakens the study, but on the other hand lack of

edication use in the patients providing tissue samples may

imit confounding. This study would also be strengthened by the

valuation of visceral and subcutaneous adipose depots at addi-

ional sites, as well as in a larger study population. Future studies

ould include evaluating changes in patients who are prediabetic

r diabetic off medications, as well as measurements of FABP4

n shorter time intervals after surgical or medical intervention

o elucidate potential relationships with weight change. Another

ohort of patients to study are those undergoing abdominoplasty,

hich would provide further insight into the relative contribution

f subcutaneous adipose tissue to serum concentrations of FABP4.

n important strength of this study is its reliance on data from

 randomized clinical trial, eliminating confounding owing to

elf-selection. 

In conclusion, in a randomized cohort of participants with BMI

0.0 to 39.9 and severe T2DM, FABP4 levels decreased markedly

2 months after RYGB. No statistically significant reduction in

ABP4 was identified after 12 months of exposure to an intensive

ifestyle and medical management protocol. This study also failed

o identify a relationship between weight loss and reductions in

ABP4. Further in-depth metabolic studies are required to charac-

erize the relationship between serum FABP4 concentrations and
issue-specific insulin resistance and to understand how RYGB con-

ributes to the marked decline in FAPB4. 
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