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CLINICAL MEDICINE
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BACKGROUND. There is considerable heterogeneity in the effect of weight loss on metabolic
function in people with obesity.

METHODS. We evaluated muscle and liver insulin sensitivity, body composition, and circulating
factors associated with insulin action before and after approximately 20% weight loss in women
identified as “Responders” (n = 11) or “Non-responders” (n = 11), defined as the top (>75% increase)
and bottom (<5% increase) quartiles of the weight loss-induced increase in glucose disposal rate
(GDR) during a hyperinsulinemic-euglycemic clamp procedure, among 43 women with obesity (BMI:
441 +7.9 kg/m?).

RESULTS. At baseline, GDR, which provides an index of muscle insulin sensitivity, and the hepatic
insulin sensitivity index were more than 50% lower in Responders than Non-responders, but both
increased much more after weight loss in Responders than Non-responders, which eliminated the
differences between groups. Weight loss also caused greater decreases in intrahepatic triglyceride
content and plasma adiponectin and PAI-1 concentrations in Responders than Non-responders and
greater insulin-mediated suppression of plasma free fatty acids, branched-chain amino acids, and
C3/C5 acylcarnitines in Non-responders than Responders, so that differences between groups at
baseline were no longer present after weight loss. The effect of weight loss on total body fat mass,
intra-abdominal adipose tissue volume, adipocyte size, and circulating inflammatory markers were
not different between groups.

CONCLUSION. The results from our study demonstrate that the heterogeneity in the effects of
marked weight loss on muscle and hepatic insulin sensitivity in people with obesity is determined
by baseline insulin action, and reaches a ceiling when “normal” insulin action is achieved.
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Introduction

Insulin-resistant glucose metabolism is the most common metabolic complication associated with obesity
and is an important risk factor for developing type 2 diabetes and other cardiometabolic diseases, such as
nonalcoholic fatty liver disease and atherosclerosis (1-4). Weight loss improves multiorgan insulin sensi-
tivity (5—7) and reduces the risk of developing type 2 diabetes (8—10). However, in reviewing the data from
our previous (6, 11, 12) and ongoing studies, we found considerable heterogeneity in the effect of weight
loss on muscle insulin sensitivity, assessed as insulin-stimulated glucose disposal rate in relation to fat-free
mass (FFM) during a hyperinsulinemic-euglycemic clamp procedure (13). In fact, some participants had
no improvement in muscle insulin sensitivity at all, despite marked (>15%) weight loss. The phenotypic
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and physiological features that distinguish “metabolic Responders” and “metabolic Non-responders” to
marked weight loss are not known. It is possible that the heterogeneity in the metabolic response is related
to the heterogeneity of baseline metabolic function among people with obesity (1).

The purpose of the present study was to evaluate baseline muscle and liver insulin sensitivity and metabol-
ic factors associated with insulin resistance (i.e., percentage body mass as fat, intra-abdominal adipose tissue
volume, intrahepatic triglyceride content, adipocyte size, and specific circulating hormone, inflammatory
protein, and metabolite concentrations) and the weight loss—induced changes in these metabolic variables in
women with obesity who were considered metabolic Responders or Non-responders to marked (16%—25%)
weight loss. Responders and Non-responders were identified as participants within the top (>75% increase) and
bottom (<5% increase) quartiles of the increase in insulin-stimulated glucose disposal rate during a hyperinsu-
linemic-euglycemic clamp procedure among 43 women with class II and class I1I obesity (body mass index =35
kg/m?). We hypothesized that (i) Non-responders would be more insulin sensitive than Responders at baseline
and metabolic factors associated with insulin resistance would be attenuated in Non-responders compared with
Responders at baseline, and (ii) weight loss would cause a greater change in multiorgan insulin sensitivity and
metabolic factors associated with insulin resistance in Responders than Non-responders.

Results

Glucose kinetics and insulin sensitivity

Skeletal muscle insulin sensitivity. The effect of marked (16%—25%) weight loss on insulin-stimulated glucose
disposal rate in relation to FFM during the hyperinsulinemic-euglycemic clamp procedure, which provides
an index of skeletal muscle insulin sensitivity (13), was used to identify Responders and Non-responders
among 43 women with class II and class III obesity (body mass index =35 kg/m?). Plasma glucose and insu-
lin concentrations during the clamp were not different before and after weight loss (glucose: 100 + 0.5 and
101 £ 0.5 mg/dL, respectively; insulin: 119 + 3 and 118 £ 3.7 mU/L, respectively). The relative change in
insulin-stimulated glucose disposal rate after weight loss compared with values before weight loss ranged from
—36% to 195%, with a median change of 33%. Responders were defined as participants in the highest quartile
of change in insulin-mediated glucose disposal rate, which represented those with a greater than 75% increase
(n = 11), whereas Non-responders were defined as those in the lowest quartile of change in insulin-mediated
glucose disposal rate, which represented those with a less than 5% increase (n = 11) (Figure 1A).

Insulin-stimulated glucose disposal rate at baseline was approximately 60% lower in Responders than
Non-responders (Figure 1B). Weight loss caused an approximately 75%-200% increase in insulin-stimu-
lated glucose disposal rate in Responders but did not change or even decreased insulin-stimulated glucose
disposal rate in Non-responders, so that the glucose disposal rate values after weight loss were not different
between the 2 groups (Figure 1B). In the entire cohort of 43 women, both the absolute and the relative
changes in insulin-stimulated glucose disposal rate induced by weight loss were negatively correlated with
the insulin-stimulated glucose disposal rate at baseline (before weight loss) (Figure 1, C and D).

Liver insulin sensitivity. Basal glucose appearance rate in plasma, which primarily represents hepatic glucose
production, and plasma glucose concentration were not different between Responders and Non-responders at
baseline (Table 1 and Figure 2). However, plasma insulin concentration was twice as high in Responders com-
pared with Non-responders (Table 1). Weight loss caused a decrease in basal glucose production rate and plas-
ma glucose concentration in both groups without a difference between groups (Table 1 and Figure 2). Weight
loss also caused a decrease in basal plasma insulin concentration in both groups, but the decrease in insulin
was greater in Responders than Non-responders (Table 1 and Figure 2). The hepatic insulin sensitivity index
was approximately 40% lower in Responders than Non-responders at baseline (Figure 2). Weight loss increased
hepatic insulin sensitivity in both groups, but the increase was greater in Responders than Non-responders and
the hepatic insulin sensitivity values after weight loss were not different between the 2 groups (Figure 2).

Body composition

Before weight loss, percentage body weight as fat and the contribution of intra-abdominal adipose
tissue volume to total abdominal (sum of intra-abdominal and subcutaneous abdominal) adipose tis-
sue volume were not different between Responders and Non-responders, but intrahepatic triglyceride
content was greater in Responders than Non-responders (Table 1 and Figure 2). Both Responders
and Non-responders lost approximately 20% of their body weight (20.7% + 2.8% and 19.2% % 1.6%,

JCl Insight 2023;8(12):e169541 https://doi.org/10.1172/jci.insight.169541 2



. CLINICAL MEDICINE

>
w

200 ~ B
% 150 4 A S
8 B I Responders = E
(&) —_—
2 iT
£E 100 A E cE
5% 3=
£ & 4 gL
52 50 A Sp
0 E °3
3 0 E El
0 k1 —
4 |, Non-
responders —
50 @ Before After Before After

Responders Non-Responders

(9]
o

200 A

o
(s3]
)
o

T A BE o
S o104 A R?=0.54 0D 04 o
9 o P <0.001 g E &
g “\D g “E‘ = bg A
o _ 100 1 Oag o E 0.2 A Da‘:“b‘-'.j'—'lﬂo o o
5 o fa 55 o g "
[ ~
2 50 00 2L 0.0 - e Sy
(] +] ED. a2 F ~.0 o
A g5 = <.
% % ‘9‘ < a o ;0“ o N
~ O
2 0 1 » Af o _on 5 5 0241 R2=0.39 o
= ) P 2= P <0.001 o
T 50 : . , : . < 04 . . , . :
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 06 08 1.0
Baseline glucose Rdgg,/| Baseline glucose Rdgg/l
([umol/kg FEM/min)/[mU/1]) ([umol/kg FFM/min}/[mU/1])

Figure 1. Glucose disposal rate during the hyperinsulinemic-euglycemic clamp procedure. (A) Change in the glucose
disposal rate during the hyperinsulinemic-euglycemic clamp procedure, which provides an index of skeletal muscle
insulin sensitivity, in 43 women with obesity after, compared with before, approximately 20% weight loss induced

by a low-calorie diet (circles), laparoscopic adjustable gastric banding (triangles), Roux-en-Y gastric bypass (squares),
or sleeve gastrectomy (diamonds). Purple symbols indicate Responders (top quartile values), green symbols indicate
Non-responders (bottom quartile values). (B) Glucose disposal rate during the hyperinsulinemic-euglycemic clamp
procedure before and after approximately 20% weight loss in Responders (n = 11) and Non-responders (n = 11). Data
are mean + SEM. *P < 0.05 versus corresponding value before weight loss. P < 0.05 versus corresponding value in
Responders. (C and D) Relationships between glucose disposal rate during the hyperinsulinemic-euglycemic clamp
procedure at baseline (before weight loss) and the relative (C) and absolute (D) changes in glucose disposal rate after,
compared with before, approximately 20% weight loss induced by a low-calorie diet (circles), laparoscopic adjustable
gastric banding (triangles), Roux-en-Y gastric bypass (squares), or sleeve gastrectomy (diamonds) in 43 women with
obesity. Repeated measures ANOVA was used to evaluate the effects of group and time on the outcome value in panel
B. Regression analysis was used to evaluate the relationship between two variables in panels Cand D. Rd_,,/I, glucose
disposal rate, expressed per kg fat-free mass, in relation to plasma insulin concentration during the hyperinsuline-
mic-euglycemic clamp procedure.

respectively). The median amount of time and the range in the duration of time until target weight
loss was achieved were not different between Responders (median: 21 weeks, range: 13-48 weeks) and
Non-responders (median: 24 weeks, range: 16-67 weeks); the average rate of weight loss was 1.1%
+ 0.1% per week in Responders and 0.8% * 0.1% per week in Non-responders (P = NS). Although
the decreases in total body fat and intra-abdominal adipose tissue volume were not different between
groups, the absolute and relative decreases in intrahepatic triglyceride content were greater in Respond-
ers than Non-responders, so the intrahepatic triglyceride content after weight loss was not different
between the 2 groups (Table 1 and Figure 2). The distribution of differently sized adipocytes in subcu-
taneous abdominal adipose was not different between Responders and Non-responders at baseline, and
weight loss caused a shift toward smaller adipocytes in both Responders and Non-responders without a
difference between groups (Figure 3).
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Table 1. Body composition and plasma metabolic variables before and after weight loss in Responders and Non-responders

Responders (n = 11) Non-responders (n = 11) Group x Time

Before After Before After Pvalue
Body mass index (kg/m?) 42.5+45 33.7+3.8¢ 40.2+6.3 324 +4.9° 0.72
Body fat (%) 50+5 44 + 5¢ 51+4 45 + 5¢€ 0.85
SAAT volume (cm?)? 4,487 + 1,051 3,368 + 881° 3,306 + 1,164 2,541 +1,078°¢ 0.81
IAAT volume (cm?)? 1,628 + 4338 1,069 + 2438¢ 1,211 + 3568 837 + 2998¢ 0.18
IAAT (% total abdominal AT volume)* 27+9 25+ 8¢ 26+7 25+ 6° 0.18
Glucose (mg/dL) 95 +7 88+ 7° 94 +10 86 + 6° 0.84
Insulin (mU/L) 23.8+73 81+3.1° 124 +4.28 6.1+2.8° 0.001
Leptin (ng/mL) 154 (120, 180) 51(32, 65)° 155 (150, 197) 73 (61, 87)¢ <0.02
High-molecular-weight adiponectin (ug/mL) 2.7(2.0,2.9) 3.9(3.6,5.2)¢ 4.5(2.3,4.8)° 4.9(3.3,6.0)¢ 0.06
Leptin/adiponectin ratio 72 +35 13+ 8¢ 64 + 44 18 + 78¢ <0.01
PAI-1(ng/mL) 81.2+345 39.2 +20.1° 48.5 + 14,58 30.2 +14.6¢ <0.05
C-reactive protein (mg/L) 6.63 (4.88,12.05) | 2.90 (1.56, 6.39)¢ | 4.78 (2.60, 6.35) | 1.59(1.03, 4.11)¢ 0.58
MCP-1 (pg/mL) 6.2+3.8 6.6 +4.2 79+3.9 8.7+6.1 0.81
RANTES/CCLS (ng/mL) 0.34 +0.30 0.27 + 0.31 0.67 £ 0.64 0.52 + 0.50 0.44
IL-6 (pg/mL) 0.83+0.42 0.95+0.58 0.43 +0.32° 0.37+0.27 013
IFN-y (pg/mL) 1.8£1.0 1.7 £1.07 1309 11+0.08 0.90
TNF-a (pg/mL) 14+0.7 14+0.8 1.8+1.2 1.7+1.3 0.35

Data are mean + SD for normally distributed variables or medians (quartile 1, quartile 3) for not normally distributed variables. AT, adipose tissue; CCL, C-C
motif chemokine ligand; IAAT, intra-abdominal adipose tissue; IFN, interferon; IL, interleukin; PAI, plasminogen activator inhibitor; SAAT, subcutaneous
abdominal adipose tissue; TNF, tumor necrosis factor. *Data from only 8-10 Responders or Non-responders due to scheduling or technical issues. ®Value
significantly different from corresponding Responders value, P < 0.05. “Value significantly different from corresponding Before value, P < 0.05.

Plasma adipokines, markers of inflammation, and metabolites

At baseline, plasma leptin concentration was not different between groups, but high-molecular-weight adi-
ponectin was lower in Responders than Non-responders (Table 1). Weight loss caused a decrease in plasma
leptin and an increase in plasma adiponectin in both groups, and a decrease in the leptin/adiponectin con-
centration ratio that was greater in Responders than Non-responders (Table 1). Plasma plasminogen activator
inhibitor 1 (PAI-1) concentration was higher in Responders than Non-responders at baseline and decreased
after weight loss in both groups, but the decrease was greater in Responders than Non-responders (Table 1).
Plasma C-reactive protein concentration decreased after weight loss in both Responders and Non-respond-
ers without a significant difference between groups (Table 1), and plasma interleukin 6 (IL-6), interferon y
(IFN-y), monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor o (TNF-a), and RANTES (C-C
motif ligand 5, CCL5) concentrations did not change after weight loss in either group (Table 1).

Principal component analysis of 127 annotated metabolites was used to evaluate the effect of weight
loss and insulin infusion on the global plasma metabolite profile (Figure 4A). There was considerable over-
lap in the plasma metabolite profiles of Responders and Non-responders during basal conditions, both
before and after weight loss. Insulin infusion caused a marked change in metabolite abundances in both
groups before and after weight loss. Plasma metabolite abundances during insulin infusion were distinctly
different between Responders and Non-responders before weight loss, but converged closer to each other
with considerable overlap after weight loss because of a greater change in Responders than Non-respond-
ers (Figure 4A). Twelve of the 127 annotated metabolites assessed during basal conditions were affected
differently by weight loss in Responders and Non-responders (Figure 4B). Dimethylguanidino valeric acid,
creatine, tyrosine, and uridine decreased more and hydroxyproline, guanidinoacetate, glycine, serine, tau-
rocholic acid, and 3 ceramide species increased to a greater extent in Responders than Non-responders
(Figure 4B). During insulin infusion, weight loss caused a greater decrease in 34 metabolites (primarily
acylcarnitines, amino acids, some bile acids, fatty acids, and glycerol) and a greater increase in 2 metabo-
lites (guanidinoacetate and hydroxyproline) in Responders than Non-responders (Figure 4C).

We also evaluated the plasma concentrations of selected metabolites that have been implicated in the
pathogenesis of insulin resistance, namely free fatty acids (FFAs) (14, 15), branched-chain amino acids
(BCAAs) (16), and C3 and C5 acylcarnitines (17). The basal concentrations of these metabolites were
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Figure 2. Basal hepatic glucose production rate, hepatic insulin sensitivity, and intrahepatic triglyceride content. (A-C) Basal glucose appearance rate in
the circulation, which provides an index of hepatic glucose production rate (A), the hepatic insulin sensitivity index, which provides an assessment of insu-
lin action on hepatic glucose production (B), and intrahepatic triglyceride content (C) before and after weight loss in Responders and Non-responders. Data
are mean + SEM. Repeated measures ANOVA was used to evaluate the effects of group and time on the outcome values. *P < 0.05 versus corresponding
value before weight loss. /P < 0.05 versus corresponding value in Responders.

not different between Responders and Non-responders before weight loss and did not change (FFAs) or
decreased (BCAAs and C3/C5 acylcarnitines) after weight loss in both Responders and Non-responders,
without differences between the 2 groups (Figure 4D). Insulin infusion decreased the plasma concentra-
tions of these metabolites in both Responders and Non-responders before and after weight loss. However,
plasma concentrations during insulin infusion before weight loss were higher in Responders than Non-re-
sponders and decreased more after weight loss in Responders than Non-responders, so that values during
insulin infusion after weight loss were not different between groups (Figure 4D).

Discussion

The ability of insulin to stimulate the disposal of circulating glucose, which primarily occurs in skeletal
muscle and therefore represents skeletal muscle insulin sensitivity (13), is a key indicator of metabolic
health. Our data demonstrate that there is considerable heterogeneity in the therapeutic effect of the
same amount of marked (~20%) weight loss on muscle insulin action that is determined by baseline
muscle insulin sensitivity; the improvement in insulin sensitivity induced by weight loss was negatively
correlated with insulin sensitivity before weight loss. In fact, although weight loss in people with obe-
sity typically increases insulin sensitivity (5, 6), we identified a subgroup of people in whom marked
weight loss did not improve insulin-mediated glucose disposal. Weight loss improved hepatic insulin
sensitivity, assessed by using the hepatic insulin sensitivity index, in both Responders (>75% increase
in insulin-stimulated glucose disposal rate) and Non-responders, but the improvement was greater
in Responders. In addition, weight loss caused a greater decrease in intrahepatic triglyceride content
and greater changes in the plasma leptin/adiponectin ratio, plasma metabolites, and PAI-1 concen-
trations that are associated with insulin resistance. Marked weight loss also decreased several factors
that have been implicated in causing insulin resistance, such as total body fat mass, intra-abdominal
adipose tissue volume, adipocyte size, and circulating inflammatory markers, in both Responders and
Non-responders, without differences between groups. These results demonstrate that the effect of
marked weight loss on metabolic function is heterogeneous and muscle insulin action (insulin-stim-
ulated glucose disposal) does not improve in people with obesity who already have “normal” muscle
insulin sensitivity. However, marked weight loss still has therapeutic effects on other risk factors for
cardiometabolic diseases in Non-responders.

Our study demonstrates that baseline muscle insulin sensitivity determines the improvement in muscle
insulin sensitivity after marked weight loss. At baseline, insulin-stimulated glucose disposal was much low-
er in Responders than Non-responders, but increased to the same value observed in Non-responders after
weight loss. Baseline insulin-stimulated glucose disposal, and additional markers of metabolic health asso-
ciated with insulin action (hepatic insulin sensitivity index, plasma glucose and insulin concentrations, and
intrahepatic triglyceride content; refs. (18, 19) in Non-responders were similar to values we have previously
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Figure 3. Subcutaneous abdominal adipocyte size. (A and B) Adipocyte size distribution profile in subcutaneous abdominal adipose tissue before and

after weight loss in Responders (A)

and Non-responders (B). Values are mean + SEM. NR, Non-responders (n = 11); R, Responders (n = 9).

found in people who were lean and healthy and those with metabolically healthy obesity (18-23). These
results are consistent with, and expand, the findings from previous studies that showed the improvement in
whole-body insulin sensitivity, assessed by using an oral glucose tolerance test, insulin suppression test, or
the glucose infusion rate during a hyperinsulinemic-euglycemic clamp procedure, after moderate (6%—14%)
weight loss was blunted in people with obesity who were “insulin-sensitive” compared with those who were
“insulin-resistant” (24-28). Together, the results from these studies and ours indicate the therapeutic benefit
of moderate and even marked weight loss on multiorgan insulin sensitivity is attenuated in people who are
already insulin sensitive and suggest there is a ceiling in the therapeutic effect of weight loss that is reached
when values observed in people who are lean and healthy are achieved.

Our study is unable to determine the mechanism(s) responsible for the different effects of weight loss
on multiorgan system insulin action in Responders and Non-responders. Nonetheless, our data demon-
strate that total body and intra-abdominal adipose tissue volumes, subcutaneous adipocyte size, and
many circulating inflammatory markers (CRP, MCP-1, CCL5, IL-6, IFN-y, and TNF-a) are not involved,
because there were no differences in these outcomes between groups. However, weight loss was associated
with greater decreases in plasma PAI-1 concentration and in the plasma leptin/adiponectin concentration
ratio in Responders than Non-responders. Increased plasma PAI-1 is associated with insulin resistance
in people (22), and has been shown to cause insulin resistance in rodent models (29-31), and the plasma
leptin/adiponectin concentration ratio correlates with insulin resistant glucose metabolism in people (32).
Nonetheless, these data cannot determine whether the differences in PAI-1 and in the plasma leptin/
adiponectin concentration ratio between Responders and Non-responders were a cause or an effect of the
different changes in insulin sensitivity.

Plasma FFAs, BCAAs, and C3/C5 acylcarnitines have been implicated in causing insulin resistance
(14-17, 33, 34), but their plasma concentrations are also regulated by insulin (17, 20, 35, 36). At baseline,
basal plasma FFA, BCAA, and C3/C5 acylcarnitine concentrations were not different between Respond-
ers and Non-responders, but their concentrations were higher in Responders than Non-responders during
insulin infusion. It is likely that the higher basal plasma insulin concentrations in Responders than Non-re-
sponders compensated for the insulin resistance in Responders, resulting in the same basal metabolite con-
centrations in both groups. However, the suppression of metabolite concentrations during insulin infusion
(when insulin concentrations were the same in both groups) was blunted in Responders compared with
Non-responders, demonstrating insulin resistance to their metabolic regulation in Responders. There was
no differences in the effect of weight loss on basal FFA, BCAA, and C3/C5 acylcarnitine concentrations
between Responders and Non-responders. However, weight loss caused a greater decrease in these metab-
olites during insulin infusion in Responders than Non-Responders, so plasma concentrations after weight
loss were not different between groups. These results suggest that at baseline the metabolic pathways
that regulate plasma concentrations of FFAs, BCAAs, and C3/C5 acylcarnitines (i.e., release into and
removal from the systemic circulation) were more resistant to insulin in Responders than Non-responders.
Weight loss caused a greater improvement in insulin sensitivity of these pathways in Responders than
Non-responders, so that plasma concentrations during both basal conditions and during insulin infusion
were not different between groups.
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Figure 4. Plasma metabolite profile. (A) Principal component analysis of the 127 monitored plasma metabolites, shown with 68% confidence ellipses, in
Responders (n = 11) and Non-responders (n = 11). (B) Baseline between group differences (R/NR Before) and weight-loss induced within group differences
(After/Before) in the basal abundances of 12 metabolites for which repeated measures analysis of variance with group and time as factors revealed both
a group x time interaction (P < 0.10) and a significant change (5% false discovery rate) with weight loss in Responders (n = 11) or both Responders and
Non-responders (n = 11). (C) Baseline between group differences (R/NR Before) and weight-loss induced within group differences (After/Before) in the
abundances of 36 metabolites during insulin infusion for which repeated measures ANOVA with group and time as factors revealed both a group x time
interaction (P < 0.10) and a significant change (5% false discovery rate) with weight loss in Responders (n = 11) only or both Responders and Non-
responders (n = 11). (D) Abundances of a priori-selected metabolites during basal conditions and during insulin infusion before and after weight loss in
Responders (n = 11) and Non-responders (n = 11). Data are normalized to the Responders before weight loss value as reference. Data are mean + SEM.
Repeated measures ANOVA was used to evaluate the effects of group and time on the outcome values in panels B-D. *P < 0.05 versus corresponding
value before weight loss. ’P < 0.05 versus corresponding value in Responders. There was a significant (P < 0.05) effect of insulin (vs. basal) for free fatty
acids, branched-chain amino acids, and acylcarnitines. BCAA, branched-chain amino acids; FFA, free fatty acids (sum of palmitate, oleate, and linoleate);
NR, Non-responders; PC, principal component; R, Responders.

We conducted principal component and untargeted analyses to evaluate global differences in the plas-
ma metabolome between Responders and Non-responders and to identify specific metabolites (in addition
to the ones selected a priori) that differ between Responders and Non-responders. Our data demonstrate (i)
a greater effect of weight loss on overall plasma metabolite abundances in Responders than Non-responders
during both basal conditions and insulin infusion, and (ii) that although the plasma metabolome of
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Responders and Non-responders during the hyperinsulinemic clamp separated into distinct clusters, there
was considerable overlap in circulating metabolite concentrations of the 2 groups after, but not before,
weight loss. Our analyses also identified several specific plasma metabolites that changed more with weight
loss during basal conditions in Responders than Non-responders, including greater increases in basal gly-
cine, serine, guanidinoacetate, and hydroxyproline and greater decreases in dimethylguanidino valeric
acid, creatine, tyrosine, and uridine in Responders than Non-responders. These metabolites are involved
in 1-carbon metabolism, which supports the biosynthesis of nucleobases and epigenetic maintenance of
physiological processes (37). In addition, glycine and serine, which increased more in Responders than
Non-responders, are associated with increased insulin sensitivity, and dimethylguanidino valeric acid, tyro-
sine, and uridine, which decreased more in Responders than Non-responders, are associated with insulin
resistance, hepatic steatosis, and increased risk of developing type 2 diabetes (38—43).

Our study has several limitations. First, different treatment approaches were used to achieve weight loss
in our study participants, which could have influenced who was a Responder and Non-responder. However,
the different weight loss interventions, namely a low-calorie diet only, laparoscopic adjustable gastric banding,
sleeve gastrectomy, and Roux-en-Y gastric bypass, occurred in both Responders and Non-responders. Second,
our study was focused on the effect of weight loss on insulin-resistant glucose metabolism in muscle and liver,
and did not assess the effects on other obesity-associated comorbidities. Therefore, we cannot determine
whether there would still be differences in the effect of weight loss between Responders and Non-responders
on other obesity-related medical complications, such as obstructive sleep apnea, arthritis, and risk of cancer.

In conclusion, the present study demonstrates considerable heterogeneity in the therapeutic effect
of marked (~20%) weight loss in people with obesity on insulin sensitivity, which was negatively cor-
related with baseline insulin sensitivity. Moreover, we identified a subgroup of participants in whom
marked weight loss did not increase muscle insulin sensitivity at all, suggesting there is a ceiling in insulin-
stimulated glucose disposal in those who are already insulin sensitive. These results have important impli-
cations in the medical management of people with obesity and support the need for developing personal-
ized therapeutic goals that focus on clinical outcomes rather than weight loss alone.

Methods

A total of 43 women with obesity (body mass index 44.1 + 7.9 kg/m?) who participated in previously
published (6, 11, 12) and ongoing studies that evaluated the effect of marked (16%-25%) weight loss on
insulin-mediated glucose disposal by using the hyperinsulinemic-euglycemic clamp procedure in conjunc-
tion with stable isotopically labeled glucose tracer infusion were included in this study. All participants
completed a comprehensive medical screening, including a medical history, physical examination, and
standard blood tests before baseline testing; no participants had diabetes or were taking medications that
affect insulin action. The relative change in insulin-stimulated glucose disposal rate induced by weight loss
was used to identify Responders (highest quartile [>75% increase in insulin-mediated glucose disposal
rate], n = 11) and Non-responders (lowest quartile [<5% increase in insulin-mediated glucose disposal
rate], n = 11) (Figure 1). Five Responders and 8 Non-responders lost weight with diet therapy alone or lap-
aroscopic adjustable gastric banding, whereas 6 Responders and 3 Non-responders lost weight after bar-
iatric surgery (Roux-en-Y gastric bypass or sleeve gastrectomy). Eight of the 11 Responders were White, 2
were African American, and 1 was Native American. Five of the 11 Non-responders were White, 5 were
African American, and 1 was Native American.

Body composition. Body fat mass and FFM were determined by using dual-energy x-ray absorptiome-
try. Intra-abdominal adipose tissue volume and intrahepatic triglyceride content were determined by using
magnetic resonance imaging and spectroscopy, respectively.

Hyperinsulinemic-euglycemic clamp procedure and adipose tissue biopsies. Participants were admitted to the Clin-
ical and Translational Research Unit at Washington University on the evening before the hyperinsulinemic-
euglycemic clamp procedure and consumed a standard meal. At 0500 hours the following morning, after
participants fasted for 10 hours overnight, one catheter was inserted into a forearm vein to infuse a stable
isotopically labeled glucose tracer (Cambridge Isotope Laboratories), dextrose, and insulin; a second catheter
was inserted into a radial artery to obtain blood samples. If radial artery cannulation was not possible, a
catheter was inserted into a contralateral hand vein, which was heated to 55°C by using a thermostatically
controlled box, to obtain arterialized blood samples. At approximately 0600 hours, a primed, continuous infu-
sion of [6,6-°H,]glucose was started and maintained for 3.5 hours. The hyperinsulinemic clamp was initiated
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with a 2-step priming dose of 200 and 100 mU insulin per m? body surface area per minute for 5 minutes each,
and then maintained with an insulin infusion rate of 50 mU/m? body surface area per minute for 3.5 hours.
Euglycemia (~100 mg/dL) during insulin infusion was maintained by infusing 20% dextrose containing 2.5%
[6,6-°H,]glucose. Blood samples to determine glucose kinetics and plasma metabolite and hormone concen-
trations were collected during the last 30 minutes of the basal period and the insulin infusion, respectively
(6, 11); a subcutaneous abdominal adipose tissue biopsy sample was obtained by using the miniliposuction
technique during the basal period to determine adipocyte size by using an automated Coulter counter (44).

Weight loss intervention and repeat testing. After baseline testing was completed, participants participated
in a supervised diet and behavioral therapy weight loss program (» = 11) or had bariatric surgery (laparo-
scopic adjustable gastric banding, Roux-en-Y gastric bypass, or sleeve gastrectomy; n = 32). After 16%—-25%
weight loss was achieved, participants were prescribed a weight-maintenance diet in an effort to maintain a
stable body weight (<2% change) for at least 3 weeks before the body composition analyses and hyperinsu-
linemic-euglycemic clamp and adipose tissue biopsy procedures were repeated.

Plasma hormones and markers of inflammation. Insulin concentration was measured by using an electro-
chemiluminescent immunoassay (Elecsys; Roche Diagnostics). Leptin concentration was determined by
using a radioimmunoassay (Merck Millipore). High-molecular-weight adiponectin concentration was mea-
sured by using an ELISA kit (R&D Systems). Plasma concentrations of PAI-1, MCP-1, RANTES/CCLS5,
IL-6, IFN-y, and TNF-a were determined on a Luminex platform with multiplex kits (R&D Systems).

Plasma metabolites. Plasma metabolite ion abundances were determined by using multiple liquid
chromatography—tandem mass spectrometry (LC-MS/MS; Thermo Vanquish UPLC and Thermo QEx-
active orbitrap MS) methods, as previously described (45). Polar metabolites were assessed by chromato-
graphic separation of deproteinized plasma on a Millipore SeQuant Zic-pHILIC column before MS/MS
analysis; the mzMine 2.30 software suite (http://mzmine.github.io/download.html) was used for data
processing. Lipids were determined by passing deproteinized plasma through a Phenomenex Strata-X
solid phase extraction plate before LC-MS/MS analysis; Progenesis QI software (Nonlinear Dynamics)
was used for data processing. Ceramides and dihydroceramides were chromatographically separated on
an Agilent Eclipse Plus RRHD C18 column before LC-MS/MS analysis; mzMine 2.30 was used for data
processing. Our analysis focused on 127 annotated metabolites that were identified by matching their mass,
retention times, and MS/MS patterns to an in-house library of commercial standards.

Principal component analysis was used to identify potential differences in the global plasma metabolite
profile among Responders and Non-responders before and after weight loss and during basal conditions and
insulin infusion. Between- and within-group differences in the 127 metabolites and a set of a priori—selected
metabolites and metabolite classes that are associated with insulin resistance — FFAs (14, 15), BCAAs (16,
33), and C3/C5 acylcarnitines (17) — were analyzed by using ANOVA with time (before and after weight
loss) as within-subjects factor and group (Responder vs. Non-responder) as between-subjects factor. When a
significant group X time interaction was identified, paired and unpaired 2-tailed Student’s ¢ tests were used
as needed to test for statistical differences between groups at baseline and within-group changes induced by
weight loss; P values from these post hoc analyses on the global profile (127 metabolites) were adjusted to a
<5% false discovery rate (Benjamini-Hochberg method).

Calculations. Glucose rate of appearance (Ra) in plasma was calculated by dividing the glucose tracer
infusion rate by the average plasma glucose tracer-to-tracee ratio during the last 30 minutes of the basal
period and during the last 30 minutes of the hyperinsulinemic-euglycemic clamp procedure. Glucose Ra
during basal conditions represents endogenous glucose Ra, an index of hepatic glucose production rate,
which equals basal glucose disposal rate (Rd) from plasma. Hepatic insulin sensitivity was determined as
the reciprocal of the product of the basal glucose Ra (in pmol/min) and fasting plasma insulin concentra-
tion (in mU/L x 10% ref. 46). Glucose Rd during the clamp procedure, an index of insulin-mediated tissue
glucose uptake (13), was calculated as total glucose Ra (i.e., the sum of endogenous glucose Ra and the
rate of infused glucose). Insulin sensitivity of tissue glucose uptake was determined as glucose Rd relative
to FFM during insulin infusion divided by the plasma insulin concentration during the clamp procedure.

Statistics. Paired, 2-tailed Student’s ¢ test was used to evaluate the effect of weight loss on body com-
position, basic metabolic characteristics, and insulin sensitivity at baseline. The response to weight loss in
Responders and Non-responders was compared by using ANOVA. A Pvalue of 0.05 or less was considered
statistically significant. Data are presented as mean * SD unless otherwise indicated. Statistical analyses
were performed by using SPSS Statistics v26 (IBM).
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Study approval. All participants provided written informed consent before participating in the
research protocols, which were approved by the Institutional Review Board of Washington University
in St. Louis, Missouri.

Author contributions

BM and SK designed the study. MY, JY, BWP, and JCE assisted in conducting the clinical studies and
sample processing. BDK, JDW, MJ, and BM conducted the metabolomics analyses. MY, BDK, BWP, JY,
BM, and SK analyzed and interpreted the data and wrote the manuscript. All authors critically reviewed
and edited the manuscript.

Acknowledgments

The authors thank Jennifer Shew, Freida Custodio, and Adewole Okunade for their technical assistance in
processing study samples, the study coordinators of the Center for Human Nutrition and the research nurses
of the Clinical and Translational Research Unit for assistance in conducting the clinical studies, and the study
participants for taking part in this research project. This study was supported by NIH grants P30 DK056341
(Washington University Nutrition and Obesity Research Center), P30 DK020579 (Washington University
Diabetes Research Center), P30 DK052574 (Washington University Digestive Disease Research Center), and
UL1 TR002345 (Washington University Institute of Clinical and Translational Sciences), T32 HL130357
(Obesity and Cardiovascular Disease Postdoctoral Training Program), grants from the American Diabetes
Association (1-18-ICTS-119), the Longer Life Foundation (2019-011), and the Atkins Philanthropic Trust.

Address correspondence to: Bettina Mittendorfer or Samuel Klein, Center for Human Nutrition, 660 S.
Euclid Ave, Campus Box 8031, Washington University School of Medicine, St. Louis, Missouri 63110,
USA. Phone: 314.362.8708; Email: mittendb@wustl.edu (BM); Email: sklein@wustl.edu (SK).

—_

. Smith GI, et al. Metabolically healthy obesity: facts and fantasies. J Clin Invest. 2019;129(10):3978-3989.

.DeFronzo RA, et al. Type 2 diabetes mellitus. Nat Rev Dis Primers. 2015;1:15019.

. Ferrannini E. A journey in diabetes: from clinical physiology to novel therapeutics: the 2020 Banting Medal for Scientific
Achievement Lecture. Diabetes. 2021;70(2):338-346.

Reaven GM. Banting lecture 1988. Role of insulin resistance in human disease. Diabetes. 1988;37(12):1595-1607.

Bradley D, et al. Effects of bariatric surgery on glucose homeostasis and type 2 diabetes. Gastroenterology. 2012;143(4):897-912.

W N

ISR

Magkos F, et al. Effects of moderate and subsequent progressive weight loss on metabolic function and adipose tissue biology in
humans with obesity. Cell Metab. 2016;23(4):591-601.
7.Kim YB, et al. Insulin-stimulated protein kinase C lambda/zeta activity is reduced in skeletal muscle of humans with obesity
and type 2 diabetes: reversal with weight reduction. Diabetes. 2003;52(8):1935-1942.
. Carlsson LM, et al. Bariatric surgery and prevention of type 2 diabetes in Swedish obese subjects. N Engl J Med.
2012;367(8):695-704.
Feldman AL, et al. Impact of weight maintenance and loss on diabetes risk and burden: a population-based study in 33,184
participants. BMC Public Health. 2017;17(1):170.
10. Resnick HE, et al. Relation of weight gain and weight loss on subsequent diabetes risk in overweight adults. J Epidemiol
Community Health. 2000;54(8):596-602.
. Bradley D, et al. Gastric bypass and banding equally improve insulin sensitivity and B cell function. J Clin Invest.
2012;122(12):4667-4674.
12. Bradley D, et al. Matched weight loss induced by sleeve gastrectomy or gastric bypass similarly improves metabolic function in
obese subjects. Obesity (Silver Spring). 2014;22(9):2026-2031.
13. Koh HE, et al. Heterogeneity in insulin-stimulated glucose uptake among different muscle groups in healthy lean people and
people with obesity. Diabetologia. 2021;64(5):1158-1168.
14. Petersen MC, Shulman GI. Mechanisms of insulin action and insulin resistance. Physiol Rev. 2018;98(4):2133-2223.
15. Daniele G, et al. Chronic reduction of plasma free fatty acid improves mitochondrial function and whole-body insulin sensitivity
in obese and type 2 diabetic individuals. Diabetes. 2014;63(8):2812-2820.
16. White PJ, et al. Insulin action, type 2 diabetes, and branched-chain amino acids: a two-way street. Mol Metab. 2021;52:101261.
17. Schooneman MG, et al. Acylcarnitines: reflecting or inflicting insulin resistance? Diabetes. 2013;62(1):1-8.

o]

A

1

—_

18. Smith GI, et al. Insulin resistance drives hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J Clin Invest.
2020;130(3):1453-1460.

19. Loomba R, et al. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell. 2021;184(10):2537-2564.

20. Conte C, et al. Multiorgan insulin sensitivity in lean and obese subjects. Diabetes Care. 2012;35(6):1316-1321.

2

—_

. Mittendorfer B, et al. B Cell function and plasma insulin clearance in people with obesity and different glycemic status. J Clin
Invest. 2022;132(3):e154068.

22.Fuchs A, et al. Associations among adipose tissue immunology, inflammation, exosomes and insulin sensitivity in people with

obesity and nonalcoholic fatty liver disease. Gastroenterology. 2021;161(3):968-981.

JCl Insight 2023;8(12):e169541 https://doi.org/10.1172/jci.insight.169541 10



24.

25.

2

[}

217.

2

oo

29.

30.

31.

32.

3

w

34.

35.
36.
37.
38.

39.
40.

4

—_

42.

43.

4

45.

46.

JCl Insight 2023;8(12):e169541 https

LS

CLINICAL MEDICINE

. Szczepaniak LS, et al. Magnetic resonance spectroscopy to measure hepatic triglyceride content: prevalence of hepatic steatosis
in the general population. Am J Physiol Endocrinol Metab. 2005;288(2):E462-E468.

Sesti G, et al. Effects of weight loss in metabolically healthy obese subjects after laparoscopic adjustable gastric banding and
hypocaloric diet. PLoS One. 2011;6(3):e17737.

McLaughlin T, et al. Relationship between insulin resistance, weight loss, and coronary heart disease risk in healthy, obese
women. Metabolism. 2001;50(7):795-800.

. Karelis AD, et al. Metabolically healthy but obese women: effect of an energy-restricted diet. Diabetologia. 2008;51(9):1752-1754.
Meyer A, et al. Plasma metabolites and lipids predict insulin sensitivity improvement in obese, nondiabetic individuals after a
2-phase dietary intervention. Am J Clin Nutr. 2018;108(1):13-23.

. Gauthier MS, et al. Increased subcutaneous adipose tissue expression of genes involved in glycerolipid-fatty acid cycling in
obese insulin-resistant versus -sensitive individuals. J Clin Endocrinol Metab. 2014;99(12):E2518-E2528.

Lijnen HR, et al. On the role of plasminogen activator inhibitor-1 in adipose tissue development and insulin resistance in mice.
J Thromb Haemost. 2005;3(6):1174-1179.

Ma LJ, et al. Prevention of obesity and insulin resistance in mice lacking plasminogen activator inhibitor 1. Diabetes.
2004;53(2):336-346.

Liang X, et al. Plasminogen activator inhibitor-1 modulates adipocyte differentiation. Am J Physiol Endocrinol Metab.
2006;290(1):E103-E113.

Finucane FM, et al. Correlation of the leptin:adiponectin ratio with measures of insulin resistance in non-diabetic individuals.
Diabetologia. 2009;52(11):2345-2349.

. Rebholz CM, et al. Serum metabolomic profile of incident diabetes. Diabetologia. 2018;61(5):1046—1054.

Sun L, et al. Early prediction of developing type 2 diabetes by plasma acylcarnitines: a population-based study. Diabetes Care.
2016;39(9):1563-1570.

Rennie MJ, et al. Control of the size of the human muscle mass. Annu Rev Physiol. 2004;66:799-828.

Biolo G, Wolfe RR. Insulin action on protein metabolism. Baillieres Clin Endocrinol Metab. 1993;7(4):989-1005.

Ducker GS, Rabinowitz JD. One-carbon metabolism in health and disease. Cell Metab. 2017;25(1):27-42.

Haufe S, et al. Branched-chain and aromatic amino acids, insulin resistance and liver specific ectopic fat storage in overweight to
obese subjects. Nutr Metab Cardiovasc Dis. 2016;26(7):637-642.

Holm LJ, Buschard K. L-serine: a neglected amino acid with a potential therapeutic role in diabetes. APMIS. 2019;127(10):655-659.
Scherer PE. The multifaceted roles of adipose tissue-therapeutic targets for diabetes and beyond: the 2015 Banting Lecture.
Diabetes. 2016;65(6):1452-1461.

.Liu K, et al. The mechanisms of nucleotide actions in insulin resistance. J Genet Genomics. 2022;49(4):299-307.

O’Sullivan JF, et al. Dimethylguanidino valeric acid is a marker of liver fat and predicts diabetes. J Clin Invest.
2017;127(12):4394-4402.

‘Wang TJ, et al. Metabolite profiles and the risk of developing diabetes. Nat Med. 2011;17(4):448-453.

Laforest S, et al. Comparative analysis of three human adipocyte size measurement methods and their relevance for cardiometabolic
risk. Obesity (Silver Spring). 2017;25(1):122-131.

Garratt M, et al. Male lifespan extension with 17-a estradiol is linked to a sex-specific metabolomic response modulated by
gonadal hormones in mice. Aging Cell. 2018;17(4):e12786.

Korenblat KM, et al. Liver, muscle, and adipose tissue insulin action is directly related to intrahepatic triglyceride content in
obese subjects. Gastroenterology. 2008;134(5):1369-1375.

://doi.org/10.1172/jci.insight.169541 11



