


















Supplementary Figure 1.  Amino acid sequences of GLP-1 analogues. (a) 
Amino acid sequence of fully active GLP-1 analogue which features 2-
aminoisobutyric acid at position 2 (red), glutamic acid at position 16 (blue), the 
C-terminal extension from exendin-4 from position 30-39 (green), and lysine-
amide at position 40 (orange) with site of estrogen attachment (*). (b) Amino 
acid sequence of inactive GLP-1 analogue which is composed entirely D-
amino acids (italicized) and features alanine at positions 1 and 22 (yellow), 2-
aminoisobutyric acid at position 2 (red), the C-terminal extension from 
exendin-4 from position 30-39 (green), and lysine-amide at position 40 
(orange) with site of estrogen attachment (*). 

Supplementary Table 1. EC50 values were generated from dose-response 
curves and represent compound concentrations at which half maximal 
activation occurred at either the estrogen receptor or GLP-1 receptor. IC50 
values were generated from dose-response curves and represent compound 
concentrations at which half maximal inhibition of competitor ligand occurred 
at either the estrogen receptor alpha or GLP-1 receptor. A minimum of three 
separate experiments was conducted for each compound at both estrogen 
and GLP-1 receptors. 

Supplementary Figure 2. Two-week treatment of diet-induced obese male 
mice with GLP-1/estrogen conjugates. (a) Effects on lean mass (n = 8) 
following daily subcutaneous injections of a GLP-1 analogue (green), a stable 
GLP-1/estrogen conjugate (red) and a labile GLP-1/estrogen conjugate (blue) 
at a single dose of 400 µg kg–1. In separate experiments, (b) respiratory 
quotient, (c) liver weights and plasma AST/ALT, (d) energy expenditure and 
locomotor activity, (e) plasma testosterone and testes weight and (f) plasma 
estradiol were monitored throughout 2-weeks of treatment with the GLP-1 
analogue, stable conjugate and labile conjugate at the equivalent dose of 400 
µg kg–1 (n = 8). Data in a-f represent means ± s.e.m. *P < 0.05, ** P < 0.01, 
*** P < 0.001, determined by analysis of variance (ANOVA) comparing vehicle 
to compound injections unless otherwise noted. 

Supplementary Figure 3. One-week treatment of diet-induced obese female 
ovariectomized mice with GLP-1/estrogen conjugates. (a) Effects on body 
weight, (b) cumulative food intake, (c) ad lib blood glucose, (d) fat mass, and 
(e) uterus weight (n = 8) following daily subcutaneous injections of a labile 
GLP-1/estrogen conjugate (blue) and stable GLP-1/estrogen conjugate (red) 
at a single dose of 400 µg kg–1. Data in a-e represent means ± s.e.m. *P < 
0.05, ** P < 0.01, *** P < 0.001, determined by analysis of variance (ANOVA) 
comparing vehicle to compound injections unless otherwise noted. 

Supplementary Figure 4. Structure, stability profiles and in vivo metabolic 
activity of meta-stable GLP-1/estrogen conjugates. (a) Structure of the GLP-
1/meta-stable estrogen conjugate #1 featuring a hydrazone bond linkage to 



estrogen. HPLC traces of sequential time point aliquots of the hydrazone-
based meta-stable conjugate throughout incubation at 37°C in (b) 100% 
human plasma at pH 7.4 and (c) pH 5.0 buffer. (d) Structure of the GLP-
1/meta-stable estrogen conjugate #2 featuring a hindered disulfide bond 
linkage to estrogen. HPLC traces of sequential time point aliquots of the 
hydrazone-based meta-stable conjugate throughout incubation at 37°C in 
buffer containing (e) 15 µM glutathione (mimics extracellular thiol 
concentrations) and  (f) 15 mM glutathione (mimics extracellular thiol 
concentrations). (g) Effects on body weight in DIO mice (n = 8) and (h) uterus 
weight in OVX mice (n = 8) following daily subcutaneous injections of a labile 
conjugate (dark blue), stable conjugate (dark red), acid-sensitive hydrazone-
based meta-stable conjugate (cyan), and reduction-sensitive disulfide-based 
meta-stable conjugate (neon green) at a dose of 400 µg kg–1. Data represent 
means ± s.e.m. *** P < 0.001, determined by analysis of variance (ANOVA) 
comparing vehicle to compound injections unless otherwise noted. 

Supplementary Figure 5. Structures of potential intracellular estrogen 
metabolites liberated from the stable GLP-1/estrogen conjugate. Calculated 
EC50 values are shown in Supplementary Table 1. 

Supplementary Table 2. Whole body DXA measurements (excluding the 
head) of bone mineral content, bone area, bone mineral density, fat mass, 
and lean mass as well as femoral metaphysis and diaphysis bone contents 
(total, trabecular, and cortical-subcortical) as measured by ex vivo pQCT of 
DIO male mice treated for 14 days with the GLP-1 conjugates at a dose of 
400 µg kg–1. Data represent means ± s.e.m. *P < 0.05, ** P < 0.01, and *** P 
< 0.001, determined by analysis of variance (ANOVA) comparing vehicle to 
compound injections unless otherwise noted.   

Supplementary Figure 6. GLP-1R gene expression profile and hypothalamic 
gene expression patterns from mice treated with GLP-1/estrogen conjugates. 
(a) Tissue expression profile of the GLP-1R gene in C57BL/6 mice with 
hypothalamic expression of GLP-1R and estrogen receptor genes in the 
insert. Effects on hypothalamic gene expression of trim25 and pgr 
(progesterone receptor) in (b) ovariectomized female mice following acute 
treatment (3 days) or (c) male DIO mice treated chronically (14 days) with 
daily subcutaneous injections of a GLP-1 analogue (green), stable GLP-
1/estrogen conjugate (red) or labile GLP-1/estrogen conjugate (blue) at a 
dose of 400 µg kg–1. (d) Tissue expression profile of the GLP-1R gene in 
generated Nestin-Cre Glp1r–/– mice. Data (a-d) represent means ± s.e.m. *P < 
0.05, ** P < 0.01, *** P < 0.001, determined by analysis of variance (ANOVA) 
comparing vehicle controls to compound injections unless otherwise noted. 

Supplementary Figure 7. (a) Structure of GLP-1/γGlu-γGlu-palmitate 
conjugate. (b) Structure of GLP-1/lithocholic acid conjugate.  
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