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ABSTRACT
Predictors of weight loss responses are not well-defined. We hypothesized that adipose tissue
phenotypic features related to remodeling would be associated with bariatric surgery weight loss
responses. Visceral and subcutaneous adipose tissues collected from patients during bariatric
surgery were studied with flow cytometry, immunohistochemistry, and QRTPCR, and results
correlated with weight loss outcomes. Age, male sex, and a diagnosis of type 2 diabetes were
associated with less weight loss. Adipocyte size was increased and preadipocyte frequency was
decreased in visceral adipose tissue from diabetic subjects. Decreased adipose tissue preadipocyte
frequency was associated with less weight loss in women but not men. These data suggest that
phenotypic features of adipose tissue remodeling may predict responses to weight loss
interventions.
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Introduction

Bariatric surgery is the most effective treatment of obe-
sity but results are variable, with up to 35% of patients
achieving suboptimal weight loss.1,2 Identification of
mechanisms underlying this variability and accurate pre-
dictors of outcome are critical unmet needs. A diagnosis
of type 2 diabetes (DM) is associated with suboptimal
surgery-induced weight loss,3-5 but the mechanistic basis
of this relationship is not understood. Weight loss
involves extensive adipose tissue remodeling, implicating
mechanisms underlying adipose tissue plasticity. Adi-
pose tissue homeostasis is regulated by the balance
between adipocyte hypertrophy and the size of the prea-
dipocyte pool, which may be disrupted in DM.6 The goal
of this study was to determine if adipose tissue pheno-
typic features associated with remodeling identified
before bariatric surgery correlate with post-surgical
weight loss. Identification of such predictors would aid
in patient selection and identify molecular and cellular
targets for research directed toward development of
novel weight loss therapies. We performed a longitudinal

cohort study in bariatric surgery patients to assess the
hypothesis that pre-surgical features of impaired adipose
tissue remodeling capacity (DM status, increased adipo-
cyte hypertrophy, decreased preadipocyte content) corre-
late with decreased surgery-induced weight loss.

Results

DM status, age, and male sex correlate with less
surgery-induced weight loss

Ninety-five subjects were recruited. To define clinical
characteristics associated with weight loss, we stratified
patients into diabetic (DM), pre-diabetic (PRE), and
non-diabetic (NDM) subgroups. These group differed
significantly with respect to age, HbA1c, and comorbid-
ity prevalence, but were similar with respect to sex and
pre-surgical BMI (Table 1). Adjusting for age, sex, and
operation, %TWL at 6 and 12 months was less in DM
subjects (Fig. 1A). %TWL 6 and 12 months after sur-
gery in the entire cohort ranged from 8–39% and
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8–55% respectively (Fig. 1B). Linear regression analysis
revealed inverse correlations between %TWL and
HbA1c, and between %TWL and age (Fig. 1C, D); no
correlation was observed between %TWL and pre-sur-
gical BMI (data not shown). Adjusting for age, HbA1c,
and operation, 12-month %TWL was greater in women
(Fig. 1E). No difference was observed in age-adjusted
HbA1c between men and women (data not shown).
These data identify DM status, age, and male sex as pre-
dictors of less surgery-induced weight loss.

VAT adipocyte size and preadipocyte frequency
correlate with DM

To define the relationship of adipocyte size and preadi-
pocyte content with weight loss, we analyzed VAT and
SAT with histology and flow cytometry (Fig. 2A, B).
Adipocyte size and preadipocyte frequency correlated
inversely in VAT and SAT, suggesting a reciprocal rela-
tionship between adipocyte hypertrophy and the capac-
ity to generate new adipocytes (Fig. 2C). Adjusting for
age and sex, preadipocyte content was decreased and adi-
pocyte size was increased in VAT but not SAT in DM
relative to NDM subjects, and in PRE relative to NDM
subjects (Fig. 2D, E). No sex differences were observed in
preadipocyte frequency in VAT or SAT (Fig. 2F), but
greater VAT adipocyte size in men compared with
women approached significance (Fig. 2G). Linear regres-
sion revealed that HbA1c correlated directly with adipo-
cyte size and inversely with preadipocyte frequency in
VAT but not SAT. A direct correlation of adipocyte size
with age approached significance in VAT but not SAT;
preadipocyte frequency did not correlate with age in
either depot (Fig. 2H).

To further explore the nature of adipocyte hyper-
trophy associated with DM, we sought to determine if
subpopulations of large or small adipocytes correlate
disproportionately with DM. We compared adipocyte
size distribution between subject groups by mapping

Table 1. Subject demographics.

n D 95
DM

(nD 37)
PRE

(n D 26)
NDM

(nD 32) p-value

DEMOGRAPHICS, LAB VALUES
Gender (F/M, n) 22/15 18/8 26/6 0.146
Age (mean, years) 49 48 38 <0.001
BMI (mean, kg/m2) 46 48 46 0.473
HbA1c (mean, %) 7.2 6.0 5.4 <0.001
Fasting plasma glucose (mean,

mg/dl)
146 104 92 <0.001

CO-MORBID DISEASES (%)
Sleep apnea 78% 58% 41% 0.003
Hypertension 81% 69% 31% <0.001
Dyslipidemia 57% 50% 25% 0.018
MEDICATIONS (%)
b-blocker 27% 27% 9% 0.138
Statin 51% 30% 6% <0.001
ACE inhibitor 30% 23% 9% 0.113
Thiazolidinedione 5% 0% 0% 0.157
Metformin 84% 0% 0% <0.001
Insulin 46% 0% 0% <0.001
Sulfonylurea 27% 0% 0% <0.001

Figure 1. Clinical correlates of surgery-induced weight loss: A. Weight loss is less in DM subjects: %TWL stratified by DM status; �p<0.05
comparing indicated data points at 12 months (PRE or DM) to NDM arm, age-, sex-, operation-adjusted. n D 87 and 83 subjects for 6-
month and 12-month %TWL respectively. Error bars represent standard error of mean. B. Range of surgery-induced weight loss in the
entire cohort: %TWL 6 and 12 months after bariatric surgery in NDM, PRE, and DM subjects. C. Weight loss correlates inversely with
HbA1c: Correlations in all subjects of %TWL with serum HbA1c levels; p-values shown are age-, sex-, operation-adjusted. D. Weight loss
correlates inversely with age: Correlations in all subjects of %TWL with age; p-values shown are HbA1c-, sex-, operation-adjusted. E.
Weight loss is less in men: %TWL in all subjects stratified by sex; �p D 0.013, age-, HbA1c-, operation-adjusted. n D 25, 24 men and 62,
59 women for 6-month and 12-month %TWL respectively. Error bars represent standard error of mean.
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the frequency of adipocytes in each 100 mM2 size
increment averaged over all patients in each group
(NDM, PRE, DM). Compared to NDM subjects, DM
and PRE subjects manifested decreased smaller adipo-
cytes (approximately 700–3,300 mM2), along with an
increase in larger adipocytes (approximately 5,600–

8,700 mM2); these differences were observed in VAT
but not SAT (Fig. 2I). For VAT, PRE mean, median,
skewness, and kurtosis values for frequency distribu-
tions of adipocyte size were consistently between
NDM and DM. We also compared adipocyte sizes at
25th, median, and 75th percentiles across groups. DM

Figure 2. Adipose tissue-based correlates of DM: A. Histologic assessment of adipocyte hypertrophy: Representative fluorescence
images in Texas Red channel (595–605 nM) of fixed H&E-stained sectioned adipose tissue used for Image-J reconstruction from NDM,
PRE, and DM subjects; adipocyte area measured in 200–500 cells from multiple slides per subject. B. Preadipocyte flow cytometry scat-
terplot: CD34/CD31 staining within the parent CD45 gate. Preadipocytes are defined as CD45¡CD34CCD31¡ using fluorescence-minus-
one controls, quantified as % of all SVF cells after exclusion of doublets and non-viable cells. Antibodies: CD45-FITC, CD31-APC-Cy7,
CD34-PerCP-Cy5.5, anti-rabbit-IgG secondary antibody-PE (Biolegend Inc., San Diego, CA, USA). C. Adipocyte hypertrophy and preadipo-
cyte frequency are reciprocally related: Correlations in all subjects of adipocyte area (mM2) with preadipocyte frequency (% all SVF cells);
p-values shown are age-, sex-adjusted. D. Preadipocyte frequency is decreased in VAT from DM subjects: Ordinate: preadipocyte fre-
quency as % SVF cells; �: p D 0.004, #:p D 0.051, comparing indicated data point (PRE or DM) to NDM arm, age-, sex-adjusted; n D 11
NDM, 14 PRE, 17 DM subjects for VAT, n D 9 NDM, 9 PRE, 12 DM subjects for SAT. Error bars represent standard error of mean. E. Adipo-
cyte hypertrophy is increased in VAT from DM subjects: Ordinate: adipocyte area (mM2); �: p D 0.002, #: p D 0.102, comparing indicated
data point (PRE or DM) to NDM arm, age-, sex-adjusted; n D 31 NDM, 24 PRE, 34 DM subjects for VAT, n D 22 NDM, 17 PRE, 17 DM sub-
jects for SAT. Error bars represent standard error of mean. F. Preadipocyte frequency is similar in men and women: Ordinate: preadipo-
cyte frequency as % SVF cells; no differences observed between men (M) and women (F) with age-, HbA1c-adjustment; n D 17 male, 25
female subjects for VAT, 11 men, 19 women for SAT. Error bars represent standard error of mean. G. Adipocyte hypertrophy is increased
in VAT from male subjects: Ordinate; adipocyte area (mM2); #: p D 0.066, comparing men (M) and women (F), age-, HbA1c-adjusted;
n D 26 men, 60 women for VAT, 22 men, 33 women for SAT. Error bars represent standard error of mean. H. Correlations of adipocyte
size and preadipocyte frequency with HbA1c and age: Correlations in all subjects of adipocyte size (mM2) and preadipocyte frequency
(% all SVF cells) with HbA1c and age; p-values shown are adjusted for age and sex when analyzing HbA1c as the dependent variable,
and for HbA1c and sex when analyzing age as the dependent variable. I. Adipocyte size distribution: Top: Tables show average mean,
median, skewness, and kurtosis for each patient group for adipocyte size data. Bottom: Each line/curve represents counts of adipocyte
areas of 200–500 cells for an individual subject; abscissas: adipocyte area (mM2), ordinates: mean % adipocytes in each 100 mM2 incre-
ment of all patients in each group (NDM, PRE, DM); gray bars on VAT graph show approximate ranges of adipocytes sizes for which dif-
ferences in % adipocytes at each 100mM2 increment between DM and NDM subjects. J. Percentile analysis of adipocyte sizes: Stacked
graph showing adipocyte size for each patient group at 25th, 50th, and 75th percentiles. Asterisks on bars indicate significant differences
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and PRE subjects had significantly increased size at all
percentiles compared with NDM, and at the 25th per-
centile, DM adipocyte size was also significantly
higher than PRE (Fig. 2J). No differences were found
for SAT. This analysis of frequency distributions sup-
ports fewer small adipocytes and increased larger adi-
pocytes in DM VAT.

Together these observations suggest that an imbalance
between adipocyte hypertrophy and preadipocyte hyper-
plasia contributes to DM pathogenesis in obesity.

Preadipocyte frequency correlates with weight loss

To evaluate the hypothesis that adipocyte hypertrophy-
hyperplasia balance contributes to weight loss, we stud-
ied correlations of adipocyte size and preadipocyte
frequency with surgery-induced weight loss (Fig. 3). Lin-
ear regression analysis of all subjects revealed an inverse
correlation between 12 month-%TWL and adipocyte
size in VAT but not SAT, which remained significant
when adjusting for age, and approached significance
adjusting for age, HbA1c, and operation. A direct corre-
lation between 12 month-%TWL and VAT preadipocyte

frequency approached significance when adjusting for
age. Analysis of female subjects revealed a trend toward
an inverse correlation between 12 month-%TWL and
adipocyte size in VAT but not SAT on univariate analy-
sis that lost significance when adjusting for age, HbA1c,
and operation. We also observed direct correlations in
female subjects between 12 month-%TWL and preadipo-
cyte frequency that were more robust in SAT than VAT.
No correlations were observed between 12 month-
%TWL and adipocyte size or preadipocyte frequency in
men, or between 6 month-%TWL and adipocyte size or
preadipocyte frequency in any patient group (data not
shown). These data demonstrate that preadipocyte
frequency is associated with weight loss independent of
age and diabetes status in women but not men.

Discussion

We observed that DM status, age, and male sex were
negative predictors of surgery-induced weight loss, con-
sistent with prior data.3-5 DM subjects are older in our
cohort, and age and male sex correlated inversely with
weight loss independent of HbA1c, suggesting that age

Figure 3. Adipose tissue-based correlates of surgery-induced weight loss: Correlations in all subjects of adipocyte area (mM2) and prea-
dipocyte (PA) frequency (% all SVF cells) with %TWL at 12 months in all subjects and in female and male subgroups; p-values shown are
univariate (uv), age-adjusted (a), and age-, HbA1c-, operation-adjusted (a,h,o).
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and sex contribute to weight loss via DM-independent
mechanisms.

Adipose tissue-based correlates of metabolic disease
and therapeutic responses are poorly defined. Our data
add to sparse literature suggesting that adipose tissue
phenotypic features regulate weight loss. We observed a
correlation between pre-surgical preadipocyte frequency
and surgery-induced weight loss, suggesting that defects
in this important component of adipose tissue remodel-
ing contribute to suboptimal weight loss. This relation-
ship was observed only in women, suggesting different
sex-specific mechanisms of tissue remodeling. We
observed modest correlations between adipocyte size and
weight loss only in VAT. Adipocyte hypertrophy has
been linked to greater reductions in insulin resistance
with diet-induced weight loss.7 In contrast, a separate
study correlated increased adipocyte hypertrophy with
lesser reductions in insulin resistance after gastric
bypass,8 suggesting that qualitatively different relation-
ships may exist between hypertrophy and non-surgical
and surgical weight loss. Few published data correlate
changes in weight with preadipocyte frequency. Induc-
tion of obesity with high fat diet in mice is associated
with reduced preadipocyte frequency,9 while the replica-
tive capacity in human SAT preadipocytes has been
shown to be increased after surgery- and diet-induced
weight loss compared with weight-stable patients.10

These observations combined with our results suggest
that the preadipocyte pool may regulate adipose tissue
responses to weight loss interventions, with increased
preadipocytes being associated with greater weight loss.
Further research will be necessary to elucidate mecha-
nisms underlying these observations.

We also demonstrate associations between adipose
tissue hypertrophy and DM status independent of weight
loss. Mouse studies demonstrate that very large adipo-
cytes have altered gene expression and protein content,
and are more insulin resistant than smaller adipo-
cytes.11,12 Moreover, consistent with our findings here
and in previously published work6 others have shown
that larger adipocytes are associated with greater insulin
resistance in humans.7,13,14 Of interest, we found that
adipocyte hypertrophy in DM affects specific subpopula-
tions of adipocytes based on size, with decreased adipo-
cytes »700–3,300 mM2 and increased adipocytes
»5,600–8,700 mM.2 Others have shown that greater
improvements in insulin sensitivity are associated with a
reduction of large and very large adipocyte subfractions
in DM patients after caloric restriction and exercise-
induced weight loss.15 Together these observations raise
the intriguing possibility that cells in these size ranges
may be metabolically protective and pathogenic respec-
tively. Further research focused on these specific

adipocyte subpopulations will be necessary to confirm
this hypothesis.

Our finding of an association between DM and
decreased preadipocyte frequency are consistent with
previous studies,14,16,17 and confirm prior data published
by our group in a smaller cohort that constitute a subset
of the data in the present manuscript.6 Decreased preadi-
pocyte frequency and proliferative capacity is associated
with obesity and metabolic disease in some,6,14,16-18 but
not all19 studies. These conflicting literature may result
from patient heterogeneity, wide intrinsic variability in
human preadipocyte frequency,19,20 and different techni-
ques used to quantify preadipocytes. One study demon-
strated a relationship between decreased preadipocyte
number and DM restricted to VAT,16 similar to our find-
ings and consistent with the well-established stronger
association of metabolic disease with VAT.21

Our cohort is underpowered to control for all poten-
tial confounders or study DM remission, issues that will
require much larger studies to address. Limitations in
available tissue precluded analysis of large numbers of
SAT samples. Other adipose tissue functions regulate
remodeling, including fibrosis,22 inflammation, and
metabolism, targets for future research. Nonetheless, our
data support the concept that an imbalance between adi-
pocyte hypertrophy and preadipocyte hyperplasia con-
tributes to DM pathogenesis and surgery-induced weight
loss. Furthermore, our findings underscore the impor-
tance of sex differences in these effects, and suggest prea-
dipocytes as a target for study of mechanisms underlying
response to weight loss interventions.

Patients, methods, materials

Visceral (VAT, greater omentum) and subcutaneous adi-
pose tissue (SAT, abdominal wall) were collected from
bariatric surgery patients enrolled with Institutional
Review Board approval at University of Michigan and
Ann Arbor Veteran’s Administration Hospital. Sleeve
gastrectomy and gastric bypass comprised 95% and 5%
of operations respectively. Per ADA criteria,23 DM sub-
jects were defined by clinical diagnosis requiring medica-
tion and HbA1c> D 6.5; PRE subjects had no clinical
history of DM, no DM-related medication use, and
HbA1c 5.7–6.4; NDM subjects had no clinical history of
DM, no DM-related medication use, and HbA1c<5.7.
Weight loss data was collected 6 and 12 months after
surgery and defined as percent total weight loss from
pre-surgical weight (%TWL), with 93% and 88% capture
respectively.

Adipocyte sizing was performed as described.6 Briefly,
fixed hematoxylin/eosin-stained slides from formalin-
fixed, paraffin-embedded, sectioned tissue were imaged
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on an Olympus IX-81 fluorescent microscope, captured
as multiple TIFF-gray-scale images and analyzed with
ImageJ software. Pixel areas of all individual cells were
averaged for each patient.

Preadipocyte content was quantified by flow cytometry
in adipose tissue and expressed as % live cells in the stro-
movascular cell fraction (SVF) as described.6 Briefly, adi-
pose tissue was digested with Type II collagenase
(175 units/ml PBS/2% BSA, Life Technologies Inc.,
Carlsbad, CA, USA) 60 minutes, 37�C, centrifuged, and
the SVF cell pellet isolated and used for flow cytometry
analysis. SVF cells were stained with viable dye and anti-
bodies and analyzed on a FACSCanto II flow cytometer
(Becton-Dickinson Inc., Franklin Lakes, NJ, USA). Data
were analyzed using FlowJo software (Tree Star Inc., Ash-
land, OR, USA) after exclusion of doublets and non-viable
cells using fluorescence-minus-one controls with forward
scatter/side scatter gates encompassing all cells with subse-
quent analysis of CD45- cells. Preadipocytes were defined
as CD45-CD34CCD31-. Antibodies: CD45-FITC, CD31-
APC-Cy7, CD34-PERCP-Cy5.5 (Biolegend Inc., San
Diego, CA, USA), anti-rabbit secondary antibody-PE (Life
Technologies, Inc., Carlsbad, CA, USA); CD140a-Alexa-
Fluor 647 (BD Biosciences, Inc., San Jose, CA, USA).

One-way ANOVA was used to compare demographic
continuous variables (age, BMI, HbA1c, fasting plasma
glucose), and Chi-square test was used to compare
dichotomous demographic variables (sex, metabolic dis-
ease prevalence, medication use) between DM, PRE, and
NDM groups (Table 1). Multiple linear regression was
used to determine correlations between dependent varia-
bles (%TWL, adipocyte area, preadipocyte frequency)
and independent variables (DM status, sex, HbA1c)
while adjusting for covariates (age, HbA1c, sex, opera-
tion) (Figs. 1, 2C-H). One-way ANOVA with Holm-
Sidak correction for multiple comparisons was used to
compare adipocyte size percentile data among NDM,
PRE, and DM groups (Fig. 2J).

Abbreviations

BMI body mass index
DM diabetic
HbA1c hemoglobin A1c
NDM non-diabetic
PRE pre-diabetic
QRTPCR quantitative real-time polymerase chain

reaction
SAT subcutaneous adipose tissue
SVF stromal-vascular cell fraction
%TWL percent total weight loss
VAT visceral adipose tissue
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