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Hans-Rudolf Berthoud, Frédéric Picard

Correspondence
berthohr@pbrc.edu (H.-R.B.),
frederic.picard@criucpq.ulaval.ca (F.P.)

In brief

Faramia et al. show that the robust

increase in IGFBP-2 levels is a common

feature of bariatric procedures in humans

and rodents. In patients, this increase

closely correlates with insulin

sensitization. In mice, IGFBP-2 deficiency

partly impairs weight loss and early

improvements in glucose homeostasis

induced by Roux-en-Y surgery.
ll

mailto:berthohr@pbrc.edu
mailto:frederic.picard@criucpq.ulaval.ca
https://doi.org/10.1016/j.xcrm.2021.100248
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2021.100248&domain=pdf


OPEN ACCESS

ll
Article

IGFBP-2 partly mediates the early metabolic
improvements caused by bariatric surgery
Justine Faramia,1,2,5 Zheng Hao,3,5 Michael B. Mumphrey,3 R. Leigh Townsend,3 Stéphanie Miard,2 Anne-Marie Carreau,4
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SUMMARY
Insulin-like growth factor-binding protein (IGFBP)-2 is a circulating biomarker of cardiometabolic health.
Here, we report that circulating IGFBP-2 concentrations robustly increase after different bariatric procedures
in humans, reaching higher levels after biliopancreatic diversion with duodenal switch (BPD-DS) than after
Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG). This increase is closely associated with in-
sulin sensitization. In mice and rats, BPD-DS and RYGB operations also increase circulating IGFBP-2 levels,
which are not affected by SG or caloric restriction. In mice, Igfbp2 deficiency significantly impairs surgery-
induced loss in adiposity and early improvement in insulin sensitivity but does not affect long-term enhance-
ment in glucose homeostasis. This study demonstrates that themodulation of circulating IGFBP-2may play a
role in the early improvement of insulin sensitivity and loss of adiposity brought about by bariatric surgery.
INTRODUCTION

The rising prevalence of obesity is amajor health issue increasing

the risk of metabolic diseases such as type 2 diabetes (T2D),

hypertension, and dyslipidemia. Bariatric surgery provides a

long-term solution for patients with severe obesity. Most patients

undergoing bariatric surgery experience substantial weight loss

as well as improvement and/or remission of T2D,1,2 especially

in patients with a history of diabetes of <5 years.3 Biliopancreatic

diversion with duodenal switch (BPD-DS) is currently the most

effective treatment for sustained diabetes resolution compared

with Roux-en-Y gastric bypass (RYGB) and vertical sleeve gas-

trectomy (SG).4 In most patients undergoing BPD-DS, diabetes

resolution appears initially within days, whereas long-term recov-

ery further relates to the extent of chronic weight loss.1,2,5–7 In ro-

dents,RYGBandBPD-DSalsohavea rapidand lastingbeneficial

effect on glycemic control that is predominantly weight loss

dependent, suggesting consistent mechanisms between these

animal models and humans.8,9 Apart from glucose homeostasis,

bariatric surgery also greatly improves lipid metabolism, often

leading to the discontinuation of lipid-lowering therapy.10,11 In

parallel, patients experience enhanced exercise capacity with

higher peak heart rates, respiratory exchange ratio, and relative

oxygen consumption.12 These surgery-induced improvements
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robustly reduce long-term cardiovascular risk,1 which is mostly

weight loss-dependent and possibly linked to many endocrine

changes, including increased glucagon-like peptide (GLP)-1,13

peptide YY,14 fibroblast growth factor (FGF)-19,15 FGF-21,16 as

well as bile acid levels.17 However, experiments in animalmodels

deficient for these pathways (using ligand or receptor knockout)

have failed, at least partly, to provide evidence for the precise

mechanisms mediating the impact of bariatric surgery on

metabolism.18–24

Insulin-like growth factor (IGF) binding protein (IGFBP)-2 is a

36-kD circulating protein mainly produced by the liver. IGFBP-2

is implicated in glucose and lipid metabolism through its ability

to regulate IGF bioavailability on the one hand, and by IGF-inde-

pendent binding to heparin and integrin receptors to mediate

intracellular signaling25–28 on the other hand. In humans, low

plasma levels of IGFBP-2 are strongly associated with obesity,

dyslipidemia, and insulin resistance,27,29 which is similar to ob-

servations from genetic or nutritional rodent models of

obesity.30 Consistently, the overexpression of IGFBP-2 in

mice prevents age-induced insulin resistance and hyperten-

sion.31 Moreover, IGFBP-2 transgenic mice are resistant to

diet-induced obesity (DIO) and fatty liver.31 In turn, injection of

the heparin-binding domain (HBD) of IGFBP-2 in Igfbp2-defi-

cient mice prevents age-induced weight gain, but does not
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:berthohr@pbrc.edu
mailto:frederic.picard@criucpq.ulaval.ca
https://doi.org/10.1016/j.xcrm.2021.100248
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2021.100248&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Article
ll

OPEN ACCESS
affect glucose metabolism and food intake.32 In 2012, our group

demonstrated in severely obese patients that BPD-DS induces

a rapid, robust, and sustained rise in circulating IGFBP-2 levels,

reaching concentrations at 1 year post-surgery that were at

least 2-fold higher than those found in healthy individuals.33–35

More recent studies showed that RYGB and SG are also asso-

ciated with increased plasma IGFBP-2 levels, independently of

the variations in body composition induced by these sur-

geries.36,37 These findings suggest that IGFBP-2 is potentially

implicated in the hormonal control of energy metabolism trig-

gered by bariatric surgery.

To assess this hypothesis, we verified in human patients the

impact of three of the most performed bariatric surgeries

(BPD-DS, RYGB, and SG) on IGFBP-2 levels, and correlated

this modulation with improvements in insulin sensitivity. Then,

we confirmed that the increase in IGFBP-2 production is

conserved in obese rats and mice after similar surgeries. Finally,

hypothesizing that IGFBP-2 mediates (at least partly) the benefi-

cial impact of bariatric procedures on energy metabolism, we

compared the responses of high-fat-fed Igfbp2-deficient mice

and their wild-type (WT) littermates to RYGB. Our findings

strongly support the notion that the increase in IGFBP-2

observed after bariatric surgery contributes to weight loss and

the associated improvements in metabolism.

RESULTS

BPD-DS stimulates plasma IGFBP-2 levels in humans
more strongly than RYGB and SG
We wished to confirm our previous observation33 of an increase

in IGFBP-2 concentrations in severely obese patients with T2D

undergoing BPD-DS. Plasma samples were obtained in fasting

conditions before and after surgery in 20 individuals (all partici-

pants had preoperative T2D, other clinical characteristics in Fig-

ure S1A). As expected, baseline levels of IGFBP-2 were low

(mean 164 ± SD 63 ng/mL, compared to a normal range of

300–500 ng/mL), but increased steadily after surgery, reaching

a 6-fold augmentation (916 ± 324 ng/mL) 1 year post-operation

(Figure 1A). These results were then compared to the changes

in IGFBP-2 levels following the RYGB and SG procedures per-

formed during the same period in samples of 20 patients

matched for age and gender (Figure S1A). Pre-surgery IGFBP-

2 levels in patients who had RYGB (150 ± 73 ng/mL) and SG

(152 ± 67 ng/mL) operations were as low and not significantly

different from those who had BPD-DS. Both RYGB and SG

induced a 3-fold rise in IGFBP-2 levels 4 months post-operation,

which then remained stable up to 1 year after the surgeries (500

± 150 and 457 ± 284 ng/mL, respectively; Figure 1A). Changes in

IGFBP-2 levels were statistically significant when adjusted for

BMI (Figure 1B) or body weight loss (data not shown). Conse-

quently, BPD-DS induced a significantly greater increase in

circulating IGFBP-2 levels than RYGB and SG (p < 0.0001; Fig-

ure 1C) and occurred in all patients studied (Figure 1C). Interest-

ingly, despite inter-individual variations, post-surgery IGFBP-2

levels reached a plateau 4 months after RYGB and SG that is

within normal values in healthy individuals (�300–500 ng/mL),

whereas levels after BPD-DS exceeded that plateau in a rising

manner (Figures 1D–1F).
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The increase in IGFBP-2 is associated with insulin
sensitization in humans
To document the relationships between the increase in IGFBP-

2 levels and glucose homeostasis, we studied a second sample

of 16 patients, 11 of whom had T2D (Figure S1B), who under-

went BPD-DS with euglycemic-hyperinsulinemic clamps

before, 3 days, 3 months, and 12 months after surgery (previ-

ously reported in Grenier-Larouche et al.11). As expected,

BPD-DS induced a robust increase in IGFBP-2, which occurred

irrespective of diabetic status (Figure 1G). Analyzed by multiple

regression to take into account measures in the same patients

over time, this increase in IGFBP-2 was negatively associated

with glycemia (p = 0.03; Figure 1H), insulinemia (p < 0.001; Fig-

ure 1I), the homeostatic model assessment of insulin resistance

(HOMA-IR) (p < 0.001; Figure 1J), and adipose tissue-IR

(ADIPO-IR) indexes of insulin resistance (p = 0.02; Figure 1K).

In these same patients, the progressive augmentation of

IGFBP-2 after BPD-DS was strongly correlated in a logarithmic

and time-dependent manner to the increase in insulin sensi-

tivity (p < 0.001; Figure 1L). Apart from glycemia, the associa-

tions between IGFBP-2 and these parameters of glucose ho-

meostasis remained significant when corrected for BMI (*p;

Figures 1H–1L). Moreover, in a predictedmodel of insulin sensi-

tivity with plasma IGFBP-2 concentration, HOMA-IR, ADIPO-

IR, plasma insulin, and glucose concentration as variables,

IGFBP-2 was the most efficient parameter to predict insulin

sensitivity (p < 0.001; Figures S1C–S1E). Thus, these results

indicated that IGFBP-2 is robustly associated with insulin

sensitization brought about by BPD-DS.

Bariatric surgeries targeting the intestinal tract
consistently stimulate plasma IGFBP-2 levels in rats and
mice
The strong clinical associations described above next promp-

ted the hypothesis that the increase in IGFBP-2 mediates, at

least in part, some of the metabolic improvements induced by

bariatric surgery. To test this possibility, rodent models were

developed. We characterized whether the robust increase in

IGFBP-2 observed after different types of bariatric surgeries

was also observed in Wistar DIO rats subjected to either SG,

BPD-DS, or DS only (duodenal switch without SG or bilio-

pancreatic diversion). Sham-operated DIO rats were divided

into controls with ad libitum feeding, or weight matched (WM)

by calorie restriction to BPD-DS rats to dissociate the impact

of surgery from that of weight loss. Nine weeks post-surgery,

circulating concentrations of IGFBP-2 were 2.5-fold higher in

rats that had DS and BPD-DS (mean 69 ± SEM 14 and 59 ±

12 ng/mL, respectively) compared to those in sham-operated

animals who had ad libitum access to food (26 ± 2 ng/mL; Fig-

ure 2A). In contrast, plasma IGFBP-2 levels were not changed in

SG and WM groups (Figure 2A). These changes were mirrored

by significantly higher mRNA levels of IGFBP-2 in the livers of

DS and BPD-DS-operated rats than that of the other groups

(Figure 2B). Interestingly, in a separate experiment, hepatic

IGFBP-2 mRNA expression was also stimulated by BPD-DS in

non-obese Wistar rats fed regular chow (1.91-fold, p < 0.05,

data not shown). These findings suggest that the rearrangement

of the intestinal tract upon duodenal switch is a potent inducer
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Figure 1. Upregulation of IGFBP-2 closely correlates with insulin sensitization after bariatric surgery in humans

(A) Fasting plasma IGFBP-2 concentrations in patients before and 4, 8, and 12months after biliopancreatic diversion with duodenal switch (BPD-DS), Roux-en-Y

gastric bypass (RYGB), and vertical sleeve gastrectomy (SG) (n = 18–20), ****p < 0.0001 compared with RYGB and SG. Lines are means ± SEMs.

(B) Fasting plasma IGFBP-2 concentrations in patients as corrected by BMI over time; ****p < 0.0001 compared with RYGB and SG. Lines are means ± SEMs.

(C–F) Increases in plasma IGFBP-2 levels at 12 months after surgery compared to baseline values (C). ****p < 0.0001 compared with RYGB and SG. Individual

data were also plotted according to surgery type: BDP-DS (D), RYGB (E), and SG (F). Each point represents 1 individual patient. Lines are means ± SEMs. ****p <

0.0001 compared with pre-operation levels.

(G) Fasting plasma IGFBP-2 concentrations before and 3, 90, and 365 days after BPD-DS in 5 normoglycemic (filled circles) and 11 diabetic (empty circles)

patients. Each point represents 1 individual patient, ****p < 0.0001. Lines are means ± SEMs.

(H–L) In these individuals, IGFBP-2 levels were correlated with fasting glycemia (H), insulinemia (I), HOMA-IR (J), and ADIPO-IR (K) indexes of insulin resistance, as

well as glucose infusion rate during euglycemic-hyperinsulinemic clamp (L) in patients studied before and at specific time points after the surgery. Correlation

curves were analyzed by ANCOVA and multiple regression analyses to take repeated measurements over time into account. p values unadjusted, p* values

adjusted for BMI; n.s., not significant.
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A

C D E

B Figure 2. Modulation of hepatic production

of IGFBP-2 after bariatric surgery in rodents

(A and B) Plasma protein (A) and hepatic mRNA (B)

levels of IGFBP-2 were quantified in high-fat (HF)-

fed obese rats (n = 6–11) 9 weeks after either sham,

SG, DS, or hybrid (BPD-DS) bariatric surgeries, or in

sham-operated rats weight matched (WM) to BPD-

DS by food restriction. Each point represents 1 in-

dividual animal. Lines are means ± SEMs. *p < 0.05

compared with ad libitum (Ad Lib)-sham group; $p <

0.05 compared with WM sham group.

(C–E) Levels of IGFBP-2 in plasma (C and D) and

liver (D and E) in HF-fed mice 21 weeks after un-

dergoing sham or RYGB surgeries or in non-surgical

mice weight matched to RYGB by caloric restriction

(WM) (n = 4–10). Each point represents 1 individual

animal. Lines are means ± SEMs. ***p < 0.001

compared to Ad Lib-sham group; $$$p < 0.001

compared to WM group.
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of IGFBP-2 expression that is potentially involved in the effects

of BPD-DS.

A similar conceptual approach was used in C57BL/6J DIO

mice subjected to either sham or RYGB surgeries and compared

to a non-operated DIO group calorie restricted to match the

weight of RYGB animals. Twenty-one weeks post-operation,

plasma IGFBP-2 levels were 2- to 3-fold higher in mice with

RYGB (mean 504 ±SEM 34 ng/mL) compared to sham operation

(149 ± 15 ng/mL) and weight-matching regimen (251 ± 67 ng/

mL, not significantly different compared to sham) (Figure 2C).

In the liver, these RYBG-induced changes were also observed

at the protein (Figure 2D) and mRNA (Figure 2E) expression

levels. Interestingly, although weight matching resulted in the

higher hepatic expression of IGFBP-2 (both mRNA and protein),

changes in the plasma levels of IGFBP-2 remained statistically

unchanged in this group (Figures 2C–2E). These results indicate

that, in contrast to simple calorie restriction, bariatric procedures

that bypass a portion of the intestinal tract (duodenum and prox-

imal jejunum), such as RYGB and BPD-DS, can trigger an

increase in hepatic IGFBP-2 expression that is reflected in the

circulation, in a manner that suggests consistent mechanisms

from mice to humans.

IGFBP-2 is directly involved in the beneficial impact of
bariatric surgery on body weight
To investigate the direct role of IGFBP-2 in the improvements in

energy metabolism after bariatric surgery, whole-body Igfbp2

knockout (Igfbp2�/�) mice and Igfbp2+/+ littermates were fed a

2-choice diet consisting of 60% high-fat pellets and regular

low-fat chow for 5 weeks and then subjected to RYGB or calorie

restriction to match the loss of weight achieved by the surgery

(WM). Irrespective of the regimen, Igfbp2�/�mice had no detect-

able IGFBP-2 protein in either liver or plasma measured at the

termination of the study (Figure 3A). In Igfbp2+/+mice, consistent

with our previous data (Figures 2C–2E), RYGB but not WM

groups were characterized by an increase in IGFBP-2 protein
4 Cell Reports Medicine 2, 100248, April 20, 2021
levels in the circulation, whereas both treatments stimulated liver

expression (Figure 3A).

At the time of surgery, obese Igfbp2�/� and Igfbp2+/+ mice

showed a similar body weight and body composition (Figures

3B–3F). All of the mice recovered well after RYGB or sham sur-

gery and there were no complications associated with the sur-

gery. Whereas all sham-operated animals continued to gain

weight after the procedure independent of genotype, those

that were subjected to RYGB experienced a robust reduction

in body weight (Figures 3B–3C). In Igfbp2+/+ mice, RYGB re-

sulted in rapid weight loss with a nadir of �32% at 5 weeks,

with moderate regain of weight until termination of the study,

whereas in Igfbp2�/� mice it produced less initial weight loss

with a nadir of �18% at 3–5 weeks and return to pre-surgical

levels at 12 weeks after surgery (Figure 3B), resulting in a 20%

difference in body weight between genotypes at 20 weeks

post-operation (Figure 3C).

The differential body weight response between Igfbp2�/�

and Igfbp2+/+ RYGB-operated mice was first reflected in fat

mass (Figure 3D). In both genotypes, fat mass was more

potently affected in RYGB groups than in WM animals (Fig-

ure 3D). However, compared to their WT littermates, mice

without IGFBP-2 were characterized by a lesser reduction in

fat mass following surgery (Figure 3D). Consistently, compared

to those of their Igfbp2+/+ counterparts, white adipose depots

were heavier in Igfbp2�/� RYGB-operated mice (Figure S2). In

contrast, the weights of brown adipose tissue (BAT), kidneys,

heart, and liver were similar between genotypes after the sur-

gery ( Figure S2). RYGB-operated Igfbp2+/+ mice also showed

a reduction in lean mass, although to a lesser extent than in WM

animals (Figure 3E). Surprisingly, lean mass appeared totally

preserved in Igfbp2�/� after surgery (Figure 4E). Despite this,

changes in body composition resulted in a higher adiposity in-

dex in Igfbp2�/� mice after RYBG (Figure 3F), which was

mirrored by higher circulating leptin levels than those in

Igfbp2+/+ mice (Figure 3G). Thus, these findings indicate that
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Figure 3. Absence of IGFBP-2 partly impairs the impact of RYGB on body weight and adiposity in mice through changes in food intake
(A) Absence of IGFBP-2 was confirmed in plasma and liver by immunoblotting 21 weeks after undergoing sham or RYGB surgeries or weight matching by caloric

restriction (WM). WT: Igfbp2+/+; knockout (KO): Igfbp2�/� mice.

(B–G): Effects of RYGB (green symbols), sham surgery (red symbols), and WM (blue symbols in D–G) in Igfbp2+/+ (open symbols) and Igfbp2�/� (filled symbols)

mice on absolute body weight (B), percent change in body weight (C), fat mass (D), leanmass (E), adiposity index (fat mass/leanmass, F), and plasma leptin levels

(G). Body weights of WMmice, not shown here for clarity since they are very close to those of RYGBmice, are displayed in Figures S2A and S2B. WT: SHAM (n =

13), RYGB (n = 11), WM (n = 5); KO: SHAM (n = 6), RYGB (n = 9), WM (n = 5). #, RYGB/Igfbp2�/� versus RYGB/Igfbp2+/+, p < 0.05; ,̂ WM/Igfbp2�/� versus WM/

Igfbp2+/+, p < 0.05, based on Benjamini-Hochberg-corrected, pairwise t tests. Lines are means ± SEMs.

(H and I) In the same animals, intake of food was evaluated over time (H) and at specific periods (I) before and after sham surgery (red), RYGB surgery (green), and

in WM (blue) obese Igfbp2+/+ and Igfbp2�/� mice. Data in (H) are means ± SEMs of 2-day averages. Lines in (I) are means ± SEMs.

(legend continued on next page)
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RYGB was more potent than weight matching to specifically

target fat mass, and that these effects are less pronounced in

the absence of IGFBP-2.

To examine the mechanisms by which IGFBP-2 affected body

weight in response to RYGB, the main components of energy

balance were measured. Food intake before surgery was similar

in all groups (Figures 3H and 3I) and similarly significantly sup-

pressed in both genotypes during the first 10 days after RYGB

compared to sham surgery (Figure 3I). However, during days

11–16 after RYGB, food intake was significantly higher in

Igfbp2�/� compared to Igfbp2+/+ mice (Figure 3I). The amount

of food necessary to match body weight to that of RYGB mice

was significantly less than the food intake of RYGB mice for

days 11–16 in both genotypes, with a similar trend for days 1–

10 (Figure 3I), indicating lower feed efficiency in RYGB compared

to calorie-restricted WMmice. The 2-choice diet allowed for the

analysis of preference for chow over high-fat diet. As in previous

studies,22 we found an increased preference for chow diet for the

first 10 days after RYGB in WT mice, and this chow preference

was similarly expressed between genotypes (Figure S3A). There

was also a non-significant trend for this chow preference during

days 11–16 (Figure S3B).

Total daily energy expenditure (EE), quantified by indirect calo-

rimetry 5 weeks after surgery, adjusted for lean mass by analysis

of covariance (ANCOVA) and measured at thermoneutrality

(29�C) was not significantly different between RYGB and

sham-operated mice for both genotypes (Figure 3J). At room

temperature (23�C), it was significantly lower in RYGB compared

with sham-operated mice for both genotypes, but there was no

difference between Igfbp2+/+ animals and their Igfbp2�/� coun-

terparts (Figure S3C). When adjusted for total body mass by AN-

COVA, EE was significantly higher after RYGB compared with

sham surgery when measured at thermoneutrality (29�C) (Fig-
ure S3F) and not significantly different when measured at room

temperature (Figure S3G). Only when unadjusted and expressed

on a per-mouse basis was EE significantly lower in RYGB groups

compared with sham-operated animals (Figures S3H and S3I). In

this setting, RYGB-operated Igfbp2�/� mice had higher EE than

their Igfbp2+/+ controls (Figures S3H and S3I). Across all

conditions and adjustment types, mice weight matched to

RYGB animals generally had the lowest EE (Figures 3C, S4C,

and S4F–S4I). Importantly, no matter what ambient temperature

and how adjustment was made, there were no significant effects

of genotype on total EE.

At 29�C, respiratoryexchange rate (RER)was lower inWMmice

compared to sham or RYGB-operatedmice, but similar between

genotypes (Figure 3K). Locomotor activity was not significantly

different between any groups (Figure 3L). Similar statistically

non-significant trends in respiratory exchange ratio (RER) andac-

tivity were observed between genotypes at 23�C (Figures S3D

and S3E). These findings suggest that the absence of IGFBP-2

partly prevents RYGB-induced loss of weight in a manner that
(J–L) Energy expenditure (J), respiratory exchange ratio (K), and physical activity

after surgery (see gray area in B). WT: SHAM (n = 12), RYGB (n = 10), WM (n = 5); K

lean mass by ANCOVA. Lines are means ± SEMs.

All plot panels show individual data points over a box indicating means ± SEMs. D

(p < 0.05, pairwise t tests with Benjamini-Hochberg correction, false discovery ra
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appears independent of relevant changes in EE but rather was

due to modulation of food intake.

IGFBP-2 modulates the early changes in glucose
metabolism in response to RYGB
Because IGFBP-2 affected changes in adiposity after RYGB, we

evaluated whether its absence could consequently influence

glucose and lipid metabolism. To this end, we conducted an

IPGTT at 3 weeks, an insulin tolerance test at 10 weeks, and

determined HOMA-IR from measurements of fasting glucose

and insulin and measured plasma lipids at 21 weeks post-sur-

gery. Again, the non-surgical, body weight-matched control

group allowed us to distinguish weight loss-dependent from

weight loss-independent effects of RYGB surgery. In Igfbp2+/+

animals, compared to sham operation, RYGB resulted in the ex-

pected improvements in glucose tolerance (Figure 4A), insulin

sensitivity (Figure 4B), fasting insulin (Figure 4D), and HOMA-IR

(Figure 4E). At 10 and 21 weeks post-operation, these improve-

ments were fully accounted for by weight loss, as demonstrated

by improvements of similar magnitude in the WM group. At

3 weeks post-surgery, RYBG-operated Igfbp2�/� mice showed

significantly lower glucose tolerance compared to that of

Igfbp2+/+ mice (Figure 4A). However, 10 weeks post-surgery,

while differences in body weight and body fat were still robust

between genotypes, Igfbp2�/� and Igfbp2+/+ RYGB-operated

animals had similar insulin sensitivity (Figure 4B). At sacrifice,

fasting glucose and insulin levels as well as HOMA-IR index

were not significantly different between genotypes, although

they tended to be higher in the absence of IGFBP-2 after

RYGB (Figures 4C–4E). As expected, while plasma GLP-1 levels

were barely above the detection limit in sham-operated and WM

mice, they were several-fold higher after RYGB in both geno-

types (Figure 4F). This response in GLP-1 levels was significantly

stronger in Igfbp2�/� mice than in Igfbp2+/+ littermates.

Finally, whereas the absence of IGFBP-2 did not influence in

an important manner the effects of RYGB on circulating levels

of cholesterol (Figure 4G) or triglycerides (Figure 4H), Igfbp2�/�

mice experienced an increase in free fatty acids upon RYGB

(Figure 4I). However, plasma b-hydroxybutyrate (BOH) concen-

trations were not affected by surgery or genotype (Figure S4A),

but acetoacetic acid levels were significantly higher in Igfbp2�/�

mice than in Igfbp2+/+ littermates, irrespective of surgery status

(Figure S4B). Plasma levels of FGF-15 were affected neither by

surgery nor by the absence of IGFBP-2 (Figure 4J). Although

hepatic expression of IGF-1 was higher in sham-operated

Igfbp2�/� mice than in Igfbp2+/+ animals, no differences were

observed between genotypes after RYGB or WM regimens (Fig-

ure S4C). These results suggest that IGFBP-2 modulates the

early but not the later changes in glucose homeostasis after

bariatric surgery, in a manner that is independent of effects

on lipid levels and metabolism (also reflected by RER), GLP-1,

and FGF-15.
(L) were evaluated in metabolic chambers at thermoneutrality (29�C) 5 weeks

O: SHAM (n = 6), RYGB (n = 9), WM (n = 5). Energy expenditure was adjusted for

ata that do not share the same letters are significantly different from each other

te [FDR] = 0.05, following ANOVA).
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Figure 4. Effects of RYGB on glucose and lipid metabolism in obese Igfbp2+/+ (WT) and Igfbp2�/� (KO) mice

(A and B) Excursion and area under the curve of glycemia after intraperitoneal glucose (A) or subcutaneous insulin injections (B) were determined at 3 and 10-

weeks post-surgery, respectively, in obese Igfbp2+/+ and Igfbp2�/�mice subjected to sham surgery (red), RYGB surgery (green), or inWMmice (blue).WT: SHAM

(n = 13), RYGB (n = 10–11), WM (n = 5); KO: SHAM (n = 6), RYGB (n = 8–9), WM (n = 5). Lines are means ± SEMs.

(C–E) Twenty-one weeks post-surgery, at sacrifice, blood was harvested after an overnight fast and used to quantify circulating levels of glucose (C), insulin (D),

which were used to calculate HOMA index (E).

(F–J) Plasma GLP-1 (F), cholesterol (G), triglycerides (H), non-esterified fatty acid (NEFA) (I), and FGF-15 (J) levels were also quantified at sacrifice.

Time course data in (A) and (B) are means ± SEMs. All of the other panels show individual data points over a box indicating means ± SEMs. Data that do not share

the same letters are significantly different from each other (p < 0.05; pairwise t tests with Benjamini-Hochberg correction; FDR = 0.05, following ANOVA).
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DISCUSSION

The biological mechanisms by which bariatric surgery influ-

ences body weight regulation and energy homeostasis are still

not fully established. Previous findings showing a robust in-

crease in IGFBP-2 after bariatric operations in humans sug-

gested that this leptin-induced, insulin-sensitizing circulating

protein may play a role in their beneficial effects. Here, we

demonstrate that the hepatic expression and circulating levels

of IGFBP-2 are robustly augmented by bariatric surgeries in

mice, rats, and humans. In mice, IGFBP-2 appears in part

necessary for the weight loss effect of RYBG, which predomi-

nantly affected adipose compartments. In addition, IGFBP-2

contributed to the early surgery-induced improvements in

glucose tolerance, but not those in lipid metabolism. Consis-

tently, in humans, the increase in IGFBP-2 was closely associ-

ated with improvements in insulin sensitivity and glucose

homeostasis. Thus, we conclude that the systemic augmenta-

tion of IGFBP-2 levels after bariatric surgery partly contributes

to weight loss and further propose that methods to increase
circulating IGFBP-2 levels may mimic some of the beneficial

metabolic effects of bariatric procedures.

A primary important finding was the much larger increase in

circulating IGFBP-2 levels after BPD-DS compared to the

extent brought about by RYGB or SG in humans. A similar result

was obtained in rats, in which BPD-DS (comprising SG) but not

SG only significantly increased plasma IGFBP-2 levels. More-

over, in rats, simple DS (without SG) was sufficient to mimic

the effects of BPD-DS. These results strongly suggest that the

rearrangement of the digestive tract had a great influence on

plasma IGFBP-2 levels, in a manner that suggests consistent

mechanisms between mice, rats, and humans. Although the

exact nature of the molecular inducer of plasma IGFBP-2 re-

mains to be experimentally determined, our findings suggest

two possible independent but possibly additive mechanisms.

The analysis of liver expression of IGFBP-2 after surgery indi-

cated that BPD-DS and RYGB robustly and chronically stimu-

lated IGFBP-2 mRNA and protein expression levels in both

mice and rats, suggesting again a conserved pathway

converging on IGFBP-2 production. Because this increase in
Cell Reports Medicine 2, 100248, April 20, 2021 7
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liver IGFBP-2 expression equally occurred upon caloric restric-

tion in non-operated animals matched for body weight, it is

likely that a nutrient-sensing transcriptional program partici-

pated in this effect. Interestingly, Kang et al.38 showed in

2016 that metformin treatment could induce IGFBP-2 expres-

sion through the downstream transactivation of the nuclear re-

ceptor peroxisome-proliferator-associated receptor (PPAR)-a.

In fact, RYGB has been shown to enhance oleoylethanolamide

(OEA) levels in the lower small intestine after a meal. Because

OEA is an endogenous agonist of PPAR-a,39 it is possible that

OEA activates a PPAR-a/IGFBP-2 pathway in the liver, as

described in skeletal muscle.40 Another possible explanation

of IGFBP-2 overproduction is the improvement of leptin sensi-

tivity after surgery,36 despite that leptin levels are reduced

greatly in this condition, as leptin has been demonstrated to

enhance liver expression and circulating levels of IGFBP-2.41

Other surgery-induced or calorie restriction-associated

signaling factors, such as bile acids, could be implicated in he-

patic IGFBP expression, although this needs to be tested. Thus,

the exact role of intestinal modifications, especially those

involved in jejunal nutrient and leptin sensing,42 need to be

investigated for their potential role in IGFBP-2 expression.38,39

A second important finding was that in both rats and mice,

there was a clear dichotomy between, on the one hand, the

increases in liver IGFBP-2 content at both mRNA and protein

levels that were caused by weight loss (either induced by sur-

gery or food restriction) and, on the other hand, the subse-

quent concentrations in IGFBP-2 observed in plasma, which

were modified by surgery only. This second important finding

suggests that bariatric surgeries, but not food restriction,

could promote mechanisms involved in IGFBP-2 secretion,

although this possibility may not explain the clear difference

in IGFBP-2 levels between obese patients operated with

BPD-DS and RYGB/SG. It is possible that IGFBP-2 produc-

tion is enhanced in non-hepatic tissues such as the adipose

or skeletal muscle, where it is also expressed, especially since

the adrenergic system is upregulated by RYGB.43 It can also

be postulated that bariatric surgeries specifically favor

IGFBP-2 stabilization in circulation by robustly dampening

factors that degrade IGFBP-2. Interestingly, previous studies

have shown that IGFBP-2 fragmentation increases with aging,

notably through complex changes in binding with plasma a-2-

macroglobulin, which controls IGFBP-2 proteolysis.35,44

Although beyond the scope of the present study, the modula-

tion of a-2-macroglobulin or other IGFBP-2-binding partners

by bariatric surgery should be investigated. Thus, although

the exact endogenous factors triggering the stimulation of

circulating IGFBP-2 concentrations after bariatric surgeries

remain unknown, these procedures appear associated with

both robust and sustained augmentation in production and a

possible diminution in degradation.

Previous studies have demonstrated the ability of IGFBP-2

to modulate cellular energy metabolism through IGF-indepen-

dent mechanisms, affecting white adipocyte differentiation

and peripheral insulin sensitivity,11,26,32,45,46 notably by

inducing glucose transporter type 4 (GLUT-4) translocation

and glucose uptake in adipocytes47 and inhibiting receptor

protein tyrosine phosphatase (RPTP)-b activity.46 Consistent
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with this independent role, we observed similar changes in

the hepatic expression of IGF-1, IGFBP-1, and IGFBP-3

mRNA between Igfbp-2+/+ and Igfbp-2�/� RYGB-operated

mice (data not shown). Moreover, in Igfbp-2+/+animals, the

2-fold increase in IGF-1 brought about by the surgery was

much lower than that of IGFBP-2. These data suggest that

the impact of the RYGB-induced increase in IGFBP-2 goes

beyond the stochiometric modulation of IGF-1 bioavailability,

and that the metabolic improvement mediated by IGFBP-2 is

possibly independent of the IGF/IGFBP axis. In turn, it is

also possible that the lack of IGFBP-2 negated the RYGB-

induced changes in lean mass due to a stimulatory effect on

the IGF axis. These possibilities need to be explored further

for skeletal muscles and bones, since IGFBP-2 was shown

to negatively affect bone biology.48

The third important finding was that using an IGFBP-2-defi-

cient mouse model, we demonstrated that IGFBP-2 drives, at

least in part, the loss of weight induced by RYGB. Compared

to Igfbp2+/+ mice, IGFBP-2-deficient animals displayed a mark-

edly reduced response to RYGB, losing much less weight in the

first 5 weeks and regaining less in the next 11 weeks post-sur-

gery, resulting in a 20% body weight difference between geno-

types. This contrasts with earlier findings using a similar RYGB

surgery model, showing no significant differences in weight

loss between GLP-1R, PYY/Y2R, GLP-1R+PYY/Y2R, FGF21,

or TGR5-deficient mice and their respective WT con-

trols.22,23,49–51 Thus, our finding that IGFBP-2 partially mediates

the effect of this surgery on energy balance represents an impor-

tant key discovery in the search for hormonal modulators of bar-

iatric surgeries. Because EE was rather higher than lower in

IGFBP-2-deficient mice compared to that of WT mice after

RYGB, we propose that the modulation of energy intake is the

main determinant of the effects of IGFBP-2 after RYGB. This hy-

pothesis is supported by higher cumulative food intake in IGFBP-

2-deficient mice in the first 2 weeks post-surgery. Of note,

because we have not measured fecal loss, differences in fecal

energy loss could be an additional factor contributing to overall

higher calorie ingestion. Interestingly, previous groups have

demonstrated an elevated expression of IGFBP-2 in the

brain52,53 compared to other non-hepatic tissues, which suggest

its possible influence on the CNS. A role for IGFBP-2 in the cen-

tral control of food intake appears independent from pathways

involving leptin and GLP-1, as both were higher in the plasma

of IGFBP-2�/�mice than IGFBP-2+/+mice, and counterintuitively

associated with higher food intake. In addition, although leptin

can increase IGFBP-2 levels peripherally,41 it is unlikely a down-

stream effector of hypothalamic leptin signaling on food intake,

since leptin-deficient mice show no difference in food intake af-

ter RYBG,54 unlike what we observed in Igfbp-2�/� mice. Thus,

the regulatory effect of IGFBP-2 on caloric intake should be thor-

oughly tested in various settings.

It is, however, possible to draw comparisons between the

metabolic effects of RYGB in animals deficient in leptin or

IGFBP-2. Both knockout models experience blunted efficacy

of RYGB to induce a significant loss of weight and improvement

in insulin sensitivity. These responses are related to adipose tis-

sue changes, and the surgery-associated reduction in EE is

blunted in both leptin- and Igfbp2-deficient mice. Moreover,
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leptin-deficient mice regain their body weight at 8 weeks post-

surgery (20%),54 compared to 10 weeks for Igfbp-2�/� mice. In

addition, although IGFBP-2 is not necessary for the glucose-

lowering actions of leptin in non-operated mice,55 leptin-defi-

cient mice display similar insulin sensitization in response to

RYGB than did Igfbp2�/� mice54 early (3 weeks) but not chroni-

cally after surgery, demonstrating close relationships and the

involvement of compensatory mechanisms. In that regard, we

found higher GLP-1 levels in RYGB-operated Igfbp-2�/� mice,

which could have contributed to stabilizing glucose homeostasis

even in the presence of higher fat mass. This possibility could

have been revealed by oral glucose tolerance test (GTT) or re-

feeding tests. Interestingly, enhanced circulating GLP-1 levels

are increased in the long term in both Igfbp2�/� animals after

RYGB and farnesoid X receptor (FXR)�/� animals after bile diver-

sion, a surgery close to the RYGB model in mice and BPD in hu-

mans. FXR-deficient mice are partially refractory to weight loss

after bile diversion,56 but whether FXR and IGFBP-2 are mecha-

nistically linked remains unknown. The higher proportion of lean

mass in RYGB-operated Igfbp2�/�mice could also have contrib-

uted to attenuate worsening in insulin sensitivity over time

compared to their Igfbp2++ counterparts.

In summary, the present study demonstrated that the modula-

tion of IGFBP-2 levels by bariatric surgery is robust, evolution-

arily consistent, and associated with intestinal diversion. The

augmentation in IGFBP-2 has a partial but direct implication in

surgery-induced reduction in adiposity and early insulin sensiti-

zation. These findings were corroborated in humans, in whom

IGFBP-2 was closely associated with surgery-induced improve-

ment in glucose homeostasis. Thus, interventions elevating

IGFBP-2 levels may have the potential to mimic some aspects

of bariatric surgery for the development of non-chirurgical treat-

ments against obesity and T2D.

Limitations of study
This study has several limitations. The findings in human pa-

tients should be interpreted as associative. Clear causality be-

tween IGFBP-2 and insulin sensitization after bariatric surgery

needs further confirmation in independent and larger cohorts.

In mice, although our data show that EE is not affected by ge-

notype in RYGB-operated animals, the absence of pair-fed

control groups limits definite conclusions about the control of

energy intake as the main determinant by which IGFBP-2 defi-

ciency impairs body weight loss after bariatric surgery. Finally,

concomitant GTTs, insulin sensitivity tests, and measurements

of fasting glucose and insulin levels performed at different time

points before and after bariatric surgery could provide more

precise information on the role of IGFBP-2 in mediating the

early versus later improvements in glucose homeostasis.
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Stoffers, D., Drucker, D.J., Pérez-Tilve, D., and Seeley, R.J. (2013). Vertical

sleeve gastrectomy is effective in two genetic mouse models of glucagon-

like Peptide 1 receptor deficiency. Diabetes 62, 2380–2385.

20. Ramracheya, R.D., McCulloch, L.J., Clark, A., Wiggins, D., Johannessen,

H., Olsen, M.K., Cai, X., Zhao, C.-M., Chen, D., and Rorsman, P. (2016).

PYY-Dependent Restoration of Impaired Insulin and Glucagon Secretion

in Type 2 Diabetes following Roux-En-Y Gastric Bypass Surgery. Cell

Rep. 15, 944–950.

21. Ryan, K.K., Tremaroli, V., Clemmensen, C., Kovatcheva-Datchary, P.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse IGFBP-2 (C-18) Santa Cruz Biotechnology Cat# sc-6001; RRID: AB_648837

Anti-Actin Antibody, clone C4 Millipore Sigma Cat# MAB1501; RRID: AB_2223041

Biological samples

Biobanked human plasma samples Quebec Heart and Lung Institute, Québec,

Canada

N/A

Biobanked human plasma samples Sherbrooke University Hospital,

Sherbrooke, Canada

N/A

Critical commercial assays

Mouse and rat plasma IGFBP-2 levels

ELISA

ALPCO, Canada #22-BP2MS-E01

Human plasma IGFBP-2 levels ELISA ALPCO, Canada #22-BP2HU-E01

Mouse total GLP-1 assay kit Millipore Sigma Cat# EZGLPHS-35K; RRID: AB_2884907

Mouse insulin ELISA kit Milliplex, Millipore, St. Charles, MO MADKMAG-71K

Mouse FGF15 ELISA kit Cedarlane, Canada LS-F11446-1

Mouse Ketone bodies (BOH and AcAc) BioAssay Systems EKBD-100

Experimental models: organisms/strains

Male Wistar rats 57 N/A

Male Mouse: B6;129S5-

Igfbp2Gt(OST365171)Lex/Mmucd

Mutant Mouse Regional Resource Center Cat# 011721-UCD; RRID:

MMRRC_011721-UCD

Oligonucleotides

mouse IGFBP-2 forward

GCGCCAGCCCGGAGCAGGTT

Invitrogen N/A

mouse IGFBP-2 reverse

CCGGAAGGCGCATGGTGGAGAT

Invitrogen N/A

mouse b2M forward

ATGGGAAGCCGAACATACTG

Invitrogen N/A

mouse b2M reverse

CAGTCTCAGTGGGGGTGAAT

Invitrogen N/A

mouse IGF-1 forward

GGACCGAGGGGCTTTTACTTCAAC

Invitrogen N/A

mouse IGF-1 reverse

TGGCGCTGGGCACGGATAG

Invitrogen N/A

rat IGFBP-2 forward

AGCATGGCCTGTACAACCTC

Invitrogen N/A

rat IGFBP-2 reverse

ATCATTCTCCTGCTGCTCGT

Invitrogen N/A

rat L27 forward CTGCTCGCTGTCGAAATG Invitrogen N/A

rat L27 reverse CCTTGCGTTTCAGTGCTG Invitrogen N/A

Software and algorithms

GraphPad Prism 8.4.2 for macOS GraphPad Software, La Jolla, USA https://www.graphpad.com

JMP� Version 14 for macOS SAS Institute Inc., Cary, USA https://www.jmp.com/en_us/home.geo.

html

SAS Institute Inc. SAS Campus Drive, Cary, North Carolina

27513, USA

https://www.sas.com/en_us/home.geo.

html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Frédéric

Picard (Frederic.Picard@criucpq.ulaval.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate or analyze datasets or codes.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Bariatric surgery in humans
All participants to the studies described herein were 18 years old or older with a medical indication for bariatric surgery (BMI 3 40 kg/

m2 or BMI 3 35 kg/m2 with at least one diagnosed comorbidity such as diabetes, hypertension or dyslipidemia). Patients underwent

BPD-DS, RYGB or SG bariatric surgery (20 patients per type) at the Institut universitaire de cardiologie et de pneumologie de Québec

(IUCPQ). The type of surgery was determined after careful consideration of the advantages and risks according to the medical and

surgical evaluation and after discussion with the patient, and performed as described previously.58–60 All patients provided written

informed consent before their inclusion in the study. The experimental protocol was approved by the ethics committee of the IUCPQ.

Characteristics of the patients at baseline (before surgery) are available in the Supplementary Tables pertaining to each Figure.

Bariatric surgery in rats
Liver samples were obtained from a previously published study performed in male Wistar rats.57 Briefly, rats were fed a high-fat diet

(D12492, Research Diets, USA) for 6 weeks and then assigned to four types of surgery (BPD-DS, SG, DS and sham surgery). Nine

days after surgery, sham-operated rats were divided into two groups diverging in their food intake: ad libitum feeding (sham ad lib) or

food-restricted to match the body weight (sham weight-matched, WM) of rats operated with BPD-DS. Nine weeks post-surgery,

blood and tissues were collected after an overnight fast and processed as described below.

Bariatric surgery in mice
The mouse strain used for this research project, B6;129S5-Igfbp2Gt(OST365171)Lex/Mmucd, identification number 011721-UCD, was

obtained from the Mutant Mouse Regional Resource Center, a NIH-funded strain repository, and was donated to the MMRRC by

the NINDS-funded GENSAT BAC transgenic project (Lexicon Genetics Incorporated). Animals were backcrossed into a C57BL/6J

genetic background for at least 5 generations before use. Homozygous mutant mice, named Igfbp2 �/� mice, were compared to

Igfbp2 +/+ wild-type littermates in all experiments. Micewere fed a high-fat diet (D12492, Research Diets, USA) for 15weeks to induce

obesity. Then, RYGB surgery was performed under anesthesia exactly as described.22,61,62 Briefly, in a jejuno-gastric anastomosis,

the cut end of themid jejunumwas connected with a very small gastric pouch and the other end of the cut jejunumwas anastomosed

to the lower jejunum, resulting in a 5-6 cm long Roux limb, a 9-11 cm long biliopancreatic limb, and a 20-25 cm long common limb.

Sham surgery consisted of laparotomy only, without transection of jejunum and stomach. A group of un-operated mice (weight-

matched, WM) were food-restricted to match the body weight obtained through RYGB. After surgery, mice were exposed to a

two-choice diet (D12492, Research Diets, USA) and low-fat regular laboratory chow (Diet 5001, Purina LabDiet, USA) for the duration

of the experiment, except for periods in the metabolic chamber when they were exposed to only high-fat diet. The rationale for the

two-choice diet was twofold, first, it better mimics the human situation, and second, we found that mice eat relatively more chow

immediately after RYGB. Mice were kept individually on corncob bedding except for the periods of food intake measurements,

when they were on grid floors. All experimental procedures in animals were approved by the institutional animal care committees

of Université Laval and Louisiana State University.

METHOD DETAILS

Human studies
Plasma biochemistry

Blood samples were collected after overnight fasting before and at indicated time-points after the surgery. Plasma IGFBP-2 levels

were measured by ELISA (Alpco kit #22-BP2HU-E01, Canada) according to the manufacturer’s instructions. The detection limit was

0.2 ng/mL; the inter-assay coefficient of variability was below 10%. Glucose, insulin and triglyceride levels were quantified as pre-

viously described.11 The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated from fasting glucose and

insulin values.11 The adipose tissue insulin resistance index (Adipo-IR) was calculated from fasting glucose and fasting free fatty acids

(FFA) concentrations.11
e2 Cell Reports Medicine 2, 100248, April 20, 2021
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Insulin sensitivity: euglycemic-hyperinsulinemic clamp

Before and at 3, 90, and 365 days after surgery, a subgroup of sixteen obese participants were subjected to euglycemic-hyperinsu-

linemic clamps performed as previously described.11,63 Insulin sensitivity was calculated as dL glucose $ kg leanmass-1 $min-1 $mU

insulin-1 $ 10�3.

Animal studies
Metabolic studies in mice

Body weight, food intake, body composition (DEXA) were recorded before and after the surgeries exactly as described previ-

ously.22,61,62 Energy expenditure was measured at two ambient temperatures, normal room temperature at 23�C and near thermo-

neutrality at 29�C for 3 days under each condition. Mice were adapted for at least one day to each condition before taking measure-

ments. Energy expenditure was evaluated by indirect calorimetry (Phenomaster/ Labmaster, TSE Systems, Germany), and herein

reported as kcal/mouse both unadjusted and adjusted for lean and total body mass using ANCOVA correction. Locomotor activity

wasmeasured in numbers of beam breaks in the X and Y planes (7mm spatial resolution, 10ms temporal resolution). Before and after

the surgery, mice had access to chow or high-fat diets, and preferences for high-fat versus chow diets were probed as described

previously.22,61,62 21-weeks post-surgery, mice were sacrificed after 3-5 hours food deprivation, and blood and tissues were

collected for subsequent analyses.

Quantification of IGFBP-2 in plasma and tissues

Tissue RNA was isolated by using IllustraTM RNAspin Mini kit (GE Healthcar, Canada) according to the manufacturer’s instructions.

Liver IGFBP-2 expression was determined by qPCR in the 7900HT Fast real-time PCR system (Applied Biosystem) by using Super-

green qPCR mastermix with high Rox (Wisent, Canada). The following primers were designed using Primer BLAST:mouse IGFBP-2

forward 50-GCGCCAGCCCGGAGCAGGTT-30, reverse 50-CCGGAAGGCGCATGGTGGAGAT-30; mouse IGF-1 forward 50- GG

ACCGAGGGGCTTTTACTTCAAC-30, reverse 50- TGGCGCTGGGCACGGATAG-30;mouse b2M forward 50-ATGGGAAGCCGAACAT

ACTG-30, reverse 50CAGTCTCAGTGGGGGTGAAT-3; rat IGFBP-2 forward 50-AGCATGGCCTGTACAACCTC-30, reverse 50-ATCAT
TCTCCTGCTGCTCGT-30; rat L27 forward 50-CTGCTCGCTGTCGAAATG-30; reverse 50-CCTTGCGTTTCAGTGCTG-30.
Liver proteins were extracted using lysis buffer (HEPES 500 mM pH 7.5, NaCl 4 M, EDTA 500 mM, NaVO4 200 mM, NaF 1 M, NaP

83.3 mM, Na-b G 500 mM, TX100 1%, protease inhibitor 1&) by sonication. Proteins were quantified colorimetrically (Biorad, Can-

ada), and 50 mg were prepared with 5X loading blue buffer (0.4 M Tris pH 6.8, 4% SDS, 2.5 mM EDTA, 20% glycerol, 0.1 M DTT, 1%

bromophenol blue), then denatured at 95�C for 10minutes. In turn, 1 mL of plasmawas prepared with 4X Laemmli blue buffer (1M Tris

pH 6.8, SDS 8%, 40% glycerol, 0.01% bromophenol blue, 10% b-mercaptoethanol) and lysis buffer described above. Liver and

plasma IGFBP-2 levels in mice were determined first by western immunobloting using antibodies against actin (EMD Millipore)

and IGFBP-2 (C-18, Santa Cruz Biotechnology). Rats and mice plasma IGFBP-2 levels were also quantified by ELISA (ALPCO kit

#22-BP2MS-E01, Canada) according to the manufacturer’s instructions and as described previously.30 Detection limit was

0.01 ng/mL. Inter-assay coefficient of variability was below 10%.

Leptin, GLP-1, FGF15, lipid profiles, insulin, glucose measurements

Glucose tolerance was assessed at 3 weeks (20 ± 4 days) after surgery by injecting a-D-glucose (1.5 mg/, 30% w/v in sterile saline,

i.p.) andmeasuring blood glucose from the tail vein before and at 15, 30, 60, and 120minutes after injection, with glucose strips and a

glucometer (Onetouch Ultra Strips and Onetouch Ultra Glucometer, LifeScan INC, Milpitas, CA). Glucose tolerance tests were con-

ducted between 09:00 and noon, after 3-5 h of food deprivation. Insulin tolerance was assessed at 70 ± 4 days (referred to as

10 weeks) after surgery by injecting insulin (0.6 U/kg in sterile saline, i.p., Novolin R, Novo Nordisk, Bagsvaerd, Denmark) and

measuring blood glucose as above.

At 19weeks after surgery, 3-5 hr food-deprivedmice were administered 1.5g/kg of 40% sterile Dextrose (Hospira Inc, Lake Forest,

IL) in sterile water through oral gavage. At 5 ± 1 minutes after administration, 100 mL of whole blood were collected using heparinized

capillary tubes (Fisherbrand Microhematocrit Capillary Tubes, Thermo Fisher Scientific, Waltham, MA) into centrifuge tubes contain-

ing 4.5 mL of protease inhibitor cocktail (1.5 mL of each of the following: Protease Inhibitor, Sigma, St. Louis, MO; DDP-IV Inhibitor,

EMDMillipore, St. Charles, MO; Pefabloc SC, Roche, Indianapolis, IN) and immediately centrifuged at 4�Cand 3000 rpm for 10min to

separate the plasma. Plasma GLP-1 levels were determined using the high sensitivity Total GLP-1 assay kit (Millipore Sigma,

EZGLPHS-35K) on 50 mL plasma diluted 1:2 with buffer.

At 140 ± 4 days after surgery mice were food deprived for 3-5 hours and euthanized by decapitation. A few drops of trunk blood

were collected, and blood glucose was immediately tested using glucose strips as above. An additional 500 mL of trunk blood was

collected, treated with 83.5 mL EDTA (Sigma, St. Louis, MO) and a protease inhibitor cocktail (1.5 mL of each of the following: Protease

inhibitor, Sigma, St. Louis, MO; DPP-IV inhibitor, EMDMillipore, St. Charles, MO; Prefabloc SC, Roche, Indianapolis, IN), and imme-

diately centrifuged at 4�C and 3000 RPM for 10 min to separate the plasma from the whole blood. Plasma aliquots were frozen in

liquid nitrogen and stored at - 80�C prior to processing.

Plasmawas subjected to ELISA for measurement of insulin (MADKMAG-71KMilliplex, Millipore, St. Charles, MO) and FGF15 (Life-

Span Biosciences, USA). Plasma levels of triglycerides, NEFA and cholesterol levels were quantified colorimetrically using enzymatic

reagents from Randox (Crumlin, UK). Acetoacetic acid (AcAc) and 3-hydroxybityric acid (BOH) were quantified colorimetrically using

reagents from BioAssay Systems (CA) according to the manufacturer’s instructions.
Cell Reports Medicine 2, 100248, April 20, 2021 e3
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data in figures were expressed as means ± SEM. Statistical analyses were performed with GraphPad Prism version 8.4.2 for macOS

(GraphPad Software, La Jolla, USA) and JMP�, Version 14. (SAS Institute Inc., Cary, USA), using ANOVA followed by Bonferroni-

correction for multiple comparisons. For energy expenditure, ANCOVA was used. SAS was used to analyze BMI-independent asso-

ciations between IGFBP-2 and parameters of insulin sensitivity. Differences were considered as being significant at p < 0.05.
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