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Type 2 diabetes, insulin resistance, and obesity are strongly
associated and are a major health problem worldwide.
Obesity largely results from a sustained imbalance between
energy intake and expenditure. Therapeutic approaches tar-
geting metabolic rate may counteract body weight gain and
insulin resistance. Bone morphogenic protein 7 (BMP7)
has proven to enhance energy expenditure by inducing
non-shivering thermogenesis in short-term studies in mice
treated with the recombinant protein or adenoviral vectors
encoding BMP7. To achieve long-term BMP7 effects, the
use of adeno-associated viral (AAV) vectors would
provide sustained production of the protein after a single
administration. Here, we demonstrated that treatment of
high-fat-diet-fed mice and ob/ob mice with liver-directed
AAV-BMP7 vectors enabled a long-lasting increase in circu-
lating levels of this factor. This rise in BMP7 concentration
induced browning of white adipose tissue (WAT) and activa-
tion of brown adipose tissue, which enhanced energy expen-
diture, and reversed WAT hypertrophy, hepatic steatosis,
and WAT and liver inflammation, ultimately resulting in
normalization of body weight and insulin resistance. This
study highlights the potential of AAV-BMP7-mediated
gene therapy for the treatment of insulin resistance, type 2
diabetes, and obesity.

INTRODUCTION
Type 2 diabetes (T2D) has become a major health problem because of
its alarmingly growing prevalence worldwide. Obesity is very strongly
associated with insulin resistance and T2D. These diseases lead to
long-term damage, dysfunction, and failure of several key organs, re-
sulting in a variety of severe complications such as hepatosteatosis,
non-alcoholic steatohepatitis (NASH), arthritis, hypertension, car-
diovascular disease, retinopathy, nephropathy, or neurodegeneration,
among others.1–5 Although conventional pharmacologic treatments
and lifestyle intervention have proven effective for many obese and
T2D patients, these approaches are not successful in all cases and
could result in undesirable side effects. Therefore, there is an urgent
need for novel therapeutic approaches to prevent and reverse the
T2D and obesity epidemic.
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The continued imbalance between energy intake and expenditure is
the main cause of obesity. In obese individuals, adipose tissue hyper-
trophy is associated with accumulation of fat in ectopic compart-
ments, such as the liver, and in development of insulin resistance.
Increased energy expenditure, through non-shivering thermogenesis
mediated by brown adipose tissue (BAT) uncoupling activity and/or
browning (appearance of beige adipocytes) of subcutaneous white ad-
ipose tissue (WAT), has been associated with leanness and improved
insulin sensitivity in both obese animal models and humans.6–12

The bone morphogenetic protein (BMP) family belongs to the trans-
forming growth factor b (TGF-b) superfamily of cytokines that
regulate an array of fundamental cellular processes including prolifer-
ation, differentiation, apoptosis and morphogenesis.13,14 Bone
morphogenic protein 7 (BMP7) has also been described as promoting
white adipogenesis, brown adipocyte differentiation, and thermogen-
esis.15,16 Administration of recombinant BMP7 or adenoviral (Ad)
vectors encoding BMP7 to healthy or high-fat diet (HFD)-fed mice
increases whole-body energy expenditure in short-term studies.16–18

Moreover, these treatments also improve insulin sensitivity and
reverse obesity in HFD-fed, ob/ob, and db/db mice.18,19 Nevertheless,
periodic administration of recombinant BMP7 protein is required,19

which, in addition, could compromise treatment compliance by pa-
tients. Likewise, the use of Ad-BMP7 vectors is not able to promote
long-term expression of the transgene due to the high immunoge-
nicity of Ad vectors.20,21

Here, we hypothesized that adeno-associated viral (AAV) vector-
mediated gene therapy offers the possibility of a one-time treatment
that would lead to sustained production of BMP7 for extended pe-
riods of time with low toxicity and immunogenicity.22,23 In this study,
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we found that treatment of obese HFD-fed or ob/ob mice with AAV
vectors encoding Bmp7 under the control of a liver-specific promoter
induced browning of subcutaneous WAT and activation of BAT,
which increased energy expenditure and mediated long-term reversal
of body weight gain and insulin resistance. These results highlight the
potential of AAV-BMP7-mediated gene therapy for the treatment of
T2D and obesity.

RESULTS
Liver-specific BMP7 overexpression mediates persistent

reversion of obesity

To determine the anti-obesogenic and anti-insulin resistance effects
of AAV-BMP7-mediated gene therapy, 2-month-old C57BL/6 mice
were first fed with either chow or an HFD for 6 weeks. During this
period, the weight of chow- and HFD-fed animals increased by
19% and 53%, respectively (Figure 1A). Chow-fed and obese HFD-
fed animals were then treated intravenously (i.v.) with 1 � 1012 vg
of AAV vectors of serotype 8 encoding an optimized murine BMP7
coding sequence (omBmp7) under the control of a synthetic hybrid
liver-specific promoter composed of three copies of the hepatocyte
control region (HCR) enhancer from the apolipoprotein E gene
(ApoE) and the human a1-antitrypsin (hAAT) promoter (AAV-
BMP7). As controls, another cohort of obese HFD-fed mice and the
cohort of chow-fed mice received the same dose of non-coding
AAV8 null vectors (AAV-null). Following AAV delivery, mice were
maintained on chow or HFD feeding for about 6 months, and body
weight and metabolic parameters were monitored regularly.

Chow-fed animals treated with AAV-BMP7 maintained their body
weight at the time of AAV treatment, which was slightly lower than
that of chow-fed AAV-null-treated mice, which progressively gained
weight as the animals aged (Figure 1A). HFD-fed animals treated
with AAV-BMP7 vectors experienced progressive loss of body weight
following gene delivery, which stabilized within a few weeks to a weight
similar to that of chow-fed AAV-BMP7-treated mice (Figures 1A and
S1A). This was parallel to normalization of the weight of the liver and
the main adipose depots of HFD-fed AAV-BMP7-treated animals
compared with the HFD-fed null-treated mice (Figures 1B and S1B–
S1H). Moreover, the weight of the main white and brown fat pads of
chow- and HFD-fed AAV-BMP7-treated animals was slightly lower
than that of chow-fed null-treated mice (Figures 1B and S1B–S1G).

The decrease in body weight was parallel to increased circulating BMP7
levels (Figure 1C). InHFD-fedAAV-BMP7-treatedmice, serumBMP7
concentration was very high 4 weeks after AAV administration and
gradually decreased, reaching levels similar to those of chow-fed
AAV-BMP7-treated mice at week 23 post-AAV (Figure 1C). A similar
serum BMP7 level profile was observed in chow-fed AAV-BMP7-
treatedmice (Figure 1C). The changes in BMP7 circulating levelswould
be consistent with increased expression of BMP7 from the synthetic
HCR/hAAT promoter under conditions of high hepatic fat content,
such as liver steatosis after HFD feeding. In this regard, transcription
from the ApoE promoter has already been reported to be induced in
the liver after high-fat and/or high-cholesterol feeding in different spe-
Molecul
cies, includingmice, rat, guinea pig, rabbit, and cow.24–28 In agreement,
the lean-chow-fed animals at 4 and12weeks after treatmentwithAAV-
BMP7 showed circulating levels much lower than HFD-fed AAV-
BMP7-treated mice (Figure 1C). As body and liver weight normalized,
serum BMP7 concentration also decreased in HFD-fed AAV-BMP7-
treated mice, reaching levels similar to those of chow-fed AAV-
BMP7-treated mice at the end of the study (Figure 1C). No alteration
in the liver damage marker alanine aminotransferase (ALT) was
observed at any time after AAV-BMP7 treatment (Figure 1D). In
contrast, HFD-fed mice administered AAV-null vectors showed pro-
gressively very high serum ALT levels (Figure 1D) in agreement with
increased adiposity in the liver (Figure 1B).

Because of the hAAT promoter, AAV-BMP7-treated mice showed
specific overexpression of codon-optimized BMP7 in the liver, which
resulted in increased hepatic BMP7 content (Figures 1E and S1I). This
agreed with the increased transduction of the liver by AAV8 vectors
(Figure S1J). In contrast, marginal levels of endogenous Bmp7 expres-
sion, compared with the expression of omBmp7, were observed in all
the tissues examined, including the kidney, themain endogenous pro-
ducer of the factor29 (Figures 1F and 1G).

AAV-BMP7 reverses HFD-associated WAT hypertrophy and

inflammation

HFD feeding induced an increase in the size of white adipocytes in
null-treated mice (Figures 2A and 2B). In agreement with decreased
adiposity, morphometric analysis of visceral (epididymal, eWAT)
and subcutaneous (inguinal, iWAT) WAT revealed that the area of
white adipocytes of BMP7-treated animals was similar to that of an-
imals fed a chow diet (Figures 2A and 2B). As a result of the reversion
of WAT hypertrophy, serum adiponectin and leptin levels were
normalized in HFD-fed mice treated with AAV-BMP7 vectors
(Figures 2C and 2D).

Obesity also causes inflammation of WAT.30 Immunostaining of
eWAT sections for the macrophage-specific marker Mac2 revealed
increased presence of “crown-like” structures in HFD-fed null-treated
mice, while HFD-fed animals treated with AAV-BMP7 had no sign of
macrophage infiltration (Figures 2E and 2F). This was parallel to the
normalization of the expression of the macrophage markers Cd68 and
F4/80 in BMP7-treated mice (Figure 2E), indicating that BMP7
expression counteracted the inflammation of WAT associated with
obesity.

BMP7 downstream signaling was assessed in WAT by evaluating the
phosphorylation levels of SMAD1/5/8 (pSMAD1/5/8) and p38
mitogen-activated protein kinase (MAPK) (p-p38MAPK), which
are downstream effectors of the canonical and non-canonical, respec-
tively, BMP7 signaling pathways.31,32 Increased pSMAD1/5/8 and
unchanged p-p38MAPK were observed in eWAT of HFD-fed
AAV-BMP7-treated mice (Figures 2G and 2H). These observations
agreed with previous studies reporting BMP7-mediated increased
pSMAD1/5/8 in white preadipocytes but a lack of enhancement of
p-p38MAPK in the 3T3-L1 cell line.16
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Figure 1. AAV-mediated liver gene transfer of BMP7 counteracts HFD-induced obesity

(A) Body-weight follow-up of C57BL/6 mice fed either chow or an HFD for 6 weeks and then administered intravenously with 1 � 1012 vg of AAV-BMP7 vector per mouse.

Control obese mice and control chow-fed mice were treated with AAV-null vectors (n = 8/group). &p < 0.05 and &&&p < 0.001 versus the HFD-fed null-injected group.
$p < 0.05 and $$$p < 0.001 versus the chow-fed null-injected group. (B) Weight of the liver, epididymal (eWAT) and inguinal (iWAT) white adipose tissue depots, and in-

terscapular brown adipose tissue (iBAT) of the same cohorts as in (A) (n = 7–8/group). (C) Circulating levels of BMP7 (n = 8/group). (D) Alanine aminotransferase (ALT) serum

levels (n = 3–8/group). (E) Quantitative PCR analysis of Bmp7 expression in the liver, eWAT, iWAT, gastrocnemius, and kidney was performed with primers that specifically

detected vector-derived BMP7 mRNA (omBMP7) (n = 7–8/group). (F) Quantitative PCR analysis of endogenous Bmp7 expression in liver, eWAT, iWAT, and gastrocnemius

(n = 7–8/group). (G) Quantitative PCR analysis of endogenous Bmp7 expression in kidney (n = 8/group). All values are expressed as the mean ± SEM. ND, not detected; NA,

not available; AU, arbitrary units; HFD, high-fat diet. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Treatment with AAV-BMP7 enhances energy expenditure

To elucidate the mechanism(s) underlying the counteraction of
obesity in HFD-fed mice treated with AAV-BMP7, food intake and
192 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
energy expenditure were evaluated. Weekly measurements of the
number of calories consumed per day revealed that the energy intake
of HFD-fed BMP7-treated animals was slightly reduced (about 12%)
022
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Figure 2. Reversal of WAT hypertrophy and inflammation by AAV-BMP7 treatment

(A) Representative images of hematoxylin-eosin staining of eWAT. Scale bars: 200 mm. (B) Morphometric analysis of the area of eWAT and iWAT adipocytes (n = 7–8/group).

(C and D) Circulating levels of adiponectin (C) and leptin (D) (n = 7–8/group). (E) Quantitative PCR analysis of the expression of the macrophage markers Cd68 and F4/80 in

eWAT (n = 8/group). (F) Immunohistochemistry for the macrophage-specific marker Mac2 in eWAT sections. Scale bars: 200 and 50 mm (inset). (G) Determination of

phosphorylated SMAD1/5/8 (p-SMAD1/5/8) protein abundance in eWAT: immunoblot and densitometric analysis (n = 4/group). (H) Determination of phosphorylated p38

(p-p38) protein abundance in eWAT: immunoblot and densitometric analysis (n = 4/group). All values are expressed as the mean ± SEM. HFD, high-fat diet; FC, fold change.

*p < 0.05, **p < 0.01, and ***p < 0.001.
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compared with that of the HFD-fed null-treated cohort (Figures 3A
and S2A). Nevertheless, normalization of food intake data per body
weight revealed that HFD-fed mice treated with AAV-BMP7 ate
more than the chow-fed counterparts (Figure 3B). When indirect
calorimetry was performed 10 weeks after AAV delivery, BMP7-
treated mice had higher oxygen consumption and energy expenditure
during both the light and the dark cycles than HFD-fed null control
counterparts (Figures 3C, S2B, and S2C). No striking differences in
spontaneous activity or respiratory exchange ratio were observed
among groups (Figures S2D and S2E).

To evaluate whether non-shivering thermogenesis was responsible for
the enhancement of energy expenditure, the degree of activation of
BAT and browning of subcutaneous iWAT was assessed. Compared
with HFD-fed null-treated mice, AAV-BMP7-treated mice showed
decreased lipid deposition in iBAT and the presence of numerous
multilocular adipocytes in iWAT (Figure 3D). This was parallel to
increased expression of the thermogenic markers Ucp1, Cidea, and
Ppargc1a in iWAT of AAV-BMP7-treated mice (Figures 3E and
3F). No changes in the expression of Ucp1 and Cidea were detected
in the iBAT of these mice, although other thermogenic markers
such as Ppargc1a, Dio2, and Elovl3 were upregulated (Figure S2F),
in agreement with BAT activation.

AAV-BMP7 ameliorates hepatic steatosis and counteracts

insulin resistance

As expected, HFD-fed null-treated animals showed marked hepatic
steatosis, which was ameliorated after treatment with AAV-BMP7
vectors (Figure 4A). This finding was parallel to a reduction in total
hepatic triglyceride content and a decrease inmacrophage infiltration,
evidenced by the lower number of Mac2+ cells in liver sections
(Figures 4A and 4B). Moreover, the expression of the pro-inflamma-
tory cytokines Ifng,Mcp1, Ccl5, and Tnf1a was normalized in AAV-
BMP7-treated HFD-fed mice (Figure 4C). In agreement with
normalization of hepatic steatosis, serum cholesterol levels were
also normalized (Figure S3A).

Obese HFD-fed null-treated mice showed normal fed and fasted gly-
cemia (Figure 4D) but were hyperinsulinemic (Figure 4E). In
contrast, HFD-fed AAV-BMP7-treated mice were normoglycemic
and normoinsulinemic (Figures 4D and 4E). To evaluate whole-
body insulin sensitivity of AAV-BMP7-treated animals, intraperito-
neal insulin tolerance tests (ITTs) were performed 1.5 and 4 months
post-AAV delivery. Feeding with HFD led to insulin resistance in an-
imals receiving AAV-null vectors, while treatment with AAV-BMP7
counteracted HFD-induced insulin resistance (Figures 4F and S3B).
Moreover, HFD-fed AAV-treated mice showed higher insulin sensi-
tivity than chow-fed mice receiving null vectors (Figures 4F and S3B),
indicating that AAV-BMP7 treatment was able to counteract insulin
resistance. Moreover, similar to chow-fed mice, HFD-fed animals
treated with AAV-BMP7 vectors showed increased glucose tolerance
compared with the null-treated obese cohort (Figures 4G and S3C).
These results were parallel to increased Glut4 expression in eWAT
and iWAT of HFD-fed AAV-BMP7-treated mice, suggesting
194 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
increased glucose uptake in both visceral and subcutaneous WAT
that likely contributed to increased insulin sensitivity and glucose
tolerance (Figure S3D).

Treatment of ob/ob mice with AAV-BMP7

To further evaluate the anti-obesogenic and anti-insulin resistance ef-
fects of AAV-mediated BMP7 gene transfer, ob/ob mice were used,
since they are a well-known model of extreme obesity and insulin
resistance.33 Eleven-week-old ob/ob mice were treated i.v. with
1 � 1013 vg AAV-BMP7 vectors. As controls, AAV-null vectors
were administered to another cohort of ob/ob animals. Whereas the
body weight of null-injected ob/ob mice increased as animals aged,
the body weight of ob/ob animals treated with AAV-BMP7 progres-
sively decreased after AAV administration (Figure 5A). These
changes resulted from increased circulating levels of BMP7 (Fig-
ure 5B). As expected, AAV-BMP7 treatment led to overexpression
of codon-optimized Bmp7 specifically in the liver, increased hepatic
BMP7 content, and high hepatic transduction by AAV8 vectors
(Figures 5C, 5D, and S4A). Endogenous Bmp7 expression was mainly
detected in kidney, although at marginal levels (Figure S4B). In agree-
ment with reduced body weight, the weight of the fat pads was
decreased in ob/ob BMP7-treated animals (Figures 5E and S4C).
Moreover, animals treated with AAV-BMP7 vectors showed reduced
size of white adipocytes in eWAT and iWAT (Figure 5F). These find-
ings were associated with a marked increase in serum adiponectin
levels (Figure 5G). In addition, we observed increased pSMAD1/5/8
and unchanged p-p38MAPK in eWAT of AAV-BMP7-treated ob/
ob mice (Figures S4D and S4E).

The decreased adiposity may result, at least in part, from the reduced
food intake observed in AAV-BMP7-treated ob/ob mice (Figures 5H,
S4F, and S4G). In contrast to HFD-fed AAV-BMP7-treated mice, ob/
ob mice treated with AAV-BMP7 vectors showed neither marked
reduction of lipid accumulation in BAT nor multilocular adipocytes
in iWAT (Figure 5F). However, expression ofUcp1 and Elov3was up-
regulated in both iWAT and iBAT (Figures 5I–5L). Moreover,
increased Ppargc1a expression levels were also observed in iBAT (Fig-
ure 5M). These results suggested induction of non-shivering thermo-
genesis in AAV-BMP7-treated ob/ob mice.

Control ob/ob mice presented marked hepatic steatosis, whereas
treatment with AAV-BMP7 significantly decreased liver weight and
hepatic lipid accumulation (Figures 6A–6C). ob/ob mice treated
with AAV-BMP7 also exhibited markedly reduced expression of
pro-inflammatory cytokines in the liver (Figure 6D). ob/ob animals
treated with AAV-BMP7 showed similar fed glycemia but markedly
decreased fed insulinemia (Figures 6E and 6F). Treatment with
AAV-BMP7 improved insulin sensitivity in comparison with AAV-
null-treated ob/ob mice (Figure 6G), confirming the anti-insulin
resistance effects of AAV-BMP7 observed in HFD-fed animals.
BMP7 has been reported to induce hepatic insulin signaling in obese
mice via inhibition of MAPKs and induction of phosphorylation of
GSK3b (p-GSK3b).34 In agreement, ob/ob mice treated with AAV-
BMP7 showed increased p-GSK3b and reduced p-p38MAPK in the
022
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Figure 3. AAV-BMP7 increases energy expenditure, decreases fat accumulation in iBAT and iWAT, and induces browning

(A) Histogram depicting the mean food intake per day from week 15 to week 36 of age of HFD-fed mice treated with either AAV-BMP7 or AAV-null vectors and of chow-fed

mice administered AAV-null vectors (n = 3 cages/group and 2–3 mice/cage). (B) Food intake normalized by body weight from week 15 to week 36 of age (n = 3 cages/group

and 2–3 mice/cage). (C) Energy expenditure was measured with an indirect open-circuit calorimeter 10 weeks after AAV vector delivery. Data were taken during the light and

dark cycles (n = 7–8/group). (D) Hematoxylin-eosin staining of iBAT and iWAT sections. Scale bars: 200 and 50 mm (inset). (E and F) Quantitative PCR analysis in iWAT of the

expression of the thermogenic markers Ucp1 (E) and Cidea and Ppargc1a (F) (n = 6–8/group). All values are expressed as the mean ± SEM. HFD, high-fat diet; FC, fold

change. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. Treatment with BMP7-encoding vectors improves hepatic steatosis and reverses insulin resistance

(A) Hematoxylin-eosin staining (top) and immunostaining for the macrophage-specific marker Mac2 (bottom) of liver sections. Red arrows indicate macrophages. Scale bars:

200 mm (hematoxylin-eosin) and 100 mm (Mac2). (B) Hepatic triglyceride content (n = 7–8/group). (C) Quantitative PCR analysis of the expression of the pro-inflammatory

cytokines Tnfa, Ifng, Mcp1, and Ccl5 in the liver (n = 7–8/group). (D) Fed and fasted blood glucose levels 19 and 8 weeks after vector administration, respectively (n =

8/group). (E) Fed and fasted serum insulin levels 19 and 20 weeks after vector delivery, respectively (n = 7–8/group). (F) Insulin sensitivity was determined after an

(legend continued on next page)
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liver (Figures 6H and 6I). These findings suggested that p-GSK3b and
p-p38MAPK would be involved in the AAV-BMP7-mediated
improvement of insulin resistance.

DISCUSSION
In this study, increased liver-derived BMP7 circulating levels increased
energy expenditure, normalizedWAThypertrophy and inflammation,
and reversed hepatic steatosis and inflammation, which in turn coun-
teracted obesity and insulin resistance. We proved disease reversal in
HFD-fed mice, the model that most closely resembles the metabolic
characteristics of human obesity and insulin resistance.35 The efficacy
of AAV-mediated BMP7 gene transfer to the liver was further
confirmed in the genetically obese ob/ob mouse model. AAV-BMP7
treatment elicited superior anti-insulin resistance and anti-obesogenic
therapeutic benefit in comparison with previous studies using Ad-
BMP7 vectors or periodic administration of recombinant BMP7 pro-
tein.16–19 Recombinant BMP7 or Ad-BMP7 prevented or partially
reduced body weight gain and improved insulin sensitivity in HFD-
fed, ob/ob, and db/db mice, but failed to fully counteract obesity and
insulin resistance.17–19 While these studies demonstrated therapeutic
benefit for 2–4 weeks,16–19 one-time administration of AAV-BMP7
vectors resulted in long-lasting metabolic efficacy in agreement with
lack of immunogenicity of AAV vectors.22,23

The present study in male mice represents a proof of concept of the
beneficial effects of liver-directed AAV-BMP7-mediated gene therapy
to counteract obesity and insulin resistance. Transduction of the liver
by AAV vectors has been widely reported to be markedly decreased in
female mice in comparison with male mice.36–45 This phenomenon is
not restricted to a particular AAV vector serotype.36–44 This sexual
dimorphism has been proved to be independent of the promoter
and mouse strain used36,37,46 and seems to be androgen driven.36 In
contrast to the results obtained in rodent models, studies performed
in non-human primates have revealed similar levels of AAV-medi-
ated liver transduction in male and female animals.47,48

To achieve therapeutic efficacy in obesity and insulin resistance, in the
present study, we treated HFD-fed mice with 1 � 1012 vg of AAV8-
hAAT-BMP7 vector per mouse. This dose efficiently mediated high
BMP7 secretion into the circulation (Figure 1C), which led to a
reversal of body weight gain and augmented insulin sensitivity.
Nevertheless, previous studies in our laboratory have demonstrated
that higher circulating levels of a therapeutic factor are required in
ob/ob mice to mediate similar therapeutic efficacy compared with
that elicited in HFD-fed mice.49 Therefore, ob/ob mice were treated
with a dose of AAV-BMP7 vectors 10-fold higher than that used in
HFD-fed mice. ob/ob mice treated with 1 � 1013 vg of AAV8-
hAAT-BMP7 per mouse showed markedly decreased body weight
and improved insulin sensitivity.
intraperitoneal injection of insulin (0.75 units insulin/kg body weight) 17 weeks post-AAV

8, chow AAV-null; n = 8, HFD AAV-null; and n = 7, HFD AAV-BMP7). (G) Glucose tolera

Fasted refers to 16 h of food deprivation. All values are expressed as the mean ± SEM. H

and &&&p < 0.001 versus the HFD-fed null-injected group. $p < 0.05, $$p < 0.01, and $

Molecul
AAV-BMP7-mediated reversal of obesity probably resulted from
increased non-shivering thermogenesis in both BAT and subcutane-
ous WAT leading to enhanced energy expenditure. Similarly, BAT
activation was described in lean and obese mice treated with recom-
binant BMP7 or Ad-BMP7 vectors.16,17 BMP7 has also been reported
to upregulate thermogenesis in adipocytes derived from human
BAT.50 Increased expression of UCP1 and multilocular beige adipo-
cytes were also detected in iWAT of C57BL/6J mice treated with
recombinant BMP7.17 In addition, murine and human adipogenic
precursor cells from subcutaneousWAT have been reported to differ-
entiate into brown-like adipocytes upon stimulation with BMP7
in vitro.51,52 Nevertheless, our results highlighted differences in
BMP7-mediated induction of browning between HFD-fed C57BL/6
mice and ob/ob mice, which lacked multilocular adipocytes in subcu-
taneous WAT, although this tissue did overexpress thermogenic
markers. The propensity for browning varies among mouse strains,53

and browning differences between HFD-fed C57BL/6 and ob/ob mice
have previously been described during intermittent fasting, in which
HFD-fed C57BL/6 but not ob/ob mice exhibited beige adipocytes in
WAT.54–56 Moreover, strains of mice that have a higher propensity
for browning show a greater degree of protection from diet-induced
obesity.57 Likewise, browning of WAT has been described to play a
more important role than BAT activation in promoting weight loss
in mice after cold or b-adrenergic stimulation.58 In humans, it has
been described that BAT comprises both brown and beige adipo-
cytes,59–61 and browning of WAT has also been documented in hu-
man adults.62–64

AAV-mediated gene transfer of Bmp4, another member of the BMP
family, to the liver of chow-diet-fed mice or mice treated with AAV-
BMP4 prior to HFD feeding also led to browning of subcutaneous
WAT and increased whole-body energy expenditure.65 Nevertheless,
in already obese HFD-fed mice, AAV-mediated genetic engineering
of the liver with BMP4 failed to enhance browning of adipose tissue
or to reverse obesity.66 BMP4 resistance in WAT of obese HFD-fed
mice has been suggested as the underlying cause of this lack of ther-
apeutic efficacy.65,67 In this regard, increased mRNA levels of endog-
enous Bmp4 were detected in subcutaneous WAT of obese HFD-fed
mice compared with lean animals.65,67 Moreover, increased gene and
protein expression of a BMP4 antagonist and decreased BMP4 down-
stream signaling in subcutaneous WAT were also reported.65,67

Similar results have been documented in human adipocytes from sub-
cutaneous WAT of obese patients.68 BMP4 has also been reported to
be secreted by adipocytes68, which may be consistent with the
increased serum BMP4 levels observed in HFD-fed and db/db
mice19 as well as obese humans.69–71 In contrast, age-dependent
decreased circulating BMP7 levels have been reported in HFD-fed
and db/db mice.19 Moreover, we found that the expression levels of
endogenous Bmp7 were similar in iWAT of chow- and HFD-fed
delivery. Results were calculated as the percentage of initial blood glucose levels (n =

nce was performed 8 weeks post-AAV (1 g glucose/kg body weight) (n = 8/group).

FD, high-fat diet; FC, fold change. *p < 0.05, **p < 0.01, and ***p < 0.001. &p < 0.05
$$p < 0.001 versus the chow-fed null-injected group.
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Figure 5. Reduced obesity in ob/obmice treated with AAV-BMP7 vectors. ob/obmice were administered intravenously with 1� 1013 vg of either AAV-BMP7

or AAV-null vector per mouse and followed up for 7 weeks

(A) Follow-up of the body weight (n = 10, AAV-null, and n = 9, AAV-BMP7). (B) Serum BMP7 levels at 7 weeks after vector administration (n = 8–10/group). (C) Quantitative

PCR analysis of omBMP7 expression in the liver, eWAT, gastrocnemius (Gastro), and kidney. The qPCRwas performed with primers that specifically detected vector-derived

BMP7 mRNA (omBMP7) (n = 6–10/group). (D) Liver BMP7 content 7 weeks after vector administration (n = 6–10/group). (E) Weight of the eWAT, iWAT, mesenteric white

adipose tissue (mWAT), and iBAT (n = 6–10/group). (F) Representative images of the hematoxylin-eosin staining of eWAT, iWAT, and iBAT tissue sections obtained from ob/

ob animals injected with either null or BMP7-encoding AAV. Scale bars: 100 mm. (G) Serum adiponectin levels (n = 6–10/group). (H) Histogram depicting themean food intake

per day fromweek 13 to week 17 of age of ob/obmice treated with either AAV-BMP7 or AAV-null vectors (n = 4 cages, AAV-null; n = 3 cages, AAV-BMP7; 1–3mice/cage). (I–

M) Quantitative PCR analysis in iWAT (I, J) or iBAT (K, L, M) of the expression of the thermogenic markers Ucp1 (I, K), Elovl3 (J, L), or Ppargc1a (M) (n = 6–10/group). All values

are expressed as the mean ± SEM. ND, not detected; FC, fold change; AU, arbitrary units. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. Improved insulin sensitivity in ob/ob mice treated with AAV-BMP7 vectors

(A) Liver weight (n = 6–10/group). (B) Liver weight normalized by body weight (n = 6–10/group). (C) Representative images of the hematoxylin-eosin staining of liver tissue

sections obtained from ob/ob animals injected with either null or BMP7-encoding AAV. Scale bars: 200 mm. (D) Quantitative PCR analysis of the expression of the pro-

inflammatory cytokines Tnfa, Ifng,Mcp1, andCcl5 in liver (n = 6–10/group). (E) Fed blood glucose levels at 5weeks after vector administration (n = 9–10/group). (F) Fed serum

insulin levels at 6 weeks after vector administration (n = 9–10/group). (G) Insulin tolerance test after intraperitoneal injection of insulin at a dose of 0.75 units insulin/kg body

weight. Results were calculated as the percentage of initial blood glucose levels (n = 10, AAV-null, and n = 6, AAV-BMP7). (H) Determination of phosphorylated GSK3b (p-

GSK3b) protein abundance in the liver: immunoblot and densitometric analysis (n = 4–5/group). (I) Determination of phosphorylated p38 (p-p38) protein abundance in the

liver: immunoblot and densitometric analysis (n = 5/group). All values are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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mice. These results suggest that in obesity and insulin resistance con-
ditions BMP7 resistance would not develop.

The effect of AAV-BMP7 on body weight loss in ob/ob mice may also
be in part due to a decrease in food intake. Similar results were
observed in HFD-fed and ob/ob mice treated with Ad-BMP7.18 In
this regard, BMP7 has been described as an anorectic factor, acting
Molecul
through leptin-independent mTOR pathways in the hypothalamus
to reduce appetite.18 In contrast, although HFD-fed mice treated
with AAV-BMP7 showed lower food intake, when this parameter
was normalized per body weight, these mice actually ate more than
chow-fed mice. In the Ad-BMP7 study,18 food intake data corrected
by body weight are missing. Moreover, Ad-derived BMP7 serum
levels were higher than in AAV-BMP7-treated HFD-fed mice but
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similar to those exhibited by ob/ob mice treated with AAV-BMP7
vectors,18 suggesting that BMP7 may exert anorectic effects only at
very high circulating levels.

Non-alcoholic fatty liver disease (NAFLD) and NASH are strongly
associated with insulin resistance and T2D.72 In the present work,
HFD-fed AAV-null-treated mice exhibited increased liver weight and
hepatic lipid content, as well as marked inflammation. AAV-BMP7-
treatedHFD-fed andob/obmice animals showed counteraction of liver
steatosis and inflammation, as also observed using recombinant BMP7
or Ad-BMP7 vectors.17,18 Adiponectin is a key insulin-sensitizing and
anti-inflammatory adipokine and is also associated with decreased he-
patic steatosis.73–75 Improvement of insulin sensitivity in ob/ob and
HFD-fed mice overexpressing Bmp7 in the liver could be mediated,
at least in part, by increased circulating adiponectin levels. In humans,
adiponectin levels are inversely correlated with the development of
non-alcoholic fatty liver disease and with the degree of insulin resis-
tance and T2D.76,77 Treatment of HFD-fed mice and rats with recom-
binant adiponectin or gene transfer of adiponectin using AAV vectors
decreased hepatic steatosis and increased insulin sensitivity.74,75,78,79

Similarly, the increased circulating adiponectin levels in AAV-treated
ob/ob and HFD-fed mice overexpressing Bmp7 in the liver may play
an important role in the amelioration of liver andWAT inflammation,
thus contributing to reduced liver steatosis, which would in turn
improve insulin sensitivity.

Recently, we have also demonstrated sustained amelioration of insu-
lin sensitivity in ob/ob mice upon specific genetic engineering of
WATwith BMP7-encoding AAV vectors, which resulted in increased
but low levels of BMP7 in the bloodstream15 compared with the circu-
lating BMP7 levels observed in the present study or studies using
Ad-BMP7 vectors.16,18 In our previous study, AAV-mediated gene
transfer of Bmp7 to WAT of ob/ob mice induced white adipogenesis,
which led to increased body weight but amelioration of insulin resis-
tance.15 In contrast, in the same study, treatment of ob/ob mice with
5 � 1011 vg of liver-directed AAV8-hAAT-BMP7 vector per mouse
did not change adipogenesis despite similar low BMP7 circulating
levels.15 This was consistent with BMP7-mediated induction of
hyperplasic expansion of WAT in an autocrine/paracrine manner.
Altogether, these results suggest that BMP7may elicit different effects
depending on the circulating levels and site of production. Moreover,
these studies highlight the need of high levels of circulating BMP7 to
mediate whole-body correction of fat-derived metabolic alterations
and normalization of body weight and insulin resistance in obese
mice.

In summary, all these results demonstrate the relevance of the liver-
directed AAV-BMP7-mediated gene therapy approach for the treat-
ment of obesity and T2D. In this regard, AAV vectors have been
used in clinical trials since the mid-1990s, and no adverse events
related to these vectors have been described so far.22,23 More than
3,000 patients have been enrolled in these studies and administered
recombinant AAV vectors at different doses and through different
routes to target several organs, mainly liver, skeletal muscle, brain,
200 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
and eye.22,23 Indeed, three of the seven gene therapy treatments
approved for commercialization are AAV-based therapies.23 Given
that almost all natural AAV capsids can transduce liver efficiently
following systemic administration,23 AAV vectors provide a robust
liver-targeting platform to treat a variety of diseases. In this regard,
a total of 30 clinical trials for liver-directed AAV-mediated gene ther-
apy to treat rare metabolic conditions in lean patients are currently
ongoing.80 It is also worth mentioning that BMP7 protein has already
been approved by the FDA for the treatment of bone diseases.14

Hence, the gene therapy strategy developed in this workmay be envis-
aged as a novel approach for the future treatment of T2D and obesity.

MATERIALS AND METHODS
Animals

Eight-week-old male C57BL/6J littermate mice and 11-week-old
male B6.V-Lepob/OlaHsd (ob/ob) littermate mice obtained from En-
vigo RMS SL (Spain) were used. Mice were kept in a specific-path-
ogen-free facility (SER-CBATEG, UAB) and maintained under a
light-dark cycle of 12 h at 22�C. Mice were fed ad libitum with a
standard diet (standard chow diet, Harlan Teklad Global Diet
2018, Envigo) or an HFD (TD.88137 Harlan Teklad). The HFD con-
tained 15.2% protein, 42.7% carbohydrate, and 42% fat. The exact
formula of the HFD included casein 195.0 g/kg, DL-methionine
3.0 g/kg, sucrose 341.46 g/kg, corn starch 150.0 g/kg, anhydrous
milk fat 210.0 g/kg, cholesterol 1.5 g/kg, cellulose 50.0 g/kg, mineral
mix AIN-76 (170915) 35.0 g/kg, calcium carbonate 4.0 g/kg, vitamin
mix Teklad (40060) 10.0 g/kg, and ethoxyquin 0.04 g/kg. When
stated, mice were fasted for 16 h. For tissue sampling, mice were
anesthetized with inhalational anesthetic isoflurane (IsoFlo, Abbott
Laboratories, Abbott Park, IL, USA) and decapitated. Tissues of in-
terest were excised and kept at �80�C or in formalin until analysis.
Animal care and experimental procedures were approved by the
Ethics Committee in Animal and Human Experimentation of the
Universitat Autònoma de Barcelona.

Recombinant AAV vectors

The AAV expression cassette was obtained by cloning, between the in-
verted terminal repeats (ITRs) of AAV2, an optimized murine Bmp7
coding sequence (omBmp7) under the control of a synthetic hybrid
liver-specific promoter composed of three copies of the HCR enhancer
from ApoE and the hAAT promoter (AAV-BMP7) A non-coding
cassette carrying the synthetic HCR/hAATpromoter, but no transgene,
was used to produce null vectors (AAV-null). Single-stranded AAV
vectors of serotype 8 vectors were produced by triple transfection in
HEK293 cells and purified using an optimized CsCl gradient-based pu-
rification protocol that renders vector preparations of high purity and
devoid of empty capsids.81 Viral genome titers were determined by
PicoGreen using phage lambda DNA as the standard curve.

Administration of AAV vectors

For systemic administration, AAV vectors were diluted in 200 mL of
0.001% F68 Pluronic (Gibco) in PBS and injected via the tail vein.
HFD-fed animals were injected with 1 � 1012 vg/animal. ob/ob
mice were administered 1 � 1012 vg/animal.
022
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Immunohistochemistry

Tissues were fixed for 12–24 h in 10% formalin, embedded in paraffin,
and sectioned. Sections were incubated overnight at 4�Cwith rat anti-
Mac2 (CL8942AP; Cedarlane). Biotinylated rabbit anti-rat (E0467;
Dako) was used as secondary antibody. The ABC peroxidase kit
(Pierce) was used for immunodetection, and sections were counter-
stained in Mayer’s hematoxylin.

Measurement of the adipocyte area

A morphometric study of adipocyte size was performed in WAT
sections stained with hematoxylin-eosin. Adipocyte area was deter-
mined as previously described.82 A minimum of seven animals per
group were used and at least 250 adipocytes per animal were
analyzed.

RNA analysis

Total RNA was obtained from different tissues using an isolation re-
agent (Tripure, Roche, for liver and QIAzol, Qiagen, for adipose de-
pots) and an RNeasy Minikit (Qiagen) and treated with DNase I (Qia-
gen). One microgram of total RNA was used for cDNA synthesis with
the Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics)
using a combination of anchored-oligo(dT)18 and random hexamer
priming at 55�C for 30 min according to the manufacturer’s instruc-
tions. For gene expression quantification, retrotranscribed samples
were diluted 1/10 and then 2 mL was used in triplicate qPCRs. Primers
were used at a final concentration of 200 nM. Real-time qPCRwas per-
formed in a LightCycler 480 II (Roche) using the LightCycler 480 SyBr
Green I Master Mix (Roche). Manufacturer standard cycling condi-
tions were used: 10 s at 95�C, 10 s at 90�C, 10 s at 95�C for 45 cycles.
Melting curve analysis was performed for each amplification to assess
single product amplification. Data were normalized to Rplp0 expres-
sion. After normalization, relative expression was calculated using
the 2(�DDC(T)) method.83 omBmp7 gene expression was calculated
after Rplp0 normalization and reported as arbitrary units, since it
was not possible to perform relative quantification. The following
Mus musculus primers were used: omBmp7, 50-AGAGCATCAACCC
TAAGCTGG-30, 50-TGTTCTGGGATCTCTGCTTGC-30; endoge-
nous Bmp7, 50-TACATGAACGCCACCAACCA-30, 50-ACAGAGAT
GGCGTTGAGCTG-30; Ppargc1a, 50-ATACCGCAAAGAGCACG
AGAAG-30, 50-CTCAAGAGCAGCGAAAGCGTCACAG-30; Ucp1,
50-GGATTGGCCTCTACGACTCAG-30, 50-TGTAGGCTGCCCAA
TGAACA-30; Cidea, 50-CCTACGACATCCGATGCACA-30, 50-GTA
TGTGCCCGCATAGACCA-30; Dio2, 50-AATTATGCCTCGGAGA
AGACCG-30, 50-GGCAGTTGCCTAGTGAAAGGT-30; Elovl3, 50-G
GACTTAAGGCCCTTTTTGG-30, 50-CCAACAACGATGAGCAAC
AG-30; Glut4, 50-TGCCCGAAAGAGTCTAAAGC-30, 50-TCCGT
TTCTCATCCTTCAGC; F4/80, 50-CTTTGGCTATGGGCTTCCAG
TC-30, 50-GCAAGGAGGACAGAGTTTATC-30; Cd68, 50-GGGGC
TCTTGGGAACTACAC-30, 50-CAAGCCCTCTTTAAGCCCCA-30;
Mcp1, 50-AACTGCATCTGCCCTAAGGTC-30, 50-AAGTGCTTGAG
GTGGTTGTG; Tnfa, 50-CTGTAGCCCACGTCGTAGC-30, 50-TT
GAGATCCATGCCGTTG-30; Ccl5, 50-GTGCCCACGTCAAGGA
GTATT-30, 50-CCCACTTCTTCTCTGGGTTGG-30; Ifng, 50-AGAC
AATCAGGCCATCAGCA, 50-TGGACCTGTGGGTTGTTGAC-30;
Molecul
Rplp0, 50-TCCCACCTTGTCTCCAGTCT-30, 50-ACTGGTCTAGGA
CCCGAGAAG-30.

Vector genome copy number

Tissue samples were digested overnight at 56 �C in 300mL of tissue lysis
solution supplementedwith proteinase K (0.2mg/mL). Total DNAwas
isolated from supernatants with the MasterPure DNA purification kit
(Lucigen).DNAwas resuspended indistilledwater andquantifiedusing
a NanoDrop ND-1000 spectrophotometer (NanoDrop). Vector
genome copy number in 20 ng of total DNA was determined by quan-
titative PCRusing LightCycler 480 ProbesMaster (Roche). Primers and
probes were designed for a specific sequence within the SV40 poly(A)
cDNA: forward primer, 50-AGCAATAGCATCACAAATTTCAC
AA-30; reverse primer, 50-CAGACATGATAAGATACATTGATGA
GTT-30; probe, /56-FAM/AGCATTTTTTT/ZEN/CACTGCATTCTA
GTTGTGGTTTGTC/3IABkFQ/. A reference standard curve was built
from serial dilutions of a linearized plasmid bearing the hAAT pro-
moter and the optimized Bmp7 cDNA spiked into 20 ng/mL non-trans-
duced mouse genomic DNA.

Western blot analysis

eWAT and liver samples were homogenized in protein lysis buffer.
Proteins were separated by 12% SDS-PAGE and analyzed by immu-
noblotting with anti-P38 (#9212; Cell Signaling), anti-P38-P (#9211;
Cell Signaling), anti-SMAD1 (#6944; Cell Signaling), anti-SMAD1/5/
8-P (#13820; Cell Signaling), anti-GSK3b (#12456; Cell Signaling),
and anti-GSK3b-P (#5558; Cell Signaling) antibodies. Detection
was performed using ECL Plus detection reagent (Amersham
Biosciences).

Hormone and metabolite assays

Hepatic triglyceride content was determined by chloroform:methanol
(2:1 vol/vol) extraction of total lipids, as described previously.84 He-
patic triglycerides and serum cholesterol were quantified spectropho-
tometrically using an enzymatic assay (Horiba-ABX) in a Pentra 400
analyzer (Horiba-ABX). Glycemia was determined using a Glucome-
ter Elite (Bayer) and insulin levels were measured using the Rat Insu-
lin ELISA kit (90010; Crystal Chem). Serum and liver BMP7 were
determined using the Human BMP7 ELISA (DBP700; R&D Systems).
The standard curve was conducted with the recombinant human
BMP7 provided in the kit. The detection limit specified in the product
datasheet was 31.3 pg/mL. Adiponectin and leptin were determined
using the Mouse Adiponectin ELISA kit (80569; Crystal Chem) and
the Mouse Leptin ELISA kit (90030; Crystal Chem), respectively.

Insulin tolerance test

Insulin (Humulin Regular; Eli Lilly) was injected intraperitoneally at a
dose of 0.75 IU/kg body weight to fed mice. Glycemia was measured
in tail vein blood samples at the indicated time points.

Glucose tolerance test

Awake mice were fasted overnight (16 h) and administered an intra-
peritoneal injection of glucose (1 g/kg body weight). Glycemia was
measured in tail vein blood samples at the indicated time points.
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Indirect calorimetry

An indirect open circuit calorimeter (Oxylet; Panlab) was used to
monitor O2 consumption and CO2 production. Mice were individu-
alized and acclimated to the metabolic chambers for 24 h. O2 con-
sumption and CO2 production data were collected in each cage for
3 min, every 15 min, for 24 h during the light and dark cycles and
adjusted by body weight. Activity was recorded continuously for
24 h during the light and dark cycles.

Statistical analysis

Sample size determination was based on previous experience with
similar studies. Randomization was performed using the Excel func-
tion Roundup() or by GraphPad QuickCalcs to allocate mice in each
group. In addition, we tested that the mean body weight and the mean
glycemia were statistically not different for each experimental group
prior to assignment to diet and/or treatment groups. All tests (ITT,
GTT, etc.) and measurements (for example, adipocyte area) were per-
formed by investigators blinded to the treatment. All results are ex-
pressed as the mean ± SEM. The GraphPad Prism 7 software was
used for statistical analyses. Data were analyzed by one-way
ANOVA with Tukey’s post hoc correction, except for those parame-
ters involving comparison of only two experimental groups, in which
case an unpaired Student’s t test was used. Differences were consid-
ered significant when p < 0.05.

SUPPLEMENTAL INFORMATION
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