
Ying Fan,1,2 Xuezhu Li,1 Wenzhen Xiao,1 Jia Fu,1 Ray C. Harris,3 Maja Lindenmeyer,4

Clemens D. Cohen,4 Nicolas Guillot,1 Margaret H. Baron,5 Niansong Wang,2

Kyung Lee,1 John C. He,1,6 Detlef Schlondorff,1 and Peter Y. Chuang1

BAMBI Elimination Enhances Alternative
TGF-b Signaling and Glomerular
Dysfunction in Diabetic Mice
Diabetes 2015;64:2220–2233 | DOI: 10.2337/db14-1397

BMP, activin, membrane-bound inhibitor (BAMBI) acts
as a pseudo-receptor for the transforming growth factor
(TGF)-b type I receptor family and a negative modulator
of TGF-b kinase signaling, and BAMBI2/2 mice showmild
endothelial dysfunction. Because diabetic glomerular
disease is associated with TGF-b overexpression and
microvascular alterations, we examined the effect of
diabetes on glomerular BAMBI mRNA levels. In isolated
glomeruli from biopsies of patients with diabetic
nephropathy and in glomeruli from mice with type 2 di-
abetes, BAMBI was downregulated. We then examined
the effects of BAMBI deletion on streptozotocin-induced
diabetic glomerulopathy in mice. BAMBI2/2 mice devel-
oped more albuminuria, with a widening of foot pro-
cesses, than BAMBI+/+ mice, along with increased
activation of alternative TGF-b pathways such as extra-
cellular signal–related kinase (ERK)1/2 and Smad1/5 in
glomeruli and cortices of BAMBI2/2 mice. Vegfr2 and
Angpt1, genes controlling glomerular endothelial stabil-
ity, were downmodulated in glomeruli from BAMBI2/2

mice with diabetes. Incubation of glomeruli from non-
diabetic BAMBI+/+ or BAMBI2/2 mice with TGF-b
resulted in the downregulation of Vegfr2 and Angpt1,
effects that were more pronounced in BAMBI2/2 mice
and were prevented by a MEK inhibitor. The downregu-
lation of Vegfr2 in diabetes was localized to glomerular
endothelial cells using a histone yellow reporter under
the Vegfr2 promoter. Thus, BAMBI modulates the ef-
fects of diabetes on glomerular permselectivity in as-
sociation with altered ERK1/2 and Smad1/5 signaling.
Future therapeutic interventions with inhibitors of

alternative TGF-b signaling may therefore be of interest
in diabetic nephropathy.

Diabetic nephropathy (DN) is the leading cause of chronic
kidney disease and end-stage kidney failure in the western
world. In DN, early glomerular changes are characterized
by mesangial cell hypertrophy with mesangial matrix
expansion and thickening of the glomerular basement
membrane (GBM) (1), which is followed by broadening
and effacement of the podocyte foot process (FP) with
proteinuria and eventually a reduction in podocyte den-
sity (2). Increased activity of transforming growth factor
(TGF)-b may contribute to these changes (3,4) because
inhibition of TGF-b mitigates mesangial matrix overex-
pression, renal hypertrophy, and podocyte loss, with even-
tual glomerulosclerosis, in rodent models of DN (5–7).
The signaling pathways involved have been attributed
mostly to canonical TGF-b signaling, which involves
ligand binding of TGF-b to its cognate receptors (i.e.,
ALK5/type I and type II TGF-b receptors), followed by
activation of Smad2 and 3 transcription factors (8). Sur-
prisingly, while interfering with Smad-3 signaling in ex-
perimental diabetic animal studies markedly diminished
glomerular matrix changes, it had minimal effects on pre-
venting the development of proteinuria in experimental
models of DN (9,10). This invites the speculation that
alternative TGF-b signaling, such as Smad1 and -5 (11)
and extracellular signal–related kinase (ERK)1/2 (12–15),
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might contribute to glomerular changes and thereby to
the proteinuria of DN.

Longstanding diabetes also causes macro- and micro-
vascular complications. Indeed, global endothelial dys-
function is closely associated with diabetes (16); in
particular, abnormal glomerular angiogenesis has been de-
scribed in individuals with DN (17). Thus, the endothe-
lium, and especially the glomerular endothelium, may be
a prominent target for damage in longstanding diabetes
(16), which has been linked to the development of pro-
teinuria as a hallmark of DN (18,19). Furthermore, gene
expression analysis of experimental DN, as well as biop-
sies of patients with DN, show prominent changes in
endothelial gene expression consistent with glomerular
endothelial cell dysfunction (20,21).

In contrast to its effect on epithelial cells and
fibroblasts, the action of TGF-b on endothelial cells is
mediated predominantly by the ALK1 rather than the
ALK5 TGF-b type 1 receptor, resulting in alternative
TGF-b signaling (22–25), with activation of Smad1/5
and ERK1/2 pathways and neoangiogenesis (26–29). We
demonstrated previously that genetic deletion of BMP,
activin, membrane bound inhibitor (BAMBI) alters in
vitro and in vivo angiogenesis (30,31). BAMBI functions
as a dominant negative, nonsignaling, pseudo-receptor for
members of the TGF-b type I receptor family to nega-
tively modulates TGF-b signaling (32–34). In human um-
bilical vein endothelial cells, BAMBI predominantly
influences the response to TGF-b via ALK1-mediated
phosphorylation of SMAD1/5 and ERK1/2 to promote
angiogenesis in vitro (30). Mice with genetic elimination
of BAMBI (BAMBI2/2) develop exaggerated compensatory
renal glomerular endothelial hypertrophy after unilateral
nephrectomy (30) and accelerated re-endothelialization
and neovascularization after arterial injury (31). Consistent
with our observations, ERK1/2 activation contributed
to vascular remodeling in different model systems
(27–29).

Because glomerular endothelial dysfunction is a promi-
nent feature of DN and BAMBI2/2 mice display accentu-
ated endothelial response after endothelial injury, herein
we examined whether BAMBI plays a pathogenic role in
the development of diabetic glomerular injury.

RESEARCH DESIGN AND METHODS

Animal Models
BAMBI2/2 mice on a C57BL/6 background were gener-
ated as reported elsewhere (35). Flk1:H2B-EYFP mice
were described previously (36). Diabetes was induced in
6- to 8-week-old BAMBI+/+ and BAMBI2/2 mice by five
consecutive daily intraperitoneal injections of low-dose
streptozotocin (STZ) (50 mg/kg). Littermate BAMBI+/+

and BAMBI2/2 mice injected with a citrate buffer served
as controls. Urine and blood samples were collected at
indicated time points, and all mice were killed 18 weeks
after the initial STZ injection. All animal studies were
performed in accordance with the guidelines of and were

approved by the Institutional Animal Care and Use Com-
mittee at the Icahn School of Medicine at Mount Sinai,
New York, NY.

Noninvasive Blood Pressure Measurement By Tail Cuff
Manometry
Blood pressure was measured using the CODA non-
invasive tail cuff blood pressure system (Kent Scientific,
Torrington, CT) (37). Mice were acclimated to the tail cuff
manometer and restraining device five times per week for
2–3 weeks before the day of actual data acquisition.

Urine/Serum Analyses
Urine albumin was quantified using an ELISA kit
(Bethyl Laboratory, Houston, TX), and urine creatinine
was quantified using a QuantiChrom Creatinine Assay
Kit (DICT-500; Bioassay Systems). Serum creatinine was
measured using a high-performance liquid chromatography–
based method following a previously published protocol
(38).

Tissue Histology and Morphometry
Kidney sections were fixed and embedded in paraffin, as
previously described (39,40). For transmission electron
microscopy, kidney cortex samples fixed in 2.5% glutar-
aldehyde were sectioned and mounted on a copper grid;
then images were photographed using a Hitachi H7650
microscope (Tokyo, Japan), as previously described (40).
Morphometric analysis and quantification of mesangial
expansion, FP width, and GBM thickness was carried out
using ImageJ software (National Institutes of Health,
Bethesda, MD) on digitized transmission electron microscopy
images, as previously described (39,40).

Western Blot Analysis
Glomerular isolation, lysate preparation, and Western
blotting were performed as previously described (41).
Each lane contained 30 to 60 mg of total protein. Semi-
quantitative assessment of band density was performed
using ImageJ software (National Institutes of Health).
Band density for the protein of interest was normalized
to either GAPDH or b-actin. Antibodies against phospho-
and total Erk1/2, as well as phospho- and total Smad
proteins, were purchased through Cell Signaling Technol-
ogy (Danvers, MA). b-Actin antibody was purchased from
Sigma-Aldrich (St. Louis, MO).

Quantitative Real-Time PCR
Real-time PCR was performed as previously described
(39–41). Cycle threshold (Ct) values of the gene targets
were normalized to GAPDH. Fold change in expression
of target genes compared with the reference group was
calculated using the 2-DDCT method, with GAPDH as the
calibrator. Sequences of primers used are supplied in the
Supplementary Table 2.

Immunofluorescence Staining
Staining, image acquisition, and fluorescence intensity
quantification were performed as previously described
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(39,40). The rabbit antibody to WT-1 was from Novus
Biologicals (Littleton, CO), the rat antibody to CD31,
from R&D Systems (Minneapolis, MN), the mouse
monoclonal antibody to synaptopodin, from Fitzgerald
Industries International (Acton, MA), and the rabbit an-
tibody to vimentin, from Cell Signaling (Danvers, MA).

Glomerular Isolation and Incubation
Mouse glomeruli were isolated as previously described (42)
and transferred onto a 6-cm tissue culture dish coated
with type I collagen and with RPMI 1640 medium supple-
mented with 10% FBS and 1% penicillin/streptomycin.
Glomeruli were allowed to attach overnight at 37°C in an
incubator, and they were serum starved for 6–8 h in RPMI
medium before being stimulated with TGF-b (1 ng/mL)
for 6 h. Where specified, 2 mmol/L of MAPK/ERK ki-
nase (MEK) inhibitor U1026 (Calbiochem) was added
to the culture medium 30 min before the addition of
TGF-b.

Quantitative Real-Time PCR of Human Renal Biopsies
Human renal biopsy specimens were collected in an
international multicenter study, the European Renal
cDNA Bank-Kröner-Fresenius biopsy bank (ERCB-KFB)
(43). Diagnostic renal biopsies were obtained from patients
after informed consent and with approval of local ethics
committees. Following renal biopsy, the tissue was imme-
diately transferred to an RNase inhibitor and microdis-
sected into glomerular and tubular fragments (43). Total
RNA was isolated from microdissected glomeruli and was
reversely transcribed according to a protocol previously
reported (43). Predeveloped TaqMan reagents were used
for human BAMBI (NM_012342.2), as well as the refer-
ence gene, 18S rRNA (Applied Biosystems). The expres-
sion of the candidate gene was normalized to 18S rRNA.
mRNA expression was analyzed using standard curve
quantification.

Statistical Analysis
Data are expressed as mean 6 SEM. Statistical analyses
were performed using GraphPad Prism software. For com-
parison of means between groups, one- or two-way ANOVA
was performed, followed by the Bonferroni post-test.
Results were considered significant if P , 0.05.

RESULTS

Glomerular BAMBI Expression Is Suppressed in
Human and Murine Models of DN
To delineate the pathogenic role of BAMBI in diabetic
glomerular injury, we first investigated the glomerular
expression of BAMBI in human and murine models of DN.
Using quantitative RT-PCR determinations, we compared
the glomerular expression of BAMBI in kidney biopsies of
healthy living donors (LDs) who received a kidney trans-
plant with that in patients with established DN, arterio-
nephrosclerosis, or focal segmental glomerulosclerosis. The
salient clinical patient data are presented in Supplemen-
tary Table 1. Glomerular BAMBI mRNA transcript levels in
DN were approximately two-thirds of the values of those
of LDs (0.65 6 0.28 vs. 1.00 6 0.10; P = 0.036) (Fig. 1A).
A similar degree of reduction in glomerular BAMBI mRNA
expression also was observed in focal segmental glomeru-
losclerosis biopsies (0.70 6 0.08; P = 0.020), but not in
arterionephrosclerosis biopsies (1.19 6 0.17; P = 0.23),
when both were compared with LD biopsies. Glomerular
expression of BAMBI was similarly reduced in a robust mu-
rine model of type 2 diabetes with accelerated DN: db/db;
eNOS2/2 mice on a C57BL/6 background (44) (Fig. 1B).

Physiologic and Biochemical Parameters of Diabetic
BAMBI2/2 Mice
Since glomerular BAMBI expression is suppressed in
diabetic kidney disease and BAMBI2/2 mice exhibit ac-
centuated alternative TGF-b signaling and altered endo-
thelial response after injury (30,31,45), we examined the
pathogenic role of BAMBI deficiency in DN by comparing

Figure 1—A: Levels of mRNA for BAMBI normalized to 18S RNA were determined by quantitative RT-PCR in glomeruli isolated from kidney
biopsies of healthy LD transplants (n = 7) and of patients with established DN (n = 11), arterionephrosclerosis (ANS; n = 14), or focal
segmental glomerulosclerosis (FSGS; n = 17). P values refer to group comparisons with LD values using the Kruskal-Wallis and a sub-
sequent Mann-Whitney U test. B: Relative changes in mRNA levels for BAMBI determined in glomeruli isolated from db/db;eNOS+/+ (n = 10)
or db/db;eNOS2/2 (n = 8) mice as a model of type 2 diabetes with accelerated DN. P value refers to group comparison by unpaired t test.
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the development of diabetic glomerular injury in BAMBI2/2

and BAMBI+/+ mice with STZ-induced diabetes. We used
fully back-crossed mice on a C57BL/6 background, which
develop only a mild phenotype (46), because we expected
to see more pronounced changes in the BAMBI2/2 mice
because of their enhanced TGF-b signaling (30,32,33). Age-
matched BAMBI+/+ and BAMBI2/2 littermate mice were
used; the BAMBI2/2 mice had a slightly lower body weight
at the time of DM induction, as previously observed (45)
(Table 1). Both BAMBI+/+ and BAMBI2/2 mice developed
comparable degrees of hyperglycemia after STZ injection
over the 18-week study (Fig. 2A). Consistent with polyuria
induced by hyperglycemia, both diabetic BAMBI+/+ and
BAMBI2/2 mice gained significantly less weight compared
with control nondiabetic (i.e., citrate-injected) BAMBI+/+

and BAMBI2/2 mice (Fig. 2B). Systolic and diastolic blood
pressures in trained mice, determined using tail cuff meth-
odology (37), and serum creatinine concentrations mea-
sured by high-performance liquid chromatography were
also not significantly different between the two diabetic
groups (Table 1). Overall kidney weight–to–body weight
ratios were not different between the groups and increased
by 44% in BAMBI2/2 and by 36% in BAMBI+/+ mice, con-
sistent with diabetic renal hypertrophy. As expected
for C57BL/6 mice, urinary albumin excretion, determined
either as timed urine collection (albumin per 24 h; Table 1)
or as a random urine albumin-to-creatinine ratio, was mod-
estly elevated among diabetic BAMBI+/+ mice compared
with nondiabetic BAMBI+/+ mice (Fig. 2C). Notably, urinary
albumin excretion in diabetic BAMBI2/2 mice was more
than double that of diabetic BAMBI+/+ mice (Fig. 2C and
Table 1), indicating that BAMBI deficiency exacerbates
proteinuria as a marker of diabetic glomerular injury.

Glomerular Morphometric Characteristics of Diabetic
BAMBI2/2 Mice
All diabetic mice developed significant mesangial expan-
sion at 18 weeks compared with their corresponding
nondiabetic controls (Fig. 3A and B); the expansion in
BAMBI2/2 and BAMBI+/+ mice was comparable. Based
on ultrastructural comparisons, the width of podocyte
FPs revealed significantly wider FPs in diabetic BAMBI2/2

mice compared with diabetic BAMBI+/+ mice (Fig. 3C
and D). The thickness of GBMs increased significantly in
all diabetic mice, but they were not different between
diabetic BAMBI+/+ and diabetic BAMBI2/2 mice (Fig. 3E).
No consistent glomerular endothelial morphological ab-
normalities were detected by light or electron microscopy
in either group. There were also no abnormalities noted in
the tubulointerstitial compartment, consistent with early
and a mild degree of diabetic glomerulopathy.

ERK1/2 and Smad1/5 Phosphorylation Is Enhanced in
Glomeruli or Cortices of Diabetic BAMBI2/2 Mice
Compared With Diabetic BAMBI+/+ Mice
Activation of glomerular ERK1/2 and Smad-2/3 has been
noted in diabetic mice and rats (4,14,15,47). We therefore
compared the phosphorylation of ERK1/2, Smad1/5, and
Smad3 in isolated glomeruli and cortices obtained from
BAMBI+/+ and BAMBI2/2 mice with or without diabetes
for 18 weeks. Among nondiabetic, citrate-injected mice,
phosphorylation of ERK1/2 in glomeruli (Fig. 4A) or corti-
ces (Supplementary Fig. 1) of BAMBI2/2 mice was not
different from that of BAMBI+/+ mice (Fig. 4A). ERK1/2
phosphorylation increased in glomeruli and cortices of the
diabetic mice, but it was higher in BAMBI2/2 than
BAMBI+/+ mice (Fig. 4A and Supplementary Fig. 1). Because
results from isolated glomeruli (from two different mice
per experimental group) and cortices (from three different
mice per experimental group) were comparable, these were
combined for statistical evaluation by densitometry
(Fig. 4B).

Phosphorylation of Smad1/5 was already higher in
glomeruli of nondiabetic, citrate-injected BAMBI2/2 mice
than in BAMBI+/+ mice, and it increased further only in
glomeruli of diabetic BAMBI2/2 mice (Fig. 4C and D). By
contrast, activation of the canonical TGF-b signaling path-
way (as assessed by phosphorylation of Smad3) was higher
in glomeruli of both groups of diabetic mice compared with
the respective nondiabetic, citrate-injected controls, and
this was enhanced in diabetic BAMBI2/2 compared with
diabetic BAMBI+/+ mice (Fig. 4E and F).

Consistent with the phosphorylation/activation data
for ERK1/2, the expression of respective target genes for

Table 1—Physiological and biochemical parameters

Parameters

Groups

BAMBI+/+ citrate
(n = 6)

BAMBI2/2 citrate
(n = 5)

BAMBI+/+ STZ
(n = 7)

BAMBI2/2 STZ
(n = 8)

Body weight before injection (g) 23.57 6 1.7 19.6 6 0.6 24.1 6 1.8 21.80 6 1.4

Kidney–to–body weight ratio (mg/g) 7.2 6 0.4 6.7 6 0.4 9.9 6 0.6*Dj 9.6 6 0.5*D

Blood pressure (mmHg)
Systolic 98 6 5 105 6 3 110 6 6 100 6 8
Diastolic 77 6 6 79 6 3 80 6 6 70 6 7

Serum creatinine (mg/dL) 0.16 6 0.02 0.16 6 0.01 0.17 6 0.01 0.14 6 0.004

Urinary albumin excretion (mg/24 hours) 21.9 6 3.9 31.5 6 8.7 103.8 6 11 *D 207.0 6 32 *Dj

*P , 0.05 vs. BAMBI+/+ citrate. DP , 0.05 vs. BAMBI2/2 citrate. jP , 0.05 vs. BAMBI+/+ STZ.
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Figure 2—A: Age-matched BAMBI+/+ and BAMBI2/2 mice were injected with STZ as described in RESEARCHDESIGN ANDMETHODS. Both groups
developed comparable degrees of hyperglycemia when compared with citrate-injected controls during the 18-week study period (n = 5 for
BAMBI+/+ citrate-injected mice; n = 7 for BAMBI2/2 citrate-injected mice; n = 7 for BAMBI+/+ STZ-induced diabetic mice; and n = 8
for BAMBI2/2 STZ-induced diabetic mice). *P< 0.05 compared with citrate-injected controls. B: BAMBI2/2 mice tended to weigh less than
BAMBI+/+ littermates at the time of citrate or STZ injection, and both diabetic BAMBI+/+ and BAMBI2/2 mice gained significantly less weight
compared with nondiabetic (e.g., citrate-injected) BAMBI+/+ and BAMBI2/2 control mice during the 18-week study period. C: After 18 weeks
of diabetes, the urinary albumin-to-creatinine ratio (UACR) of diabetic BAMBI+/+ mice was significantly, but only modestly, elevated
compared with that of nondiabetic BAMBI+/+ mice; it was, however, more than twice as elevated in diabetic BAMBI2/2 mice. *P < 0.05
compared with the respective citrate-injected controls; #P < 0.05 compared with the respective BAMBI+/+ STZ-injected mice.
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Figure 3—A: Light microscopy images (hematoxylin and eosin stains) from renal cortices of BAMBI+/+ and BAMBI2/2 mice 18 weeks after
either citrate or STZ injection showing mesangial accentuation in the diabetic mice. Bars indicate 50 mm. B: Semiquantitative evaluation of the
mesangial expansion determined in five mice per group, with an average of 30 glomeruli evaluated for each mouse. C: Representative electron
microscopy images from glomeruli of the four groups after 18 weeks of the study. Bars indicate 2 mm. D and E: Quantification shows
significantly broader FPs in the glomeruli of diabetic BAMBI2/2 mice compared with BAMBI+/+ mice but a comparable increase in GBM
thickening in both strains of diabetic mice. Results are from measurements performed in two or three glomeruli from three mice per group.
*P < 0.05 compared with the respective citrate-injected controls; #P < 0.05 compared with the respective BAMBI+/+ STZ-injected mice.
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Figure 4—ERK1/2 and Smad phosphorylation in glomeruli isolated from BAMBI+/+ and BAMBI2/2 mice 18 weeks after citrate or STZ
injection. A, C, and E: Glomerular extracts were prepared and probed on Western blots with antibodies directed against the phosphorylated
(P) or unphosphorylated total (T) form of ERK1/2, Smad1/5, and Smad3, as described in RESEARCH DESIGN AND METHODS. b-Actin served as the
loading control. Results shown are from two representative mice per group. B: Combined results obtained for ERK1/2 phosphorylation by
densitometric evaluation of the Western blots form two different but comparable experimental series: one using extracts of isolated
glomeruli from two mice per group and one using cortical extracts from three mice per group (Supplementary Fig. 1). Group statistics
were performed on the five samples per group. Densitometry results for the phosphorylation of Smad1/5 (D) and Smad3 (E) are shown.
Levels of mRNA of respective target genes for ERK1/2 (Raf1,Mel2, Ccnd1) (G) and for Smad1/5 (Atoh8, Id3, and Snon) (H) were significantly
higher in the glomeruli isolated from diabetic BAMBI2/2 mice compared with those from diabetic BAMBI+/+ mice. I: Smad2/3 target genes
Ctgf1 and Pai1 were not different between the diabetic BAMBI2/2 mice and diabetic BAMBI+/+ mice. *P < 0.05 compared with the
respective citrate-injected controls; #P < 0.05 compared with the respective BAMBI+/+ STZ-injected mice. GOI, gene of interest; n.s.,
not significant.
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ERK1/2 (48), such as Raf1, Mel2, and Ccnd1, and for
Smad1/5 (49), such as Atoh8, Id3, and Snon, was signifi-
cantly higher in the glomeruli of diabetic BAMBI2/2 mice
compared with diabetic BAMBI+/+ mice (Fig. 4G). By
contrast, Smad3 target genes Ctgf1 and Pai1 were not
different between the diabetic BAMBI2/2 mice and the
diabetic BAMBI+/+ mice (Fig. 4H). Taken together, these
data indicate that signaling through ERK1/2 and
Smad1/5 is enhanced in glomeruli from diabetic mice
with deletion of BAMBI compared with wild-type dia-
betic mice, whereas Smad3 signaling in glomeruli is less
affected by BAMBI deletion after 18 weeks of STZ-
induced diabetes.

Glomerular Expression of Angiogenic Factors Is
Altered in Diabetic BAMBI2/2 Mice
We previously reported that BAMBI elimination influences
the endothelial phenotype (30,31), and endothelial growth
factors influence the microvascular disease of diabetes, in-
cluding in glomeruli (50–55). We therefore examined the
expression of endothelial growth factors and their recep-
tors in glomeruli isolated from control and diabetic
BAMBI+/+ and BAMBI2/2 mice. Levels of mRNA for
Vegf-A, angiopoietin 2 (Angpt2), and Tie2 were comparable
in glomeruli isolated from (STZ-induced) diabetic mice irre-
spective of their BAMBI genotype (data not shown). By
contrast, expression of Vegfr2, but not Vegfr1, was signif-
icantly reduced in glomeruli of both citrate-injected and
STZ-induced diabetic BAMBI2/2 mice compared with di-
abetic or citrate-injected BAMBI+/+ mice (Fig. 5A). Angpt1
mRNA levels were significantly reduced in glomeruli from
BAMBI2/2 mice with STZ-induced diabetes compared with
either their citrate-injected controls or the diabetic
BAMBI+/+ mice (Fig. 5A). BAMBI mRNA levels were not
reduced in the glomeruli of BAMBI+/+ C57BL/6 mice after
18 weeks of diabetes with mild DN (Fig. 5A), which is in
contrast to the results obtained in a model of severe DN in
db/db;eNOS2/2 mice (Fig. 1).

To determine whether the reduced levels of mRNA for
Vegfr2 and Angpt1 in the glomeruli from diabetic BAMBI2/2

mice resulted from enhanced TGF-b signaling, freshly iso-
lated glomeruli from BAMBI+/+ and BAMBI2/2 control
mice were incubated with TGF-b ex vivo, and mRNA levels
for Vegfr1 and 2 and Angptn1 were determined. As shown
in Fig. 5B, mRNA levels of Vegfr1 were comparable in
glomeruli from either BAMBI+/+ or BAMBI2/2 mice and
were not changed by TGF-b. By contrast, TGF-b reduced
mRNA levels of Vegfr2 and Angpt1 in glomeruli from both
BAMBI+/+ and BAMBI2/2 mice, but this effect was signif-
icantly greater in glomeruli from BAMBI2/2 mice (Fig. 5B).
To determine whether the increased downregulation of
Vegfr2 expression by TGF-b in glomeruli of BAMBI2/2

mice is mediated through enhanced alternative TGF-b sig-
naling, glomeruli were incubated with or without the MEK
antagonist U0126 to inhibit ERK1/2 activation (Fig. 5C).
Again, TGF-b decreased the levels of Vegfr2 and Angpt1
mRNA in glomeruli from both BAMBI+/+ and BABMI2/2

mice, and these effects were abrogated by the inhibitor
U0126 for ERK1/2 activation (Fig. 5C).

To evaluate further the expression of the Vegfr2 gene in
glomerular endothelial cells, we took advantage of a trans-
genic mouse (back-crossed into the C57BL/6 strain)
expressing a histone H2B-yellow fluorescent protein
(EYFP) fusion reporter under the control of Vegfr2/Flk1
regulatory sequences (Flk1:H2B-EYFP [36]). We first inter-
crossed the transgene into our BAMBI+/+ and BAMBI2/2

mice. As shown in Fig. 6A, in adult BAMBI+/+ and
BAMBI2/2 mice, expression of histone yellow is restricted
to the nuclei of some glomerular cells, which upon CD31
double stain were identified as endothelial cells (Supple-
mentary Fig. 2). The restriction of the Vegfr2 gene to the
glomerulus in kidneys from adult mice is consistent with
previous observations (36) and with the importance of
persistent Vegfr2 expression in glomerular endothelial cells
for their normal function (54,55). Colocalization with
Hoechst stain confirmed the nuclear localization of the
H2B-EYFP reporter and its restricted expression (repre-
senting endothelial cells) in about 30% of total glomerular
cells (Fig. 6A). The numbers and fluorescence intensity of
H2B-EYFP-positive endothelial cells per glomerular area
were comparable between nondiabetic BAMBI+/+ and
BAMBI2/2 mice (Fig. 6B and C). After 18 weeks of diabe-
tes, the intensity of H2B-EYFP fluorescence was signifi-
cantly reduced in glomeruli of BAMBI2/2 but not
BAMB+/+ mice (Fig. 6A and C). In diabetic BAMBI2/2

mice, a 50% loss of H2B-EYFP-positive nuclei was observed
(Fig. 6A and B). This decrease was not caused by cell loss
because the number of Hoechst-positive nuclei per glomer-
ular area did not change. We also determined the glomer-
ular endothelial area using CD31 as an endothelial marker
and computer-assisted morphometry. As shown in Supple-
mentary Fig. 3, CD31-positive areas per glomerulus in kid-
neys from BAMBI2/2 than BAMBI+/+ mice were not
significantly different after 18 weeks of diabetes. Finally,
we also excluded that changes in podocyte numbers (as
determined by WT-1-positive nuclei per glomerulus) might
contribute to the observed effects in BAMBI2/2 mice with
18 weeks of diabetes compared with BAMBI+/+ mice. As
expected in mice with a C57BL/6 background, no change
in podocyte numbers was noted (Supplementary Fig. 4).
Taken together with the mRNA levels in glomeruli isolated
from the diabetic mice, these data are consistent with sig-
nificantly reduced expression of vascular endothelial
growth factor (VEGF) receptor-2 in glomerular endothelial
cells of diabetic BAMBI2/2 mice compared with their
citrate-injected controls or to diabetic BAMBI+/+ mice.

DISCUSSION

Our results show that genetic elimination of BAMBI as
a modulator of the signaling of the family of TGF
cytokines renders the almost-resistant C57BL/6 mouse
strain more susceptible to the development of diabetic
glomerular abnormalities, as determined by proteinuria
with a widening of the FPs. This is associated with
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Figure 5—A: Levels of mRNA for angiogenic factors and their receptors in glomeruli isolated from BAMBI+/+ and BAMBI2/2 mice 18 weeks
after either citrate or STZ injection. Results are means6 SEMs of triplicate determinations using glomeruli from three to six mice per group.
*P < 0.05 compared with the respective citrate-injected controls; #P < 0.05 compared with the respective BAMBI+/+ STZ-injected mice. B:
Levels of mRNA for angiogenic factors or their receptors obtained after incubation of isolated glomeruli from BAMBI+/+ or BAMBI2/2 mice
under control conditions or with addition of TGF-b for 6 h before extraction and quantitative RT–PCR, as described in RESEARCH DESIGN AND

METHODS. Results are means 6 SEMs from three to five separate incubations and glomerular preparations per group. *P < 0.05 compared
with the respective vehicle-treated glomeruli; #P < 0.05 compared with the TGF-b-treated BAMBI+/+ glomeruli. C: Levels of mRNA
expression for Vegfr2 and Angpt1 in glomeruli (gloms) isolated from either BAMBI+/+ or BAMBI2/2 mice after incubation under either basal
conditions or with TGF-b, U1026, or TGF-b plus U1026. Results are from three to six experiments per group. *P < 0.05 compared with
U1026 or U1026/TGF-b-treated groups. GOI, gene of interest; n.s., not significant; n.d., not detectable; WT, wild type.

2228 BAMBI, TGF-b, and Diabetic Nephropathy Diabetes Volume 64, June 2015



Figure 6—A: Immunofluorescence images from kidneys of BAMBI+/+ or BAMBI2/2 mice expressing the histone yellow fluorescent protein
(H2B-EYFP) under the control of Vegfr-2/Flk1 regulatory sequences (Flk-1:H2B-EYFP transgene) and stained with Hoechst nuclear dye.
Each fluorescence channel is shown individually and as a merged image. Images are from BAMBI+/+ and BAMBI2/2 mice 18 weeks after
either citrate or STZ injection. The dotted lines outline the glomerular capsules as visualized by phase-contrast microscopy. B–D: Quan-
tification of the number (B) and intensity of fluorescence for H2B-EYFP-positive cell nuclei representing endothelial cells (C), and the
number of total glomerular cell nuclei (Hoechst stain) per glomerular outline. Results are means 6 SEMs of four or five glomeruli evaluated
per animal (two mice per group). *P < 0.05 compared with the respective citrate-injected controls; #P < 0.05 compared with BAMBI+/+

STZ-injected mice. AU, arbitrary units; glom, glomerulus; n.s., not significant; YFP, yellow fluorescent protein.
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increased activation of ERK1/2 and Smad1/5 alternative
TGF-b signaling pathways. The Vegfr2 and Angpt1 genes,
which control glomerular endothelial survival and micro-
vascular stability, were downmodulated in glomeruli from
diabetic BAMBI2/2 mice compared with BAMBI+/+ mice.
Incubation of glomeruli from nondiabetic BAMBI+/+ or
BAMBI2/2 mice with TGF-b resulted in further downreg-
ulation of Angpt1 and Vegfr2 in glomeruli from
BAMBI2/2 compared with BAMBI+/+ mice. The enhanced
downregulation of Vegfr2 in glomeruli of diabetic mice by
eliminating BAMBI could be localized to glomerular endo-
thelial cells using an H2B-EYFP reporter under the control
of Vegfr2/Flk1 regulatory sequences. These results are
consistent with a role for BAMBI in modulating the effects
of diabetes on glomerular endothelial cells and could
thereby alter the permselectivity of the glomerulus. The
mechanism involves predominantly modification of alterna-
tive TGF-b signaling pathways in the glomerular endothe-
lium. Because BAMBI expression is also downregulated in
glomeruli from biopsies of patients with DN, these consid-
erations may also apply to human diabetic glomerulopathy,
where therapeutic intervention in alternative signaling
pathways of TGF-b may be of therapeutic interest.

BAMBI is considered to function as a nonsignaling
pseudo-receptor for the TGF type I receptor family (32).
As such, it acts as a dominant negative modulator of
kinase signaling pathways activated by members of the
TGF family, including TGF-b, bone morphogenic proteins,
and activin. Genetic elimination of BAMBI in mice results
in only a mild phenotype, characterized by endothelial
dysfunction and evidenced by delayed hemostasis, and
an activated endothelial phenotype with enhanced in
vitro and in vivo angiogenesis (30,31,45). Because diabetic
glomerular disease is associated with both TGF-b over-
expression and microvascular endothelial alterations, we
examined the effect of experimental STZ-induced diabetes
on the glomerulus in BAMBI+/+ and BAMBI2/2 mice. We
used STZ-induced diabetes in C57BL/6 mice, a strain that
is relatively resistant to the development of diabetic glo-
merular disease (46,56) and is therefore useful in identi-
fying glomerular changes in response to enhanced TGF-b
signaling in the absence of BAMBI. In fact, the very mild
degree of albuminuria that occurred at 18 weeks of diabetes
in BAMBI+/+ mice was significantly increased in BAMBI2/2

mice. This occurred without any differences in hyperglyce-
mia, serum creatinine, or blood pressure. As expected, the
kidney weight–to–body weight ratio increased after 18
weeks of diabetes in BAMBI+/+ and BAMBI2/2 mice, consis-
tent with the renal hypertrophy of early diabetes (56).

As further indications of diabetic glomerular disease,
we determined mesangial area using semiquantitative,
computer-assisted light microscopical evaluation and
electron microscopic morphometry of basement mem-
brane thickness and podocyte FP width. Mesangial area
and basement membrane thickness increased to a compa-
rable extent in both diabetic BAMBI+/+ and BAMBI2/2

mice, but FP width increased only in BAMBI2/2 mice.

The enhanced podocyte width in diabetic BAMBI2/2

mice corresponds to the increased albuminuria observed
in these mice. A correlation between podocyte width and
proteinuria was noted previously (2,4,10). The reason for
the increased proteinuria and podocyte width in the di-
abetic BAMBI2/2 mice is unclear but could be due to
altered endothelial and podocyte function and cross-talk
with podocytes, as reflected by the changes in Angpt1 and
Vegfr2 expression, respectively.

Increased glomerular generation of TGF-b is thought
to contribute to diabetic glomerulosclerosis involving ca-
nonical TGF-b signaling through Smad2/3 activation and
enhanced matrix generation (4). Experimental elimina-
tion of Smad3 signaling, however, only reduces mesangial
expansion and thickening of the GBM, but, surprisingly,
does not reduce albuminuria, in diabetic mouse models
(5,6,9,10). Our findings may be of interest in this context
because they show the contrasting mirror image in STZ-
induced diabetes in BAMBI2/2 mice, that is, increased
albuminuria, but comparable mesangial and basement
membrane expansion with predominantly enhanced
Smad1/5 and ERK1/ 2 activation. We therefore propose
that Smad1/5- and ERK1/2-dependent, alternative TGF-b
signaling pathways may contribute to the increase in
proteinuria in diabetic BAMBI2/2 mice.

The observation of alternative TGF-b signaling in
glomeruli is reminiscent of that noted for TGF-b signaling
in vascular endothelial cells, in which TGF-b signals pre-
dominantly through ALK1 alternative pathways rather
than through ALK5 receptors and canonical pathways
(11,24,26–29). Furthermore, we recently reported that,
in endothelial cells, BAMBI interferes predominantly
with alternative TGF-b signaling through phosphoryla-
tion of ERK1/2 and Smad1/5 (30). The differential effects
of BAMBI elimination in diabetic mice in terms of the
enhanced activation of ERK1/2 and Smad1/5 also were
substantiated by increased mRNA levels for genes classi-
cally considered to be regulated by ERK1/2, such as Raf1,
Mel2, and Ccnd1, and those regulated by Smad1/5 (48),
such as Atoh8, Id3, and Snon (49).

Mitogen-activated protein kinase and ERK1/2 are
shown to be activated in glomeruli in diabetic mouse
and rat models (12,14,15). In general, ERK1/2 activation
has been associated with hypertrophy of glomerular
podocytes, mesangial cells, and endothelial cells (15). We
therefore hypothesize that elimination of BAMBI in STZ-
induced diabetic mice leads to enhanced activation of an
alternative TGF-b signaling pathway via ERK1/2 and
Smad1/5 activation in diabetes and thereby may contrib-
ute to the increased proteinuria in BAMBI2/2 mice. This
hypothesis would also explain reports that interfering
with canonical Smad2/3 signaling in diabetic mice miti-
gates only glomerular matrix expansion and GBM
thickness and not proteinuria (36). The prominent ac-
tivation of alternative ERK1/2 and Smad1/5 pathways
in glomeruli might be due to the high percentage of
endothelial cells (30–40%), in which TGF-b signals
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predominantly through ALK1 and alternative path-
ways. While Smad1/5 activation is predominantly depen-
dent on TGF-b, that of ERK1/2 is also influenced by other
mitogen-activated protein kinase signaling pathways,
which may explain the slightly different effects of BAMBI
elimination on their respective activation in glomeruli
from diabetic BAMBI+/+ versus BAMBI2/2 mice (Fig. 4).
At present, however, how exactly Smad1/5 and ERK1/2
are activated and in which glomerular cell type, as well as
how this contributes to the enhanced ERK1/2 and Smad1/
5 activation in glomeruli from diabetic BAMBI2/2 mice,
remain to be determined.

Endothelial dysfunction is a hallmark of the general-
ized microvascular disease of diabetes. Changes in the
expression of endothelial growth factors and their
receptors, such as VEGF-A, angiopoietin 1 and 2, VEGF
receptors 1 and 2, and Tie2, were noted in both
experimental models and human cases of glomeruloscle-
rosis and proteinuria of diabetes (56–58). Interestingly,
we found that glomerular levels of Vegfr2 and Angpt1
mRNA were significantly reduced, especially in diabetic
BAMBI2/2 mice. To examine whether this might be
caused by the observed enhanced TGF-b signaling in
BAMBI2/2 mice, we incubated glomeruli isolated from
BAMBI+/+ and BAMBI2/2 mice with TGF-b and then an-
alyzed the levels of mRNA for the angiogenic genes. TGF-b
inhibited mRNA expression for Vegfr2 and Angpt1 in
glomeruli from BAMBI+/+ mice—effects that were further
enhanced in BAMBI2/2 mice. These in vitro results par-
tially mimic the effects of diabetes on glomerular expres-
sion of these genes in BAMBI+/+ and BAMBI2/2 mice and
demonstrate that TGF-b inhibits the expression of genes
essential for glomerular endothelial function and that
a lack of BAMBI accentuates these effects. The effects
of TGF-b on the expression of Vegfr2 and Angpt1 might
be direct or indirect, but in either case it would eventually
affect different glomerular cell types: Vegfr2 is predomi-
nantly expressed by glomerular endothelial cells (55),
whereas Angpt1 is produced largely by podocytes (58).
Dessapt-Baradez et al. (58) showed decreased Angpt1
and Vegfr2 in glomeruli of STZ-induced diabetic mice.
Restitution of Angpt1 by inducible podocyte-specific
Angpt1 generation resulted in amelioration of proteinuria
without reduction of mesangial expansion or the GBM
thickness. While the level of mRNA for Vegfr2 was not
significantly altered, the amount of phosphorylated
Vegfr2 was significantly reduced. Dessapt-Baradez et al.
concluded that diabetes induces changes in vascular
growth factors and their receptors that result in endothe-
lial dysfunction, contributing to the proteinuria of diabe-
tes. Our results are consistent with this concept.

Finally, to localize the changes in Vegfr2 expression
within the glomeruli, we took advantage of a reporter
mouse expressing histone yellow fluorescent protein
under the control of Vegfr2/Flk regulatory sequences,
which has been used to evaluate the expression of Vegfr2
during development (36). In the adult mouse, expression

of the reporter is restricted to vascular beds such as the
glomerular endothelium, which require persistent expres-
sion of VEGF-A by podocytes and VEGF receptor-2 by
endothelial cells to maintain normal function and glomer-
ular filtration permselectivity (54,55). Consistent with
this concept, we found that in control adult BAMBI+/+

mice, glomerular endothelial cells, identified by CD31
staining, coexpressed H2B-EYFP in their nuclei. Induction
of diabetes by STZ resulted in decreased intensity of
yellow fluorescent protein in glomeruli of BAMBI+/+

mice, an effect significantly enhanced in BAMBI2/2

mice. These results are in agreement with the mRNA
data for Vegfr2 obtained in glomeruli isolated from these
mice and further confirm that experimental diabetes
causes early endothelial changes, which are accentuated
by the elimination of BAMBI.

Overall, our results point to a role for BAMBI in
modulating an alternative pathway for TGF-b signaling in
the generation of diabetic glomerular changes, in which the
glomerular endothelium may play a significant role. BAMBI
is downmodulated in isolated glomeruli in both an acceler-
ated model of diabetes in mice with endothelial nitric oxide
synthase deficiency and in biopsies from patients with estab-
lished DN (our data and those reported by Woroniecka et al.
[20] and Hodgin et al. [21]). Enhanced activity of an alter-
native TGF-b pathway in diabetes may be an early step in
the development of glomerular endothelial dysfunction,
with downregulation of VEGF receptor 2 in endothelial
cells and of ANGPT1 in podocytes. This novel mechanism
of TGF-b action in the glomerulus may be of significance
not only for diabetic proteinuria but also for other dis-
eases leading to glomerulosclerosis.
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