ADIPOCYTE
2022, VOL. 11, NO. 1, 366-378
https://doi.org/10.1080/21623945.2022.2089394

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

8 OPEN ACCESS | Check for updates

Cixutumumab reveals a critical role for IGF-1 in adipose and hepatic tissue

remodelling during the development of diet-induced obesity

Helen Imrie?, Hema Viswambharan®*, Natalie J Haywood?, Katherine | Bridge?, Nadira Y Yuldasheva?,
Stacey Galloway?, Katie J Simmons?, Richard M Cubbon?, Piruthivi Sukumar?, Nicole T Watt?,

Laeticia Lichtenstein?, Judy | Wyatt®, Hiromi Kudo©, Robert Goldin
and Mark T Kearney?®

¢, Baptiste Rode?, Stephen B Wheatcroft?,

2Leeds Institute for Cardiovascular and Metabolic Medicine, University of Leeds, Leeds, United Kingdom; ®PDepartment of Pathology, Leeds
Teaching Hospitals NHS Trust, Leeds, United Kingdom; <Department of Metabolism, Digestion and Reproduction, Imperial College, London,

United Kingdom

ABSTRACT

High fat diet (HFD)-induced obesity leads to perturbation in the storage function of white adipose
tissue (WAT) resulting in deposition of lipids in tissues ill-equipped to deal with this challenge. The
role of insulin like growth factor-1 (IGF-1) in the systemic and organ-specific responses to HFD is
unclear. Using cixutumumab, a monoclonal antibody that internalizes and degrades cell surface
IGF-1 receptors (IGF-1 R), leaving insulin receptor expression unchanged we aimed to establish the
role of IGF-1 R in the response to a HFD. Mice treated with cixutumumab fed standard chow
developed mild hyperinsulinemia with no change in WAT. When challenged by HFD mice treated
with cixutumumab had reduced weight gain, reduced WAT expansion, and reduced hepatic lipid
vacuole formation. In HFD-fed mice, cixutumumab led to reduced levels of genes encoding
proteins important in fatty acid metabolism in WAT and liver. Cixutumumab protected against
blunting of insulin-stimulated phosphorylation of Akt in liver of HFD fed mice. These data reveal
an important role for IGF-1 R in the WAT and hepatic response to short-term nutrient excess. IGF-
1 R inhibition during HFD leads to a lipodystrophic phenotype with a failure of WAT lipid storage
and protection from HFD-induced hepatic insulin resistance.
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Introduction

Obesity secondary to excess intake of lipid is
a multisystem disorder associated with disruption of
signalling pathways critical to efficient energy utiliza-
tion and storage [1]. A pathophysiological hallmark
of obesity is insulin resistance, often defined as
impaired ability of insulin to promote glucose uptake
in muscle and fat and inhibit gluconeogenesis in the
liver [2,3]. Insulin may act in synergy with insulin
like growth factor-1 (IGF-1) to coordinate responses
to nutrient availability. Support for this possibility is
provided by the fact that IGF-1 and insulin-diverged
during evolution from a single common IGF-1/insu-
lin precursor which linked nutrient intake and
growth [4]. Upon nutrient abundance, this precursor
was released, stimulating cellular anabolism and tis-
sue growth [5]. The role of IGF-1 in regulating

metabolism in mammals, and its effect on different
tissues under different nutritional circumstances, is
incompletely explored. While illuminating, studies
employing mice with genetic depletion of IGF-1 R
have limitations and the recent demonstration that
the insulin receptor (IR) and IGF-1 R can impact on
expression of multiple imprinted genes and
microRNAs [6] highlights the need to examine the
role of IGF-1 R using complementary approaches to
germline deletion. Here, we describe the effect of
short-term disruption of IGF-1 signalling using an
IGF-1 R-specific monoclonal antibody to systemically
knockdown IGF-1 R in mice receiving either a stan-
dard chow diet or a high-fat high-calorie diet (HFD).
Our data identify the IGF-1 R as a critical regulator
of white (WAT) and hepatocyte remodelling when
challenged by calorie excess.
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Results kidneys, and aorta weight (Figure 1(b)), epididymal
fat mass (Figure 1(c)), white adipocyte area
(Figure 1(d)), and BAT mass (Figure 1(e)), was
similar in cixutumumab and isotype control-
treated mice. In glucose tolerance tests, cixutumu-
To investigate the effect of systemically reducing  mab-treated mice demonstrated a similar increase
IGF-1 R using a non-genetic approach, we treated in blood glucose as isotype control-treated mice
C57/B16] mice with the monoclonal antibody cixu- (Figure 1f), whereas in insulin tolerance tests, cix-
tumumab (A12) (Supplementary Figure 1A), which  utumumab-treated mice demonstrated reduced
induces internalization and degradation of IGF-1 R insulin sensitivity compared to isotype control-
or an isotype control (IC) antibody (kind gifts from treated mice (Figure 1(g)). Serum leptin concentra-

Pharmacological whole-body reduction of IGF-1 R
in mice-receiving chow diet leads to
hyperinsulinemia and insulin resistance

ImClone). On a standard chow diet, cixutumumab- tions were similar in cixutumumab-treated mice
treated mice had reduced IGF-1 R expression  compared to isotype control-treated mice. Serum
(Supplementary Figure 1B) but unaltered IR expres-  insulin and IGF-1 concentrations were significantly

sion (Supplementary Figure 1C) in liver, skeletal  higher in cixutumumab-treated mice compared to
muscle and WAT. Body mass (Figure 1(a)), heart, isotype control-treated mice (Table 1). There was
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Figure 1. Examination of the effect of cixutumumab (A12) a specific antibody leading to internalization and degradation of the
insulin like growth factor-1 receptor (IGF-1 R) in chow fed mice. Male C57BL/6 J mice were fed standard chow for 6 weeks and
received 10 mg/kg cixutumumab or isotype control (IC) every 3 days by intraperitoneal injection for 3 weeks, 21 days after
commencing diet. (a) No difference in body weight in cixutumumab-treated mice compared to isotype control-treated mice (n = 5).
(b) No difference in organ weight in cixutumumab-treated mice compared to isotype control treated mice (n = 26). (c) No difference
in epididymal fat pad (EFP) weight in cixutumumab-treated mice compared to isotype control (n = 26). (d) No change in white
adipocyte size in EFP from cixutumumab-treated mice compared to isotype control (n = 12). (e) No change in brown adipose tissue
(BAT) weight in cixutumumab-treated mice compared to isotype control-treated mice (n = 18). (f) No difference in glucose tolerance
tests in cixutumumab-treated mice compared to isotype control-treated mice (n = 8). (g) Insulin tolerance tests in cixutumumab
treated mice demonstrated a blunted decline in blood glucose in response to insulin compared to isotype control-treated mice
(n = 8). (h) No difference in liver weight in cixutumumab-treated mice compared to isotype control-treated mice (n = 26). (i) No
difference in hepatic triglyceride content in cixutumumab-treated mice compared to isotype control-treated mice (n = 5). (j) No
difference in hepatic cholesterol content in cixutumumab-treated mice compared to isotype control-treated mice (n = 5). Data
expressed as mean (SEM),* denotes P < 0.05, n denotes number of mice per group, comparisons made using unpaired students
t test or area under curve (AUC) where indicated.
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Table 1. Circulating levels of IGF-1, insulin, and leptin in cixu- Pharmacological reduction of IGF-1 R in mice
tumumab-treated chow-fat fed mice in fed state (A12 denotes receiving high-fat diet leads to reduced weight
cixutumumab, IC denotes isotype control, data expressed as gain, blunted WAT expansion, and reduced hepatic
mean (SEM)* denotes P < 0.05). lipid vacuole formation

Diet Chow Mean (SEM)
Control A12 We next investigated cixutumumab treatment in the
IGF-1 (pg/mL) 654.19 (32.09), n =5 1165.43 (81.68), n = 5 setting of positive energy balance. On HFD, we con-
p = 0.001 A )
Insulin (ng/mL) 3368 (0.313), n = 6 7.262 (0.804), n = 6 firmed cixutumumab-treated mice had reduced IGF-
p = 0.001 : P
Leptin (ng/mL) 0108 (0.017), n = 5 0.150 001, 1 = 5 1 R expression in liver, skeletal muscle and WAT
p=ns (Supplementary Figure 1D), but unaltered IR expres-

sion (Supplementary 1E). Body weight gain (Figure 2
(a)), final total body weight (Supplementary Figure 2A-
no difference in liver mass (Figure 1(h)), hepatic C) in cixutumumab-treated mice, epididymal fat depot
triglyceride content (Figure 1(i)) or hepatic choles-  mass (Figure 2(c)), and mean adipocyte area in epidi-
terol content (Figure 1(j)) in cixutumumab-treated = dymal and subcutaneous WAT depots (Figure 2(e,f))
mice compared to isotype control-treated mice. were all reduced in cixutumumab-treated mice. Heart,
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Figure 2. Examination of the effect of cixutumumab (A12), a specific antibody leading to internalization and degradation of the
insulin like growth factor-1 receptor (IGF-1 R) in high fat fed mice. Male C57BL/6 J mice were fed a high fat diet for 6 weeks and
received 10 mg/kg cixutumumab or isotype control (IC) every 3 days by intraperitoneal injection for 3 weeks, 21 days after
commencing diet: (a) Weight gain in cixutumumab-treated mice trended to be reduced compared to isotype control treated mice
(Chow; n = 5 and High fat; n = 26). (b) No difference in organ weight in cixutumumab-treated mice compared to isotype control-
treated mice (n = 26). (c) Reduced epididymal fat pad (EFP) weight in cixutumumab-treated mice compared to isotype control
treated mice (n = 26). (d) No difference in brown adipose tissue (BAT) weight in cixutumumab-treated mice compared to isotype
control treated mice (n = 18). (e) Reduced white adipocyte size in EFP from cixutumumab-treated mice compared to isotype control
mice (n = 12). (f) Reduced white adipocyte size in subcutaneous fat depots of cixutumumab-treated mice compared to isotype
control treated mice (n = 4). (g) Increased in white lipid area of BAT in cixutumumab-treated mice compared to isotype control-
treated mice (n = 7). (h) No difference in glucose tolerance tests in cixutumumab-treated mice compared to isotype control treated
mice (n = 8). (i) In insulin tolerance tests, cixutumumab-treated mice demonstrated a trend towards a blunted decline in blood
glucose in response to insulin compared to isotype control-treated mice (n = 8). Data expressed as mean (SEM),* denotes P < 0.05,
n denotes number of mice per group, comparisons made using unpaired students t test or area under curve (AUC) where indicated.
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kidneys, and aorta weight (Figure 2(b)) were similar in and IGF-1 were elevated in cixutumumab-treated
cixutumumab and isotype control-treated mice, as was ~ mice. Fasting glucose levels in both groups and IGF-1
BAT mass (Figure 2(d)). Lipid content of BAT  were elevated in cixutumumab-treated mice
(Figure 2(g)) was increased in cixutumumab-treated (Supplementary Figure 3A, B).

mice. In glucose tolerance tests, cixutumumab-treated
mice demonstrated a similar increase in blood glucose
to isotype control-treated mice (Figure 2(h)), whereas
in insulin tolerance tests, cixutumumab-treated mice
demonstrated a tendency to reduced insulin sensitivity
compared to isotype control-treated mice (Figure 2(i)).
Fasting plasma glucose concentration was significantly ~ Cixutumumab-treated mice receiving HFD demonstrated
increased in chow-fed cixutumumab-treated mice com-  increased food intake (Figure 3(a)) but unaltered water
pared to the isotype control (Supplementary Figure 2D-  intake (Figure 3(b)). There was a tendency towards
E), while fasting plasma glucose levels in HFD-fed mice increased urine output (Figure 3(c)), and faecal output
treated with cixutumumab demonstrated no difference. ~ was greater (Figure 3(d)), in cixutumumab-treated mice
Circulating concentrations of insulin, free fatty acids,  compared to isotype control treated mice. Daily energy lost
triglycerides, and leptin were similar in both groups  in urine (Figure 3(e) and lipid lost in faeces (Figure 3(f))

Pharmacological reduction of IGF-1 R in mice
receiving high-fat diet leads to increased food
intake and increased urinary and faecal energy loss
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Figure 3. Examination of the metabolic effects of cixutumumab (A12), a specific antibody leading to internalization and degradation
of the insulin like growth factor-1 receptor (IGF-1 R) compared to isotype control in high-fat diet fed mice. Male C57BL/6 J mice were
fed a high fat diet for 6-weeks and received 10 mg/Kg cixutumumab or isotype control (IC) every 3 days by intraperitoneal injection
for 3 weeks, 21 days after commencing diet: (a) Increased food intake in cixutumumab-treated mice compared to isotype control
treated mice (n = 12). (b) Similar water intake in A12-treated mice compared to isotype control treated mice (n = 12). (c) Tendency
for increased urine output in cixutumumab-treated mice compared to isotype control treated mice (n = 12). (d) Increased faecal
output in cixutumumab-treated mice compared to isotype control-treated mice (n = 12). (e) Increased urinary energy loss per day in
cixutumumab-treated mice compared to isotype control-treated mice (n = 12). (f) Increased faecal lipid loss per day in cixutumu-
mab-treated mice compared to isotype control-treated mice (n = 12). (g) Gene expression in epididymal fat pad (EFP) of
cixutumumab-treated mice compared to isotype control-treated mice (n = 9-13). (h) Gene expression in brown adipose tissue
(BAT) from cixutumumab-treated mice compared to isotype control treated mice (n = 15-20). (i) Gene expression in BAT from
cixutumumab-treated mice compared to isotype control-treated mice (n = 11-13). (j) Pparg gene expression was increased in
subcutaneous adipose tissue (ScAT) of cixutumumab-treated mice compared to isotype control-treated mice (n = 11-13). Data
expressed as mean (SEM),* denotes P < 0.05, n denotes number of mice per group, comparisons made using unpaired student's
t test or area under curve (AUC) where indicated.
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were greater in cixutumumab-treated mice compared to
isotype control-treated mice.

Pharmacological reduction of IGF-1 R in mice
receiving high-fat diet differentially alters gene
expression in WAT and BAT

Gene expression of Igflr, Tnfa, and Lep was similar in WAT
of cixutumumab-treated mice receiving HFD, compared to
isotype control-treated mice (Figure 3(g)). Gene expression
of Ucp-1, Vegf, Igf-1 r, Prdm16, Cidea, Lep, Tnfa, in inter-
scapular BAT in both high fat and chow-fed groups, were
also comparable in cixutumumab-treated mice and isotype
control-treated mice (Figure 3(h, i) and Supplementary
Figure 4A-B). In subcutaneous WAT, expression of Ppary
was significantly increased in cixutumumab-treated mice
(Figure 3(j)), but not epididymal WAT (Figure 4(a)). We
also examined expression of genes encoding sterol regula-
tory element-binding protein 1 (Srebp-1), fatty acid
synthase (Fas), microsomal triglyceride transfer protein
(MTTP), HMG-CoA reductase (HMGCR) and Acetyl-
CoA carboxylase 1 (Acc) in BAT, subcutaneous WAT and
epididymal WAT. In mice fed a HFD cixutumumab had no
effect on these genes in BAT (Figure 4(b)). In contrast to
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this in subcutaneous WAT, cixutumumab-reduced expres-
sion of Acc, Mttp, and Hmgcr mRNAs (Figure 4(c)). In
epididymal WAT cixutumumab-reduced expression of the
gene encoding Mttp (Figure 4(d)).

Pharmacological reduction of IGF-1 R in mice
receiving high-fat diet leads to reduced hepatic
lipid deposition and enhanced insulin mediated Akt
phosphorylation

Finally, we quantified hepatosteatosis in cixutumumab-
treated mice in the setting of HFD-induced positive
energy balance. We found that liver mass (Figure 5
(a)), hepatic triglyceride, and cholesterol content were
similar in cixutumumab-treated mice compared to iso-
type control-treated mice (Figure 5(b, c)). Lipid deposi-
tion quantified using haematoxylin and eosin (Figure 5
(d)) and Oil-Red O staining (Figure 5(e)) was reduced
in cixutumumab-treated mice compared to isotype
control-treated mice, as was hepatic lipid droplet area
(Figure 5(f)). Expression of many classical markers of
fatty liver disease was similar in cixutumumab-treated
mice compared to isotype control-treated mice
(Figure 5(g)) whereas cixutumumab-treated mice
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Figure 4. Examination of the effects of cixutumumab (A12), a specific antibody leading to internalization and degradation of the
insulin like growth factor-1 receptor (IGF-1 R) on expression of mRNAs encoding genes important in fatty acid and cholesterol
metabolism. Male C57BL/6 J mice were fed a high fat diet for 6-weeks and received 10 mg/Kg A12 or isotype control (IC) every
3 days by intraperitoneal injection for 3 weeks, 21 days after commencing diet: (a) No difference in expression of pparg in epididymal
white adipose tissue of cixutumumab-treated mice compared to isotype control-treated mice (n = 9-12). (b) No difference in mRNAs
of Mttp, Hmgr, Fas, Srebpic or Accl in brown adipose tissue of cixutumumab-treated mice compared to isotype control-treated mice.
(c) Reduced mRNAs of Mttp, Hmgr and Accl in subcutaneous white adipose tissue of cixutumumab-treated mice compared to
isotype control-treated mice (n = 7-10). (d) Reduced mRNA of Mttp in epididymal WAT of cixutumumab-treated mice compared to
isotype control-treated mice (n = 5-7). Data expressed as mean (SEM),* denotes P < 0.05; **P < 0.005; #P < 0.05. n denotes number
of mice per group, comparisons made using unpaired student's t test.
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Figure 5. Examination of the effects of cixutumumab (A12), a specific antibody leading to internalization and degradation of the
insulin like growth factor-1 receptor (IGF-1 R) compared to isotype control on hepatosteatosis in high fat fed mice. Male C57BL/6 J
mice were fed a high fat diet for 6-weeks and received 10 mg/Kg cixutumumab or isotype control (IC) every 3 days by
intraperitoneal injection for 3 weeks, 21 days after commencing diet: (a) No difference in liver weight in cixutumumab-treated
mice compared to isotype control-treated mice (n = 26). (b) No difference in hepatic triglyceride in cixutumumab-treated mice
compared to isotype control-treated mice (n = 5). (c) Tendency for increased hepatic cholesterol content in cixutumumab-treated
mice compared to isotype control treated mice (n = 5). (d) Decreased number of lipid vacuoles in H&E stained sections of liver from
cixutumumab-treated mice compared to isotype control-treated mice (n = 6). (e) Reduced mean steatosis area in liver quantified
using Oil-Red O staining in cixutumumab-treated mice compared to isotype control-treated mice (n = 4). f) Reduced mean vacuole
area in cixutumumab-treated mice compared to isotype control-treated mice (n = 6). (g) Expression levels of fatty liver markers in
liver tissue of cixutumumab-treated mice compared to isotype control-treated mice (n = 5-9) showing a significant increase in Mttp
mRNA. Data expressed as mean (SEM),* denotes P < 0.05, n denotes number of mice per group, comparisons made using unpaired
student's t test.

showed increased expression of the gene encoding Mttp  significant differences were observed in cixutumumab-
(Figure 5(g)). treated mice in the expression of total FOXO
We, then examined the effect of cixutumumab on  (Supplementary Figure 5A), GSK (Supplementary
insulin signalling in liver (Supplementary Figure 6) and  Figure 5D), or in the phosphorylation levels of FOXO
muscle (Supplementary Figure 7) of HFD fed mice  (Supplementary Figure 5B) and GSK (Supplementary
in vivo. To do this, we injected cixutumumab or isotype  Figure 5E). We also observed no significant changes in
control-treated mice with insulin or vehicle and quan-  insulin-mediated =~ phosphorylation ~ of =~ FOXO
tified serine 473 phosphorylation of Akt in liver and  (Supplementary Figure 5C) or GSK in the cixutumu-
skeletal muscle. In cixutumumab-treated mice, basal =~ mab-treated mice compared to vehicle control
Akt in liver (Figure 6(a)) and skeletal muscle  (Supplementary Figure 5 F).
(Figure 6) d)) tended to be lower than isotype control-
treated mice but this did not reach statistical signifi-
cance. In cixutumumab-treated mice, phosphorylation

of Akt (Figure 6(b)) showed a strong trend towards an  To examine the effect of short-term disruption of IGF-1
increase in liver, while skeletal muscle showed no dif-  signalling on increased energy balance-related changes
ference (Figure 6(e)). Insulin-stimulated serine 473  in lipid storage and AT function, we employed
phosphorylation of Akt in liver was significantly greater 3 pharmacological ~approach using the IGEF-
in cixutumumab-treated mice compared to isotype 1 R-specific antibody cixutumumab, which has been
control-treated mice (Figure 6(c)) with no significant  ysed in humans to treat a range of malignancies [7,8].
differences in skeletal muscle (Figure 6(f)). We then  The following key findings are reported: (1) Reducing
examined the effect of cixutumumab treatment on  [GF-1 R using cixutumumab did not alter IR expres-
responses of molecules downstream of Akt. No sion. (2) Mice on a standard chow diet with reduced

Discussion
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Figure 6. Examination of the effects of cixutumumab (A12), a specific antibody leading to internalization and degradation of the
insulin like growth factor-1 receptor (IGF-1 R) on insulin-induced serine-473 phosphorylation of Akt in liver and muscle in fasted
mice. Male C57BL/6 J mice were fed a high fat diet for 6-weeks and received 10 mg/kg cixutumumab or isotype control (IC) every
3 days by intraperitoneal injection for 3 weeks, 21 days after commencing diet: Isotype Control (IsoC) and cixutumumab (A12)-
treated high fat-fed mice were injected with Insulin (Ins; (0.75 unit/kg: Actrapid, n = 5) or vehicle control (C; n = 5). (a) No significant
difference in total Akt expression in liver between cixutumumab (A12) and isotype control (IsoC)-treated mice fed high fat diet (n =5
each group) injected with vehicle (n = 5). (b) There was a strong statistical trend towards increased phosphorylation of Akt (Akt-
Ser473) in liver between cixutumumab (A12) and isotype control (IsoC)-treated mice on high fat diet injected with vehicle control
(n = 5). () Insulin-stimulated (Ins) Serine-473 phosphorylated Akt (Akt-Ser473) was significantly greater in liver of cixutumumab-
treated (A12) mice compared to isotype control (Iso C)-treated mice fed high fat diet (n = 5). (d) No significant difference in total Akt
expression in muscle between cixutumumab (A12) and isotype control (IsoC)-treated mice fed high fat diet (n = 5) injected with
vehicle. (e) No significant difference was observed in the phosphorylation levels of Akt (Akt-Ser473) in muscle between cixutumu-
mab (A12) and isotype control (IsoC)-treated mice on high fat diet injected with vehicle control (n = 5). (f) No statistical difference
was seen in the insulin-stimulated (Ins) Akt phosphorylation in muscle of cixutumumab-treated (A12) mice compared to isotype
control (Iso C)-treated mice fed high fat diet (n = 5). Representative blot shown in the left-most panels of Akt. Akt-Ser473/Relative
Akt expression was calculated as Akt-Ser473/(Akt/Actin). Data expressed as mean (SEM),* denotes P < 0.05, n denotes number of
mice per group, comparisons made using unpaired student's t test, using Mann Whitney test.

littermates. Consistent with this, mice with reduced
levels of the IGF-1 R on HFD demonstrated abnormal

IGF-1 R expression had no difference in fat depot mass,
adipocyte size, hepatic mass or fat content compared to

control mice. (3) In the setting of HFD-induced obe-
sity, cixutumumab prevented weight gain and led to
a lipodystrophic pattern with reduced WAT expansion
and increased lipid deposition in BAT. (4) In the liver
of HFD-fed mice cixutumumab led to reduced micro-
scopic evidence of hepatosteatosis, increased expression
of microsomal triglyceride transfer protein and
enhanced insulin stimulated serine phosphorylation of
Akt. (5) In HFD-fed mice cixutumumab led to reduced
levels of genes encoding proteins important in fatty
acid metabolism in subcutaneous and visceral WAT.

IGF-1 R deficient mice develop lipodystrophy on
a high fat diet

When placed on a HFD, mice with reduced IGF-1 R
due to cixutumumab treatment did not gain as much
weight and displayed increased urinary energy and
faecal lipid loss compared to isotype control-treated

fat distribution with a reduction in subcutaneous and
abdominal fat depot size. In the liver, there was no
increase in mass and no significant effect on hepatic
triglyceride content. There was, however, in cixutumu-
mab-treated mice microscopic evidence of reduced
hepatosteatosis but no gross effects which may have
become more evident with more prolonged feeding.
Taken together, this suggests that BAT was the princi-
pal site for lipid deposition in IGF-1 R deficient mice
fed a HFD. Increased hepatic expression of microsomal
triglyceride transfer protein, which is essential for the
secretion of VLDL ApoB-lipoproteins, may provide an
explanation for reduced hepatic lipid droplet formation
in cixutumumab recipients. Previous studies have
shown that liver-specific microsomal triglyceride trans-
fer protein knockout mice receiving HFD exhibit hepa-
tic steatosis due to ineffective VLDL secretion [9] and
that obese mice on an ob/ob background have
increased hepatic triglyceride content resolved by



administration of recombinant adenovirus murine
microsomal triglyceride transfer protein DNA [10].
The relationship between IGF-1 and microsomal trigly-
ceride transfer protein warrants future investigation.
We went on to examine expression of genes impor-
tant in fatty acid metabolism and flux in different AT
depots. Interestingly, we found a depot-specific effect of
cixutumumab on these genes, dysregulation of which
are thought to contribute to the pathogenesis of the
metabolic syndrome [11]. While we found no differ-
ence in plasma free fatty acids in mice fed HFD treated
with cixutumumab or isotype control, the finding that
cixutumumab-treated mice had significantly less visc-
eral and subcutaneous WAT suggests that lipolysis as
a measure of total fat mass may be altered in the WAT
of cixutumumab-treated mice. An effect of reducing
IGF-1 R in adipocytes on changes in WAT lipolysis in
the presence of a high fat diet warrants future study.

Deficiency of IGF-1 R leads to whitening of BAT in
the presence of nutritional obesity

In humans, BAT was thought to disappear during post-
natal development, but recent studies have shown that
adults harbour BAT [12]. While a range of studies have
examined the mechanisms of ‘browning’ of WAT,
information around ‘whitening’ of BAT is limited
[13,14]. BAT mass was reduced but there was no
change in morphology in cixutumumab and isotype
control-treated obese mice. WAT-specific IGF-1 R
knockout mice receiving standard chow diet had no
perturbation of insulin sensitivity or glucose tolerance.
Histological analysis of BAT from cixutumumab-
treated mice showed adipocytes with a morphology
intermediate to typical brown and white adipocytes,
along with increased lipid deposition. Multiple
mechanisms have been proposed to account for transi-
tion between white and brown adipocytes [15]. In the
present report, systemic IGF-1 R deficiency did not
change the expression of archetypical BAT marker
genes (e.g. Ucp-1, Vegf) in BAT, but did increase per-
oxisome proliferator activated receptor gamma (Ppary)
expression in subcutaneous WAT a well-established
regulator of adipocyte expansion and plasticity [16].

Models of adipocyte-specific perturbation of IGF-1
signalling compared to whole body reduction in
IGF-1 R expression

A number of studies have employed tissue-specific
approaches to examine the role of the IGF-1 R and its
ligand in adipocyte biology. Kloting et al. deleted the
IGF-1 R in adipocytes using the fatty acid binding
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protein (aP2) promoter [17]. They found no impact
on glucose and insulin tolerance, but showed that
these mice had increased WAT mass, with no differ-
ence in BAT mass. Interpretation of this report is
difficult due to off-target IGF-1 R deletion in brain
tissue. Moreover, they did not examine the effect of
adipocyte-specific deletion of the IGF-1 R in the setting
of increased energy balance.

More recently, Boucher et al. performed studies in
mice with adipocyte-specific deletion of both IR and
IGF-1 R (FIGIRKO) [18]. On a chow diet, FIGIRKO
mice had reduced epididymal fat pad mass but unlike
our study they observed reduced lipid content of BAT.
FIGIRKO were protected against age-induced glucose
intolerance, and when fed HFD were protected against
obesity with reduced WAT and BAT depot sizes.
FIGIRKO receiving HFD unlike the present study
were prone to hepatosteatosis. In their study, in con-
trast to our own findings, Boucher et al. showed that
deletion of IGF-1 R had minimal effect on WAT expan-
sion, whereas mice lacking IR or both IR and IGF-1 R
in adipocytes displayed a lipodystrophic phenotype
with severe diabetes, insulin resistance and ectopic fat
distribution in muscle and liver. BAT mass, in contrast,
was only decreased when both IR and IGF-1 R were
deleted, indicative of a more integrated role of these
receptors in BAT physiology.

Sakaguchi et al. [19] used tamoxifen-inducible mod-
els to avoid potential off-target effects of germline dele-
tion of IR or IGF-1 R. Unlike our study, they did not
demonstrate a significant effect of reduced adipocyte
IGF-1 R on fat development. A number of possibilities
for the discrepancies between our study and those of
Boucher and Sakaguchi should be borne in mind. First,
when deleting the IGF-1 R, one must consider its effect
on insulin signalling. We demonstrated that mice with
germline haploinsufficiency of IGF-1 R have enhanced
insulin-mediated glucose lowering with impaired glu-
cose tolerance [20]. Studies of osteoblasts [21], breast
cancer cells [22], endothelial cells [20], and of particular
relevance, brown adipocytes [23] have shown that
genetic reduction of IGF-1 R expression enhances insu-
lin sensitivity, indicating that the insulin-generated sig-
nal is negatively regulated by an interaction with the
IGF-1 R. In cells from humans with polymorphisms
associated with a reduction in IGF-1 R expression,
a similar pattern of enhanced insulin sensitivity has
been demonstrated [24].

Genetic studies targeting specific cells whilst infor-
mative do not provide information regarding the effect
of acute whole-body reduction in IGF-1 R expression
and so potentially may miss disturbances in cross talk
between different organs and tissues in the presence of
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the nutritional challenge of a HFD. Our own study is
a case in point, with systemic IGF-1 R knockdown
leading to reduced WAT expansion in the presence of
HFD and evidence suggesting mitigation against hepa-
tic lipid droplet formation supporting an important
role for IGF-1 R in lipid storage in different organs.
To examine the effect of cixutumumab on hepatic
insulin signalling in vivo, we injected HFD fed mice
with insulin and quantified phosphorylation of the
critical signalling molecule Akt in liver and in muscle.
We found a strong tendency for a reduction in total
Akt in cixutumumab-treated mice injected with insulin
and consistent with a negative effect of the IGF-1 R on
insulin signalling described above [20-24] enhanced
insulin-induced Akt serine phosphorylation in obese
mice. Consistent with the effects on glucose uptake we
showed no increase in insulin mediated phosphoryla-
tion of Akt in skeletal muscle. Our findings of a strong
tendency for a reduced total pool of Akt in liver in
insulin-treated mice important questions.
Previous studies have shown that degradation of Akt
may be accompanied by an increase in relative levels of
phosphorylated Akt [25-27]. The role of the IGF-1 R in
regulation of Akt expression warrants future studies.
This notwithstanding these findings raise the intriguing
possibility that a potential mechanism underpinning (at
least in part) the effect of cixutumumab on hepatic
steatosis may be enhanced hepatic insulin sensitivity.
Support for this possibility comes from mice with
hepatocyte-specific deletion of the insulin receptor
showing that the key consequence of hepatic insulin
resistance is deleterious cellular and molecular changes
which exacerbate hepatocyte triglyceride storage [28].

raises

Potential mechanisms underlying
cixutumumab-induced alterations in adipose tissue
responses to nutritional obesity

Changes at a whole-body level affecting multiple tissues
mean that a single underpinning mechanism for the
lipodystrophy and redistribution of lipid storage seen in
cixutumumab-induced IGF-1 R deletion is unlikely.
While recent publications using gene-modified mice
imply a minimal role for IGF-1 in the AT response to
an increase in energy balance, our dataset suggest that
at a whole-body level this may not be the case.
Consistent with this argument, we have previously
demonstrated that mice with overexpression of IGF-1
binding protein-2, which limits the access of IGF-1 to
its target tissues, have significantly reduced WAT
expansion in response to both ageing and a high-fat
diet [29].

The hyperplastic growth of WAT requires the for-
mation of new adipocytes in vivo. Because mature adi-
pocytes are post-mitotic, new adipocytes arise from the
differentiation of precursor cells residing within AT.
Elegant studies from the group of Matthew
Rodeheffer show that developmental and obesogenic
adipogenesis are regulated through distinct molecular
pathways [30]. Rodeheffer and colleagues showed that
HFD in mice rapidly and transiently induced prolifera-
tion of adipocyte precursor cells specific to the perigo-
nadal WAT depot in male mice, consistent with the
patterns of obesogenic WAT growth seen in humans.
Rodehefter showed in multiple models of obesity that
activation of adipocyte precursor cells in diet-induced
obesity is dependent on the phosphoinositide 3-kinase-
AKT pathway. The effect of cixutumumab and the IGF-
1 R per se in this pathway warrants investigation.

Mice treated with cixutumumab on a high fat diet
had a reduction in weight gain and adiposity which
may be in part explained by reduced lipid absorption.
This raises important question of how does cixutumu-
mab impact on intestinal function. Multiple mechan-
isms may account for this effect on lipid absorption we
recently demonstrated that the IGF-1 R in the endothe-
lium may act as a nutrient sensor and when overex-
pressed in the endothelium may change the
architecture of the gut microbiota [31]

Adipocyte size was reduced by cixutumumab treat-
ment in mice fed a high fat diet the underlying
mechanisms may simply be reduced lipid absorption.
On the other hand an effect on adipose tissue expand-
ability [32] cannot be excluded.

Study limitations

The present study used a non-genetic approach to avoid
the need for tamoxifen to induce knockdown of IGF-1 R
and potential off-target effects using a genetic approach.
However, cixutumumab-induced global reduction of
IGF-1 R and whole body insulin resistance makes it
difficult to dissect the specific role of IGF-1 R at a tissue
level. Moreover, we did not perform more prolonged
studies of cixutumumab administration, so the longer-
term effects and the potential for WAT regeneration, as
reported by Sakaguchi et al. [19] cannot be commented
on using the present dataset. We examined the effect of
cixutumumab in male mice only. Studies have shown
that when controlling for diet and other environmental
conditions, male mice show significantly greater expan-
sion of total body mass including subcutaneous AT
[33,34]. Studies in female mice would be of interest. In
the present analysis mice fed HFD treated with cixutu-
mumab ingested more food than isotype control-treated



mice. Pair feeding experiments limiting the amount of
calories to cixutumumab-treated mice as ingested by
isotype control mice would provide further information
on the effects of IGF-1 R blockade independent of differ-
ences in energy intake. In the present study we did not
perform detailed metabolic cage studies so a contribution
of increased energy expenditure and changes in locomo-
tor activity cannot be excluded.

Methods and materials
Animals & animal procedures

C57BL/6 ] mice (Purchased from Charles River) were
maintained in an Animal Holding; room temperatures
were kept at 21°C, within a range of + 2°C and humid-
ity controlled environment on a 12 hour light: dark
cycle. Male mice were studied in all experiments, with
treatment beginning at 6-8 weeks of age, and were
conducted in accordance with accepted standards of
humane animal care under United Kingdom Home
Office Project licence No. P144DDOS6.

Pharmacological reduction of IGF-1 R

To acutely reduce IGF-1 R expression, we used cixutu-
mumab (A12), a monoclonal antibody that causes
internalization and degradation of IGF-1 R [7,8].
Cixutumumab and an isotype control (IC) antibody to
an irrelevant antigen (anti-KLH\ IgG1) were obtained
from ImClone Systems. 3 weeks after commencing
a high-fat diet mice were treated every 3 days with
10 mg/kg cixutumumab or isotype control antibody
by intraperitoneal (IP) injection for 3 weeks as pre-
viously described [35] and experimental protocol
shown in Supplementary Figure 1A.

High fat diet-induced obesity

To induce obesity, mice were fed HFD (60%) Diet
F3282, 5450 kcal/kg; Bio-serv, Frenchtown NJ; for
details of diet composition, see https://www.bio-serv.
com/product/HFPellets.html [29,36,37], as shown in
the experimental protocol (Supplementary Figure 1A).

Mouse growth and morphology

Body and organ mass was determined after 6 weeks of
feeding HFD or standard chow diet. Adipose tissue
(epididymal fat pads, subcutaneous depots, and inter-
scapular brown fat depots) was carefully dissected,
blotted, and weighed immediately.
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In vivo examination of glucose homoeostasis and
insulin signalling

In vivo metabolic testing was performed as previously
described [23,36,37], for glucose tolerance testing, mice
were fasted for 12 hours, followed by intraperitoneal
(IP) injection of 1 mg/kg glucose. For insulin tolerance
testing [23,36,37], mice were fasted for 4 h, followed by
IP injection of 0.75 wunits/kg insulin (Actrapid;
NovoNordisk, Bagsvaerd, Denmark). Whole-blood glu-
cose was determined at 30 min intervals by tail vein
sampling using a portable metre (Accu-chek Aviva;
Roche Diagnostics, Burgess Hill, U.K.). Plasma insulin
was measured using ultrasensitive mouse ELISA kit
(CrystalChem, Downers Grove, IL), as previously
described [37]. To examine in vivo insulin signalling,
after 3 weeks of cixutumumab treatment, fasted mice
were injected IP with insulin (0.75 U/kg) or vehicle
(saline). After 15 min, mice were sacrificed and livers
rapidly harvested and snap-frozen.

Free fatty acids, triglycerides, cholesterol, and
leptin levels

Plasma free fatty acids and triglyceride concentrations
were determined using colorimetric assays [37] (Free
Fatty Acids Half-Micro test, Roche, Mannheim,
Germany, and Abcam, Cambridge, UK, respectively).
Leptin levels were measured using commercially avail-
able enzyme-linked immunosorbant assays (Merck
Millipore, Germany).

Fat depot and adipocyte size

Samples of AT from epididymal fat pads, subcutaneous
white AT (WAT) and interscapular brown AT (BAT)
depots were fixed in 4% paraformaldyhde and
embedded in paraffin. Multiple sections (separated by
100 um each) were obtained from each sample and
stained with haematoxylin and eosin. Digital images
of each section were acquired; cell areas were traced
manually for at least 100 cells per field by an investi-
gator blinded to sample identity, using Image
] software. Two fields from each of two sections from
each adipose tissue depot were analysed to derive the
mean cell area per animal [29].

Liver triglyceride content

Liver triglycerides were determined in 10% liver
homogenates prepared in buffer containing 250 mM
sucrose, 1 mM EDTA, 10 mM Tris-HCl pH 7.5,
using a commercial kit (GPO-PAP, Biolabo, SA
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Maizy, France). In brief, triglycerides were hydro-
lysed to glycerol and free fatty acids by lipoprotein
lipase (LPL). Further conversion and oxidation by
glycerol kinase (GK) and glycerol-3-phosphate
(GPO), respectively, allowed measurement of trigly-
ceride content at 485 nm absorbance.

Liver histopathology

Liver samples were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned and the slides rehy-
drated before haematoxylin and eosin staining. Oil Red
O staining was performed on frozen samples.
Qualitative and quantitative analyses were performed
by two senior consultant histopathologists (JW, RB)
blinded to treatments. Lipid droplets were quantified
per high-power field [38].

Quantification of receptor and Akt, GSK, and FOXO
expression

IGF-1 R, IR, phospho-Akt, Akt, phospho-GSK, GSK,
phospho-FOXO, and FOXO protein expressions were
quantified in tissues by Western blotting [13,31].
Tissues were lysed in extraction buffer containing
50 mM HEPES, 120 mM NaCl, 1 mM MgCl,, 1 mM
CaCl,, 10 mM NaP,O., 20 mM NaF,1 mM EDTA, 10%
glycerol, 1% NP40, 2 mM sodium orthovanadate, 0.5 pg/
ml leupeptin, 0.2 mM PMSF, and 0.5 pg/ml aprotinin,
before protein measurements were carried out by BCA
assay (Pierce). Equal amounts of protein were resolved
on SDS polyacrylamide gels (Invitrogen) and transferred
to polyvinylidene difluoride membranes. Blots were
incubated with appropriate primary antibodies (IR-beta

(C-19) and IGF-1 R-beta (C-20) and B-actin (C-4) from
Santa Cruz Biotechnologies); Akt, Ser*”? pAkt (XP),
Phospho-GSK-3a/B (Ser**:D17D2), GSK-3a (D80ES6),
Phospho-FOXO (PA5-110,122) from ThermoFisher
and FOXO (NBP3-05667) from Novus Biologicals),
and their corresponding peroxidase-conjugated second-
ary antibodies. Immunoblots were developed using
enhanced  chemiluminescence (Millipore) kits.
Immunoblots were scanned on a SynGene Imager and
bands were quantified using NIH Image ] software.
Protein expression was normalized to B-actin levels.

Gene expression

Adipose tissue RNA was isolated by homogenizing with
TRI-reagent as previously described [37], converted to
cDNA using a High Capacity Conversion Kit (Applied
Biosystems, Foster City, USA) and assayed using
a Lightcycler 480 SYBR Green MasterMix (Roche,
Basel, Switzerland). mRNA levels of Ucp-1, Vegf-1, Igf-
1 v, Ir, Lep, Cidea, FAS, SREPBPI, ACCl, Hmgr, and
Ppary were quantified and normalized to the house-
keeping gene 18S. Liver RNA was isolated using
a Monarch Total RNA Miniprep kit, converted to
cDNA with Luna Cell Ready One-Step RT-qPCR
(both New England Biolabs, MA, US) and assayed
using an iTaq Universal SYBR Green Supermix
(BioRad, CA, US). Levels of Mttp, Hmgr, Srebplc,
Ppara, Cptla, Accl, Fas, Chrebp, Cypp7Al, Hifla, and
Tnfa were quantified and normalized to rps29. In both
cases, real-time quantitative PCR was performed by
Roche LIGHTCYCLER 480 in a 384 well format [20].
Primer sequences are shown in Table 2.

Table 2. qPCR primers used in the study.

Gene Forward primer (5" to 3') Reverse primer (5" to 3')
18s GATGCTCTTAGCTGAGTGT GCTCTGGTCCGTCTTG

Ucp1 CTTTGCCTCACTCAGGATTGG ACTGCCACACCTCCAGTCATT
AdipoQ GTATCGCTCAGCGTTC CGTTGACGTTATCTGCAT

Lep CATTTCACACACGCAGT GGAGGTCTCGGAGATTC

Tnfa CCACCACGCTCTTCTGTCTAC AGGGTCTGGGCCATAGAACT
Prdm16 TGACGGATACAGAGGTGTCAT ACGCTACACGGATGTACTTGA
Cidea AATAGCCAGAGTCACCTTCG GGATGGCTGCTCTTCTGTAT
Pparg CACAATGCCATCAGGTTTGG GCTGGTCGATATCACTGGAGATC
rps29 m GTCTGATCCGCAAATACGGG AGCCTATGTCCTTCGCGTACT
Mttp ATACAAGCTCACGTACTCCACT TCCACAGTAACACAACGTCCA
Hmgr AGCTTGCCCGAATTGTATGTG TCTGTTGTGAACCATGTGACTTC
Srebpc GATGTGCGAACTGGACACAG CATAGGGGGCGTCAAACAG
Adipog GCAGAGATGGCACTCCTGGA CCCTTCAGCTCCTGTCATTCC
Ppara TATTCGGCTGAAGCTGGTGTAC CTGGCATTTGTTCCGGTTCT
Cptia CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA
Accl GATGAACCATCTCCGTTGGC GACCCAATTATGAATCGGGAGTG
Fas TCCTGGGAGGAATGTAAACAGC CACAAATTCATTCACTGCAGCC
Chrebp TGCTTGAGCCTGGCTTACAGTG AGGCCTTTGAAGTTCTTCCACTTG
Cyp7al CAGGGAGATGCTCTGTGTTCA AGGCATACATCCCTTCCGTGA

Hifla

ACCTTCATCGGAAACTCCAAAG

CTGTTAGGCTGGGAAAAGTTAGG




Metabolic assessment

To examine food and water intake, urine output and
faecal mass, mice were housed in individual cages
(Techniplast no. 3700M071, Scanbur, Koge, Denmark)
and acclimatized for 2 days before commencing urine
and faeces collection and monitoring food intake for 5
consecutive days. Body temperature was measured
using a rectal thermometer, as previously reported [29].

Energy lost in urine

Urine samples were deproteinised using a TCA kit then
assayed for glucose content with a commercial kit (both
Abcam, Cambridge, UK). Energy loss in urine was calcu-
lated using the following calculations: Energy lost in urine
kJ/day = (glucose in urine [mMol/1]/1,000) x molecular
weight glucose x (water intake [ml/day]/1,000) x
E density . E density.n, = energy density related to
oxidations within the body for carbohydrates as
glucose = 15.76 kJ/g [16].

Faecal lipid loss

Faecal samples (100 mg) were ground and lipids
extracted with saline and chloroform:methanol (2:1).
After centrifugation, the lower lipid phase was trans-
ferred to pre-weighed tubes and after overnight eva-
poration, the weight differential was used to calculate
the lipid mass per 1000 mg of faeces and average faecal
lipid excretion per day.

Statistics

Results are expressed as mean (SEM). Comparisons
within groups were made using paired Student's
t tests and between groups using unpaired Student's
t tests or area under curve [39], as appropriate,
n denotes number of mice per group per experiment.
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