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Oral chromium picolinate 
impedes hyperglycemia-induced 
atherosclerosis and inhibits 
proatherogenic protein TSP-1 
expression in STZ-induced type 1 
diabetic ApoE−/− mice
Rituparna Ganguly1,2,†, Soumyadip Sahu1,2, Vahagn Ohanyan1, Rebecca Haney1, 
Ronaldo J. Chavez1, Shivani Shah1, Siri Yalamanchili1 & Priya Raman1,2

Increasing evidence suggests thrombospondin-1 (TSP-1), a potent proatherogenic matricellular protein, 
as a putative link between hyperglycemia and atherosclerotic complications in diabetes. We previously 
reported that the micronutrient chromium picolinate (CrP), with long-standing cardiovascular benefits, 
inhibits TSP-1 expression in glucose-stimulated human aortic smooth muscle cells in vitro. Here, we 
investigated the atheroprotective action of orally administered CrP in type 1 diabetic apolipoprotein 
E-deficient (ApoE−/−) mice and elucidated the role of TSP-1 in this process. CrP decreased lipid burden 
and neointimal thickness in aortic root lesions of hyperglycemic ApoE−/− mice; also, smooth muscle cell 
(SMC), macrophage and leukocyte abundance was prevented coupled with reduced cell proliferation. 
Attenuated lesion progression was accompanied with inhibition of hyperglycemia-induced TSP-1 
expression and reduced protein O-glycosylation following CrP treatment; also, PCNA and vimentin 
(SMC synthetic marker) expression were reduced while SM-MHC (SMC contractile marker) levels were 
increased. To confirm a direct role of TSP-1 in diabetic atherosclerosis, hyperglycemic TSP-1−/−/ApoE−/− 
double knockout mice were compared with age-matched hyperglycemic ApoE−/− littermates. Lack of 
TSP-1 prevented lesion formation in hyperglycemic ApoE−/− mice, mimicking the atheroprotective 
phenotype of CrP-treated mice. These results suggest that therapeutic TSP-1 inhibition may have 
important atheroprotective potential in diabetic vascular disease.

Vascular disease is the leading cause of increased morbidity and mortality in diabetes. Risks of atherosclerotic 
complications are enhanced two-to-four-fold in diabetic patients1,2, accounting for > 80% of deaths and hospital-
izations in these individuals. Clinical studies, including recent animal data3–7, indicate that elevated glucose levels, 
independent of hyperlipidemia, may have profound proatherogenic effects in diabetes. Previous epidemiological 
studies1,2 have revealed a strong association between cumulative glycemic exposure and intima-media thickness 
(IMT) of the carotid artery, an early marker of atherosclerosis. Together, these reports support the notion that 
hyperglycemia is an important risk factor for development of macrovascular complications in diabetes. However, 
mechanisms underlying hyperglycemia-induced atherosclerosis are incompletely understood.

Thrombospondin-1 (TSP-1), a potent proatherogenic and anti-angiogenic protein, belongs to a family of 
matricellular proteins controlling cell-cell and cell-matrix interactions8. Earlier studies have shown that TSP-1 
expression is significantly enhanced in response to vascular injury and in atherosclerotic lesions, with aug-
mented expression in vascular smooth muscle cells (VSMC)9–11. Growing literature indicates distinct cell-and 
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tissue-specific effects of TSP-1; both in vivo and in vitro studies have revealed that TSP-1 stimulates VSMC pro-
liferation12 while inducing endothelial cell (EC) apoptosis13. The TSP protein family has been previously linked 
to atherosclerotic vascular disease based on GENEQUEST studies demonstrating an association between specific 
single nucleotide polymorphisms in the TSP genes with coronary artery disease and myocardial infarction14. 
These findings, confirmed by multiple human studies, lend support to TSP-1 as an alternative pathway for devel-
opment of atherosclerosis.

Diabetic patients and diabetic animal models have been reported to have elevated TSP-1 levels in the plasma 
and walls of the large blood vessels15,16. Earlier work demonstrated that high glucose in vitro, characteristic of a 
diabetic milieu, upregulates TSP-1 expression in cells of the large blood vessel (VSMC, EC, fibroblasts)16. We have 
further shown that hyperglycemia in vitro increases TSP-1 expression via a transcriptional mechanism in primary 
human aortic smooth muscle cell (HASMC) cultures17,18. Together, these findings implicate TSP-1 as a putative 
link between hyperglycemia and accelerated atherosclerotic complications in diabetes. However, the impact of 
therapeutic TSP-1 inhibition on diabetic atherogenesis remains unexplored.

We recently reported19 that chromium picolinate (CrP), the most bioavailable form of the mineral nutrient 
trivalent chromium (Cr3+ ) at pharmacological concentrations, inhibits TSP-1 expression in glucose-stimulated 
HASMC in vitro. In addition, we have found that TSP-1 inhibition was accompanied with attenuated HASMC 
proliferation in response to Cr3+  and this effect was specific for high glucose conditions19. Accumulating data 
have indicated optimal regulatory effects of Cr3+  on carbohydrate and lipid metabolism20,21. Unlike its hexa-
valent counterpart (Cr6+ ), Cr3+  is relatively stable, with minimal toxicity issues at doses allowable for dietary 
intake22,23. Numerous studies have also indicated favorable glycemic and cardiovascular effects of Cr3+  24–28. 
Nevertheless, clinical significance of Cr3+  in health and disease has been challenged by a dearth of mechanistic 
understanding of Cr3+  action.

Diabetic patients have low circulating and tissue Cr3+  levels compared to non-diabetic individuals29. There 
is increasing evidence that inadequate Cr3+  intake may elevate blood glucose and lipid levels30. Clinical studies 
have revealed that CrP in combination with biotin reduces insulin resistance and lowers the plasma atherogenic 
index in a cohort of type 2 diabetic patients31. Previous studies have also demonstrated that in STZ-induced 
diabetic Sprague Dawley rats in vivo and glucose-stimulated cultured monocytes in vitro, different Cr3+  formu-
lations reduced lipid peroxidation and pro-inflammatory cytokine secretion32–34. Moreover, in a hypercholes-
terolemic rabbit model of atherosclerosis, intramuscular administration of chromium chloride (CrCl3) lowered 
serum cholesterol levels and reduced the size of lipid deposits in coronary and aortic vasculature35. Despite a 
favorable response to Cr3+  in vascular disease, the precise effect and mechanisms of the nutraceutical CrP in 
large vessels in the setting of diabetic atherosclerosis has remained elusive.

The present study provides the first demonstration that orally administered CrP impedes development of ath-
erosclerotic lesions in STZ-induced hyperglycemic ApoE−/− mice, a mouse model of combined atherosclerosis 
and type 1 diabetes. Our data suggests that inhibition of TSP-1 expression, possibly mediated via reduced protein 
O-glycosylation, and blockade of VSMC phenotypic switching in the large vessel are important atheroprotective 
mechanisms of CrP in vivo. Notably, we have shown that genetic deletion of TSP-1 protects ApoE−/− mice against 
hyperglycemia-induced atherosclerosis, mimicking the protective phenotype of CrP-treated diabetic atheroscle-
rotic mice.

Results
Oral chromium picolinate has no effect on body weight, blood glucose and lipid profiles in 
hyperglycemic ApoE−/− mice. No significant differences in body weights were observed in STZ-induced 
hyperglycemic ApoE−/− mice treated with or without CrP compared with non-hyperglycemic ApoE−/− mice 
(Fig. 1a). As expected, non-fasted blood glucose levels increased 2–3-fold following STZ treatment in ApoE−/− 
mice vs. non-STZ-treated ApoE−/− (Fig. 1b); consistent with earlier reports, multiple low-dose STZ did not 
adversely affect animal well-being or survival. Interestingly, under conditions of experimental type 1 diabetes 
in ApoE−/− mice, CrP provided in drinking water had no effect on the non-fasted blood glucose levels in these 
mice. Although a slight reduction (~15%) in glucose levels was noted at 12 weeks of age following CrP adminis-
tration, this effect was abolished at later time points and the animals continued to remain hyperglycemic attaining 
non-fasted blood glucose levels ≥ 250 mg/dl. Moreover, while hyperglycemia increased plasma total cholesterol 
and total triglyceride levels in STZ-ApoE−/− mice (~1.6-fold versus ApoE−/− control), there was no statistically 
significant effect of CrP administration on the lipid profiles in hyperglycemic ApoE−/− mice (Figs. 1c,d). Similar 
to these findings, CrP did not affect either body weight or total cholesterol levels in non-diabetic ApoE−/− control 
mice (data not shown).

Chromium picolinate impedes hyperglycemia-induced atherosclerosis in ApoE−/− 
mice. Atherosclerotic lesion development was examined in all treatment groups using aortic root morpho-
metry. Lipid-filled lesions were significantly increased in STZ-induced hyperglycemic ApoE−/− mice compared 
with age-matched non-hyperglycemic ApoE−/− littermates, shown by oil red O (ORO) staining. In contrast, CrP 
treatment diminished lesion formation in hyperglycemic ApoE−/− mice (Fig. 2a). Quantification of ORO-positive 
staining revealed that while lesion burden was augmented in STZ-ApoE−/− mice (2.3-fold vs. Controls), CrP 
remarkably reduced lipid-filled lesions in hyperglycemic ApoE−/− (62.6% vs. STZ, Fig. 2b). Aortic root H & E 
staining showed reduced neointimal thickening in response to CrP (Fig. 2c). Specifically, while the intimal-medial 
thickness was increased by 66.7% in aortic roots of hyperglycemic ApoE−/− mice compared to non-hyperglycemic 
ApoE−/−, CrP-treated mice demonstrated decreased neointimal thickening (30% vs. STZ only, Fig. 2d). Aortic 
root morphometry using Masson-Trichrome (MT) staining showed no statistically significant differences in the 
lesion collagen content in hyperglycemic ApoE−/− mice vs. non-hyperglycemic ApoE−/−, although higher colla-
gen amounts were noted in regions outside the aortic root vessel wall in STZ-treated ApoE−/− mice. Moreover, 
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CrP treatment had no effect on collagen accumulation in the aortic root lesions of hyperglycemic ApoE−/− mice 
compared to STZ only animals (Fig. 2e,f). Interestingly, lesion formation remained unaffected by CrP in ApoE−/− 
control mice that were not subjected to STZ-induced hyperglycemia (Supplementary Fig. S1).

Atherosclerotic lesions were also monitored using a non-invasive auxiliary approach, High-frequency 
Ultrasound Imaging. Congruent to the aortic root morphometric data, both left ventricular outflow tract 
and transaortic arch diameters were reduced (~20%) in STZ-ApoE−/− vs. non-STZ-ApoE−/− mice. Notably, 
this reduction in vessel diameter was completely abrogated in CrP-treated mice (Supplementary Table S1). 
Furthermore, ultrasound imaging of carotid vessels revealed significant reduction in vessel diameter in hyper-
glycemic ApoE−/− mice (~25% vs. Control); in contrast, this decrease in vessel diameter was completely oblit-
erated in STZ-ApoE−/− mice treated with CrP (Figs. 3a–c). Further histological experiments were conducted 
to verify whether the reduction in vessel diameter in STZ-ApoE−/− mice was related to formation of athero-
sclerotic lesions in the carotid vasculature. Specifically, H & E staining of carotid vessel tissue sections derived 
from STZ-induced hyperglycemic ApoE−/− mice revealed distinct lesions in the vessel wall resulting in luminal 
obstruction (Supplemental Fig. S2a). Importantly, a strong negative correlation (-0.91) was noted between the 
carotid vessel internal diameter and % luminal obstruction of the carotid vessels (Supplemental Fig. S2b), vali-
dating the ultrasound assessments of lesion development in the carotid vasculature (Fig. 3). Taken together, these 
data demonstrate an atheroprotective effect of oral CrP in hyperglycemic ApoE−/− mice.

Chromium picolinate prevents hyperglycemia-induced increase in cellular proliferation and 
inflammatory lesion burden in STZ-treated ApoE−/− mice. Next, we characterized lesion cellular-
ity in response to CrP in vivo. Smooth muscle cell abundance and cell proliferation was assessed using α -SMA 
and PCNA immunohistochemistry, respectively. STZ-induced hyperglycemia increased α -SMA (1.6-fold) and 
PCNA staining (2.0-fold) in ApoE−/− mice, indicating enhanced smooth muscle cell content and cell prolifer-
ation. On the contrary, there was a significant decrease in α -SMA and PCNA positive staining in aortic roots 
of STZ-ApoE−/− mice that received CrP (~40–48% vs. STZ only, Fig. 4); as expected, α -SMA immunostaining 
demonstrated positive medial staining of smooth muscle cells in control mice whereas increased α -SMA staining 
was limited to the neointimal layer in the aortic root of STZ mice (Supplemental Fig. S3). The PCNA staining 
patterns were confirmed using a second proliferation marker, Ki67. As shown in Supplemental Fig. S4a,b, Ki67 
expression was increased (2.2-fold) in aortic root lesions of STZ-induced hyperglycemic ApoE−/− mice compared 
to ApoE−/− control mice, recapitulating the PCNA immunostaining results (Fig. 4c). Moreover, CrP treatment 
reduced (54%) Ki67 expression similar to its effect on PCNA expression in hyperglycemic ApoE−/− mice com-
pared to STZ only ApoE−/− (Supplemental Fig. S4a,b). Notably, double immunofluorescence experiments using 

Figure 1. Effect of chromium picolinate in vivo on body weight, non-fasted blood glucose, plasma total 
cholesterol and total triglyceride levels in STZ-induced hyperglycemic ApoE−/− mice. Six weeks old male 
ApoE−/− mice were treated with 50 mg/Kg/day streptozotocin or sodium citrate buffer (vehicle control) i.p. 
for 5 consecutive days. This was followed by treatment with or without CrP (8 μ g/Kg/day) in drinking water 
beginning at 8 weeks of age. (a) Body weight and (b) non-fasted blood glucose levels were measured every 
two weeks from 8–18 weeks of age. (c) Plasma total cholesterol and (d) plasma total triglyceride levels were 
measured at end point of the study (18 weeks). Results are expressed are mean ±  SD (n =  10–17 mice per 
group); *p ≤  0.05 vs. Control.
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α -SMA and PCNA antibodies demonstrated increased PCNA-positive smooth muscle cell content in aortic root 
lesions of STZ mice vs. controls. In contrast, increased smooth muscle cell proliferation was prevented in aortic 
root sections of STZ +  CrP mice, depicted by a lack of PCNA-positive α -SMA staining (Fig. 4a, merge). Next, 
immunohistochemistry demonstrated enhanced macrophage and leukocyte infiltration into aortic root lesions of 
hyperglycemic ApoE−/− mice while the lesion burden of inflammatory cells was reduced in CrP-treated hyperg-
lycemic mice (Figs. 5a–c). Specifically, immunostaining quantifications revealed >  2.4-fold increase in CD68 and 
CD45 expression in aortic root lesions of STZ-ApoE−/− mice compared with ApoE−/− controls. In contrast, oral 
CrP decreased both CD68 and CD45 expression in aortic roots of hyperglycemic ApoE−/− mice (54–64% vs. STZ 

Figure 2. Chromium picolinate in vivo attenuates atherosclerotic lesion formation in STZ-induced 
hyperglycemic ApoE−/− mice. STZ-induced hyperglycemic ApoE−/− mice were treated with or without 
CrP (8 μ g/Kg/day) from 8–18 wks of age. Aortic root morphometry was performed as described in Methods. 
All comparisons were made between Control (ApoE−/− no STZ), STZ (ApoE−/− with STZ) and STZ +  CrP 
(ApoE−/− with STZ plus CrP). Shown are (a,b) representative images and summary data for quantification of 
ORO-positive staining (Control: n =  6; STZ: n =  7; STZ +  CrP: n =  7), (c,d) representative H & E images and 
summary data for neointimal thickness (Control: n =  5; STZ: n =  7; STZ +  CrP: n =  7), (e,f) representative 
images and summary data for quantification of MT staining (Control: n =  6; STZ: n =  8; STZ+ CrP: n =  8). All 
microscopic images were captured at 4X magnification. Specific regions used for analyses are marked by dotted 
lines. Results are presented as fold of Control; all values are expressed as mean ±  SD; *p ≤  0.003 vs. Control, 
#p ≤  0.026 vs. STZ.
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only, Figs. 5b–d) indicative of attenuated macrophage and leukocyte accumulation, respectively. In each case, the 
specificity of the immunofluorescence staining was confirmed in parallel aortic root sections incubated in the 
absence of the corresponding primary antibody (Supplementary Fig. S5). Together, these results demonstrate 
that CrP in vivo prevents hyperglycemia-induced smooth muscle cell and inflammatory cell abundance as well 
as inhibits smooth muscle cell proliferation in diabetic atherosclerotic mice, resembling a state of reduced plaque 
development.

Chromium picolinate in vivo inhibits TSP-1 expression, decreases protein O-glycosylation and 
blocks VSMC phenotypic switching in aortic vessels of STZ-induced hyperglycemic ApoE−/− 
mice. We reported earlier that both CrCl3 and CrP in vitro inhibit TSP-1 expression in glucose-stimulated 
HASMC primary cultures19. To investigate whether the atheroprotective action of CrP observed in the current 
study correlates with TSP-1 expression in vivo, aortic tissue lysates prepared from all treatment groups were sub-
jected to immunoblotting. As shown in Fig. 6a, TSP-1 expression was increased in aortic vessels of hyperglycemic 
ApoE−/− mice (2.45-fold vs. Control). Concomitant to enhanced TSP-1 expression, hyperglycemia augmented 
protein O-GlcNAc levels in the aortic vasculature of STZ-ApoE−/− mice. Specifically, immunoblotting of aor-
tic lysates revealed elevated O-GlcNAc levels on several proteins ranging from approximately 100–260 kDa and 
45–60 kDa in STZ-ApoE−/− mice (Fig. 6b). This increase in protein O-GlcNAcylation was also accompanied 

Figure 3. Effect of oral chromium picolinate on lesion formation in carotid vessels measured by High-
Frequency Ultrasound Imaging. (a) Shown are representative ultrasound images of left and right common 
carotid artery; yellow arrows indicate neointimal thickening of vessel wall resulting in reduction in vessel 
diameter in STZ mice. Shown are the summary data for (b), left and (c), right carotid artery diameters. LCCA- 
left common carotid artery; LECA- left external carotid artery; RCCA- right common carotid artery; RECA- 
right external carotid artery. Results are expressed as mean ±  SD (n =  4–7 mice/group) *p ≤  0.0001 vs. Control; 
+p ≤  0.0001 vs. STZ.
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with enhanced OGT expression (3.2-fold, Fig. 6c), a major regulator of O-GlcNAcylation. In contrast, TSP-1 
expression was inhibited in aortic vessels of hyperglycemic ApoE−/− treated with CrP (76.7% vs. STZ, Fig. 6a). 
Moreover, downregulation of TSP-1 expression was accompanied with reduced O-GlcNAc protein modification 
and attenuated OGT expression in hyperglycemic ApoE−/− mice subjected to CrP treatment (~55% vs. STZ, 
Fig. 6b,c). Notably, while STZ-induced hyperglycemia augmented cell proliferation marker PCNA expression in 
ApoE−/− mice (3.6-fold vs. Control), CrP administration significantly inhibited PCNA expression (80% vs. STZ, 
Fig. 6d). Consistent with effects on cell proliferation, hyperglycemic ApoE−/− mice showed enhanced vimentin 

Figure 4. Chromium picolinate in vivo prevents hyperglycemia-induced smooth muscle cell abundance 
and increased cellular proliferation in aortic root lesions of STZ-treated ApoE−/− mice. Shown are (a) 
representative images for PCNA and α -SMA co-staining (10x magnification). Regions used for immunostaining 
quantifications are outlined by dotted lines; arrows indicate PCNA-positive smooth muscle cells. (b,c) Summary 
data for quantification of α -SMA-and PCNA-positive staining. All results are presented as fold of Control 
and values are expressed as mean ±  SD (Control: n =  6; STZ: n =  7; STZ+ CrP: n =  6); *p <  0.0001 vs. Control, 
#p <  0.0001 vs. STZ.
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expression together with reduced SM-MHC expression in the aortic vasculature. Specifically, densitometry of 
immunoblots revealed 2-fold increase in vimentin expression and 56.5% decrease in SM-MHC expression in aor-
tic lysates of STZ-ApoE−/− mice compared with ApoE−/− Controls. On the contrary, CrP significantly inhibited 
vimentin expression (62.5%) while increasing SM-MHC expression (2.18-fold) in hyperglycemic ApoE−/− mice 
(Figs. 6e–g). Together, these data demonstrate an important link between attenuated lesion formation, downreg-
ulation of TSP-1 expression and reduced protein O-GlcNAcylation in CrP- treated hyperglycemic ApoE−/− mice.

TSP-1 deficiency prevents development of atherosclerotic lesions in STZ-induced hypergly-
cemic ApoE−/− mice. To investigate a direct role of TSP-1 in hyperglycemia-induced atherosclerosis, we 
generated TSP-1−/−/ApoE−/− double knockout mice that were subjected to STZ-induced hyperglycemia, as 
described in Methods; these mice were compared with age-matched STZ-induced hyperglycemic ApoE−/− litter-
mates, both genotypes being at 18 weeks of age. Similar to STZ-treated ApoE−/−, TSP-1−/−/ApoE−/− dKO mice 
developed significant hyperglycemia upon STZ treatment achieving non-fasted blood glucose levels ≥  250 mg/
dl. However, under these conditions of experimental diabetes, no statistically significant differences were 
observed in the body weights, plasma total cholesterol and total triglyceride levels between the mice genotypes 
(Supplementary Table S2). Aortic root morphometry showed remarkable decrease in lipid content (Fig. 7a) and 
neointimal thickening (Fig. 7c) in hyperglycemic TSP-1−/−/ApoE−/− mice compared with age-matched hyperg-
lycemic ApoE−/− littermates. Specifically, morphometric quantification depicted reduced lesion burden (2.9-fold) 
and neointimal thickness (1.7-fold) in aortic roots of STZ-treated TSP-1−/−/ApoE−/− mice (vs. STZ-ApoE−/−, 
Fig. 7b–d). Similar to CrP-treated mice, there was no difference in the collagen content of lesions in either 

Figure 5. Chromium picolinate in vivo prevents hyperglycemia-induced macrophage and leukocyte 
infiltration into aortic root lesions of STZ-treated ApoE−/− mice. Shown are representative images and 
summary data for quantification of (a,b) CD68-positive staining and (c,d) CD45-positive staining. All 
images were captured at 15X magnification. Histology of the immunofluorescence images are shown in the 
corresponding H & E-stained images (indicated by the black box). Specific regions of the immunofluorescence 
images used for data analyses are marked by dotted lines. Results are presented as fold of Control and all values 
are expressed are mean ±  SD (for CD45, Control: n =  6; STZ: n =  6; STZ+ CrP: n =  5; for CD68, Control: n =  5; 
STZ: n =  5; STZ+ CrP: n =  5); *p ≤  0.0008 vs. Control; #p ≤  0.0018 vs. STZ.
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genotypes in response to hyperglycemia (Fig. 7e,f). Furthermore, cellular characterization of lesions revealed 
attenuated PCNA and α -SMA expression in hyperglycemic TSP-1−/−/ApoE−/− dKO mice (vs. hyperglycemic 
ApoE−/−, Fig. 8a–c); while STZ-TSP-1−/−/ApoE−/− mice showed positive medial SMA staining, enhanced α -SMA 
staining was limited to the neointimal surface of the aortic root in STZ-ApoE−/− mice. Importantly, double immu-
nofluorescence staining showed lower abundance of PCNA-positive smooth muscle cells in aortic root lesions 
of STZ-TSP-1−/−/ApoE−/−, depicting attenuated smooth muscle cell proliferation (Fig. 8a, merge), compared to 
STZ-ApoE−/− mice. Further, both CD68 and CD45 expression levels were ameliorated in hyperglycemic TSP-
1−/−/ApoE−/− dKO mice (vs. STZ-ApoE−/−, Figs. 8d–g). Specific immunostaining quantifications showed marked 
reduction in PCNA expression (2.1-fold), further confirmed by Ki67 immunostaining (Supplemental Fig. S4c,d); 
moreover, α -SMA, CD68 and CD45 expression profiles were attenuated in aortic root lesions of STZ-induced 
hyperglycemic TSP-1−/−/ApoE−/− mice (1.6-, 2.1- and 2.6-fold, respectively vs. age-matched STZ-ApoE−/− litter-
mates), indicating attenuated cell proliferation, lower smooth muscle cell abundance and reduced macrophage 
as well as leukocyte lesion invasion. Collectively, these data clearly demonstrate that TSP-1 deletion protects 
ApoE−/− mice against hyperglycemia-induced atherosclerosis.

Discussion
The present study provides the first demonstration for an atheroprotective effect of the nutraceutical CrP in a 
mouse model of diabetic atherosclerosis. We further show that attenuated lesion progression is accompanied 
with inhibition of TSP-1 expression in response to CrP in vivo. Notably, the current work delineates a direct role 
of TSP-1 in hyperglycemia-driven atherosclerosis.

Clinical data on the cardiovascular benefits of Cr3+  in diabetes have been agnostic36,37, confounded by the 
question of whether the effects are mediated via glycemic regulation. Contrary to few earlier reports26,34,38, orally 
administered CrP did not have any effect on circulating glucose levels in hyperglycemic ApoE−/− mice in the 
current study. While such discrepancy could be attributed to differences in species (rat vs. mice), Cr3+  formula-
tion and dose as well as animal models (wild-type vs. ApoE−/−) utilized, it is important to note that the reduced 
susceptibility to atherosclerosis in CrP-treated mice was not related to lower lipid profiles in these animals; 
indeed, plasma total cholesterol and total triglyceride levels were not significantly different between hyperglyce-
mic ApoE−/− mice treated with and without CrP. A possible explanation for such species-dependent differential 

Figure 6. Chromium picolinate in vivo inhibits TSP-1, OGT, PCNA and Vimentin expression, increases 
SM-MHC expression and reduces protein O-glycosylation in aortic lysates of STZ-induced hyperglycemic 
ApoE−/− mice. Shown are representative immunoblots depicting (a) TSP-1, (b) O-GlcNAc, (c) OGT, (d) 
PCNA, (e) SM-MHC expression (upper panel) and vimentin expression (middle panel). Membranes were 
probed with anti-β -actin used as loading control. In each case, graphs represent summary data for densitometric 
quantification of immunoblots (at least 3 mice per group). For c and e, lane images show proteins detected on 
a single immunoblot; however, lanes were rearranged for clarity of presentation; the corresponding original 
uncropped blots are presented in Supplementary Fig. S7. All results are presented as fold of Control; values are 
expressed as means ±  SD; *p ≤  0.05 vs. Control; #p ≤  0.05 vs. STZ.
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glycemic response may relate to generation of a metabolite specific to rats, capable of modulating glucose metabo-
lism. As such, our findings suggest an alternate mechanism of atheroprotection by Cr3+ , independent of glucose 
and lipid control.

Previous epidemiological data and animal studies using rabbits have indicated a correlation between 
Cr3+  intake, incidence of coronary artery disease and serum lipid deposition31,35,39. Both in vitro and in vivo 
studies have implicated that Cr3+  may lower risks of vascular inflammation under conditions of elevated glucose 
levels32–34. In line with these reports, the present study has revealed that oral CrP significantly impedes lesion 
formation and reduces neointimal thickening in the aortic sinus of type 1 diabetic atherosclerotic mice. These 
morphometric results were also confirmed by ultrasound imaging of the aortic and carotid vasculature. Previous 
studies have indicated a correlation between conventional ORO staining methods and Ultrasound Imaging 
approaches for vascular lesion detection in mice40. Our data lend additional support to ultrasound imaging as 
a useful non-invasive methodology for progressive atherosclerotic lesion monitoring in mice. Reduced lesion 
severity in response to CrP was further illustrated by cellular lesion characterization. Morphometric quantifi-
cation of aortic root lesions revealed that CrP prevents plaque development in hyperglycemic ApoE−/− mice, 
depicted by the profound decrease in hyperglycemia-induced proliferative smooth muscle cell abundance as well 
as macrophage and leukocyte infiltration.

Atherosclerosis is a multifactorial progressive disease comprising of a series of cellular and molecular events, 
triggering enhanced inflammatory response in the vessel wall. Internalization of atherogenic lipoproteins by 
monocyte-derived macrophages and activation of inflammatory pathways are important pathogenic mediators 
of atherosclerosis. This, in turn, may initiate release of a repertoire of growth factors and cytokines promot-
ing VSMC activation, a key step responsible for initiation and progression of atherosclerotic lesions41. Diabetic 
patients are predisposed to aberrant VSMC activation42, characterized by enhanced migratory, proliferative and 
synthetic SMC phenotype. Previous work from our laboratory and others16,17,19 have shown that hyperglycemia, 

Figure 7. Deletion of TSP-1 prevents formation of atherosclerotic lesions in STZ-induced hyperglycemic 
ApoE−/− mice. Age-matched male ApoE−/− and TSP-1−/−/ApoE−/− dKO mice were subjected to STZ-
induced hyperglycemia; aortic root morphometry was performed as described in Methods. Shown are (a,b) 
representative ORO images and summary data for quantification of ORO positive staining (STZ-ApoE: n =  7; 
STZ-TSP-1/ApoE: n =  5); (c,d) representative H & E images and summary data for neointimal thickness (STZ-
ApoE: n =  7; STZ-TSP-1/ApoE: n =  5); (e,f) representative images and summary data for quantification of MT 
positive staining (STZ-ApoE: n =  8; STZ-TSP-1/ApoE: n =  5). Specific regions used for analyses are indicated 
by dotted lines. Results are presented as fold of ApoE−/− Control; all values are expressed as mean ±  SD; 
*p ≤  0.0013 vs. STZ-ApoE−/−.
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mimicking diabetes, upregulates the proatherogenic protein TSP-1 expression. TSP-1, a secreted glycoprotein, 
is expressed by many different cell types including endothelial cells, SMC and fibroblasts16, and has been widely 
implicated in atherosclerotic vascular disease14,43. The multidomain structure of TSP-1 has been attributed to 
the cell-and tissue-specific mechanisms of TSP-1 upregulation observed under glucose stimulation17,44,45. Earlier 
reports, including ours, have demonstrated that intracellular protein O-GlcNAcylation, a dynamic posttrans-
lational protein modification, plays a pivotal role in the transcriptional upregulation of TSP-1 in VSMC and 
endothelial cells17,18,44. More recently, we have shown that both CrCl3 and CrP, regardless of its anionic ligand, 
reduces protein O-GlcNAcylation in primary HASMC cultures; notably reduced O-GlcNAcylation was accompa-
nied with downregulation of TSP-1 expression in glucose-stimulated cells treated with Cr3+ 19. The current data 
that inhibition of TSP-1 expression occurs concomitant to attenuated OGT and protein O-GlcNAc expression 
support the overall concept that altered O-GlcNAcylation of nucleocytoplasmic proteins modulates downregula-
tion of TSP-1 expression by CrP in diabetic macrovessels.

Growing evidence indicates that TSP-1 stimulates VSMC migration and proliferation, contributing to neo-
intimal hyperplasia46. We have previously shown that high glucose-induced TSP-1 expression leads to abnor-
mally enhanced cell proliferation in HASMC cultures. Specifically, anti-TSP-1 antibody and TSP-1-targeted 
siRNA blocked glucose-stimulated HASMC proliferation in vitro17. More recently, we demonstrated that 
pharmacological concentrations of CrCl3 and CrP inhibit TSP-1 expression and attenuate HASMC prolifera-
tion in glucose-stimulated cells19. Our current findings that CrP in vivo abrogates TSP-1 expression together 
with lowered SMC content and reduced cell proliferation fits well with the role of TSP-1 on VSMC activation. 
Interestingly, as opposed to Cr3+ ’s inhibitory effects on glucose-induced proliferation of aortic SMC cultures iso-
lated from wild-type mice, we have found that the anti-proliferative effects of Cr3+  were completely obliterated 
in glucose-stimulated aortic SMCs derived from TSP-1 transgenic mice, constitutively overexpressing TSP-1 in 
the arterial SMC (Supplemental Fig. S6); these data extend support to the idea that the anti-proliferative effects 
of Cr3+  are specific for TSP-1.

In a healthy vessel, SMCs typically localize within medial layers of the arterial wall expressing a plethora of 
proteins and signaling mediators that modulate its contractile functions. However, exposure to proatherogenic 
stimuli such as hyperglycemia provokes VSMC phenotypic transition from a quiescent ‘contractile’ state to the 
proliferative ‘synthetic’ phase47, capable of increased lipid uptake and production of extracellular matrix proteins. 
Our results showing enhanced SM-MHC (SMC contractile marker) expression together with decreased vimentin 
(SMC synthetic marker) expression in CrP-treated mice suggest a possible regulatory role of Cr3 +  on VSMC 
de-differentiation. Cogent to earlier reports, our data suggest that reduced protein O-GlcNAcylation by CrP 

Figure 8. TSP-1 deficiency attenuates cell proliferation, lowers SMC abundance and reduces inflammatory 
cell content in aortic root lesions of hyperglycemic ApoE−/− mice. Shown are representative images for (a) 
PCNA and α -SMA co-staining (10X magnification), (b,c) quantification data for PCNA and α -SMA staining 
(STZ-ApoE−/−: n =  7; STZ-TSP-1/ApoE: n =  6), (d) CD68 staining (15X magnification) depicting macrophage 
content and (e) CD45 staining (15X magnification) depicting leukocyte abundance and (f,g) summary data for 
quantification of CD68 (STZ-ApoE: n =  5; STZ-TSP-1/ApoE: n =  5) and CD45 (STZ-ApoE: n =  6; STZ-TSP-1/
ApoE: n =  5) positive staining. Regions used for analysis are marked via dotted lines; arrows indicate PCNA-
positive smooth muscle cells. Histology of the immunofluorescence images are shown in the corresponding H 
& E-stained images (indicated by black box). Results are presented as fold of ApoE−/− Control. All values are 
expressed are mean ±  SD; *p ≤  0.0019 vs. STZ-ApoE−/−.
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may block TSP-1 upregulation in the large vessel impeding enhanced VSMC proliferation and atherosclerotic 
lesion formation in diabetes. Given that diabetic ApoE−/− mice have elevated cholesterol levels, one might argue 
that inhibition of atherosclerosis by CrP may be due to changes in the hyperlipidemic status of these animals. 
However, it is worth noting that the lipid levels remained unaffected by CrP in the current study despite attenu-
ated lesion burden. Future studies are currently underway to determine the conceptual link between O-GlcNAc 
signaling and VSMC de-differentiation in diabetic atherosclerosis.

Finally, the present study provides the first evidence for a direct role of TSP-1 in hyperglycemia-induced ath-
erosclerosis. Specifically, TSP-1 deficiency diminished both lesion severity and cellularity in STZ-induced type 
1 diabetic ApoE−/− mice. Earlier reports have shown that ApoE−/− and TSP-1−/−/ApoE−/− dKO mice developed 
comparable aortic root lesion area and plaque burden following 24 weeks of normocholesterolemic diet48. Also, 
TSP-1−/−/ApoE−/− dKO mice at 36 weeks of age manifested increased collagen accumulation and inflammatory 
cell invasion into lesions triggering enhanced necrotic core formation compared to age-matched ApoE−/− litter-
mates; these results have suggested a potential role of TSP-1 in macrophage-mediated phagocytosis and plaque 
maturation48. As opposed to these earlier findings, we have found reduced macrophage and leukocyte abundance 
in the aortic root lesions of diabetic TSP-1−/−/ApoE−/− dKO mice compared with age-matched diabetic ApoE−/− 
littermates. Importantly, lack of TSP-1 protected ApoE−/− mice against hyperglycemia-induced atherosclerosis. 
Moreover, we have shown that hyperglycemic ApoE−/− mice with TSP-1 deficiency mimicked the protective 
phenotype of CrP-treated diabetic atherosclerotic mice, which may have significant clinical implications.

Interestingly, congruent with earlier reports48, no significant difference in lipid-filled lesions was noted 
between ‘non-diabetic’ ApoE−/− and age-matched ‘non-diabetic’ TSP-1−/−/ApoE−/− littermate mice (data not 
shown). These results clearly highlight a role of TSP-1 that may be specific for hyperglycemia-driven athero-
sclerosis, with a significant bearing upon diabetic vascular disease. Our data also concur with the counterbal-
ancing effects of TSP-1 on early vs late stage lesions49. Reassuringly, the current findings are in agreement with 
the previously reported involvement of TSP-1 in endothelium activation and infiltration of monocyte-derived 
macrophages contributing to foam cell formation48, and suggest differential patterns of vascular inflammatory 
burden triggered by hyperglycemia. Overall, the present study prompts us to speculate that inhibition of TSP-
1-mediated VSMC phenotypic transition may represent an underlying mechanism of atheroprotection by CrP 
in diabetes. Although TSP-1 is well known to affect endothelial cell functions, it however remains unclear at this 
point how CrP affects endothelial cells; additional studies are needed to determine cell-specific effects of CrP on 
TSP-1 regulation. Furthermore, the impact of VSMC-specific TSP-1 deletion on diabetic atherogenesis warrants 
future investigation.

In summary, the present study provides strong evidence for an atheroprotective effect of orally adminis-
tered CrP in a mouse model of type 1 diabetic atherosclerosis. We have also shown that the anti-atherogenic 
effect of CrP is accompanied with TSP-1 inhibition and reduced VSMC phenotypic transition. Notably, our data 
underscore TSP-1 as an important driving force for hyperglycemia-induced atherosclerosis. Taken together, the 
present study suggests key atheroprotective potential of therapeutic TSP-1 inhibition in diabetic macrovascular 
complications.

Methods
Mouse models. All animal procedures were approved by the Institutional Animal Care and Use Committee 
at Northeast Ohio Medical University in accordance with the NIH guidelines for the Care and Use of Laboratory 
Animals. Breeder pairs for ApoE−/− mice (stock # 002052) and TSP-1−/− mice (stock # 006141), congenic with 
C57BL/6 J mice, were originally purchased from The Jackson Laboratories (Bar Harbor, ME, USA) and the mice 
colonies were expanded and maintained in our animal facility. TSP-1−/−/ApoE−/− double knockout (dKO) mice 
were generated by intercrossing TSP-1−/− mice with ApoE−/− mice, obtained from our in-house breeding colo-
nies. The first generation of offsprings (F1) for TSP-1 and ApoE allele were genotyped and identified as male and 
female double heterozygous mice; these double heterozygous mice were then bred leading to the second gener-
ation of offsprings (F2). From F2, mice identified as TSP-1+/−/ApoE−/− were further intercrossed leading to the 
generation of the double homozygous TSP-1−/−/ApoE−/− mice. ApoE−/− and TSP-1−/− genotypes were confirmed 
by PCR according to established protocols provided by Jackson Laboratories. All animals were housed in a path-
ogen-free environment and kept on 12:12 h light/dark cycle. All mice were weaned at 4 weeks of age and provided 
access to regular chow diet ad libitum until 18 weeks of age.

Induction of hyperglycemia and chromium picolinate administration. Upon weaning, animals 
were randomly assigned to three groups: ApoE−/−, no STZ (Control); ApoE−/−, with STZ (STZ) and ApoE−/−, 
with STZ plus CrP (STZ +  CrP). Hyperglycemia was induced in six-week old male ApoE−/− mice using a mul-
tiple low-dose STZ (Sigma) regimen, as described previously50. Briefly, age-matched ApoE−/− littermate mice 
were injected intraperitoneally with either STZ (50 mg/Kg/day) or sodium citrate buffer (vehicle control) for 5 
consecutive days. Ten days after the first STZ injection, blood samples collected by lateral tail incision were used 
for glucose estimation using a one-touch glucometer. Mice with non-fasted blood glucose levels > 250 mg/dl were 
identified as hyperglycemic. A subset of these hyperglycemic ApoE−/− mice received chromium picolinate (8 μ 
g Cr3+  /Kg/day) provided in drinking water starting at 8 weeks of age. This particular dose of CrP was chosen 
based on previous rodent studies23,51. Additionally, this dose approximately equates to an equivalent dose of 560 μ 
g Cr3+  for a 70-kg adult human, representative of commercially available CrP supplements22,52. Fresh drinking 
water ±  CrP (Nutrition 21, Purchase, NY) was prepared weekly and CrP concentration was adjusted based on the 
changes in animal weight. Body weight and non-fasted blood glucose levels were monitored every two weeks; 
animals were harvested at 18 weeks of age.
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In a parallel study, six-week old male TSP-1−/−/ApoE−/− dKO mice and age-matched ApoE−/− littermates 
were subjected to STZ-induced hyperglycemia, as described above. Mice with non-fasted blood glucose levels 
> 250 mg/dl were identified as hyperglycemic. Both genotypes were maintained on regular chow diet ad libitum 
until 18 weeks of age.

Plasma Lipid Analyses. After an overnight fasting, subsets of mice sacrificed at endpoint were used for 
estimation of plasma total cholesterol and total triglyceride levels using standard enzymatic kits (Thermo Fisher, 
Waltham, MA).

Aortic Root Morphometry. Mice were euthanized using 200 mg/Kg sodium pentobarbital injected intra-
peritoneally, perfused with PBS followed by formalin, and the heart, ascending aorta including aortic arch and 
carotid tissue were isolated. Aortic root sections (8–10 micron thickness) of formalin-fixed, OCT-embedded 
frozen hearts were cut at the point where the aortic valve leaflets were first visible. Care was taken to ensure that 
serial sections were collected from regions of the aortic root representing about 100–150 microns following the 
valve leaflet. Additional care was exercised to ensure that all measurements were taken within similar regions of 
the aortic root among all treatment groups for quantification and comparison. Sections were concurrently stained 
with 0.5% w/v Oil red O (ORO), hematoxylin and eosin (H & E) and Masson-trichrome (MT) to assess athero-
sclerotic lesions, intima-media thickness (IMT) and collagen content respectively, as reported earlier53. For ORO 
and MT staining, sections were counterstained with hematoxylin. All sections were mounted with DPX mounting 
media, observed using Olympus BX40 microscope and images were captured using 4X magnification. For quan-
titative morphometry, at least 5 animals per treatment group with an average of 20 tissue sections per group were 
analyzed using Image J software as previously described54. Analysis of collagen content was based on the positive 
MT staining per plaque area, which included both lipid and non-lipid regions; however, lumen area, valve leaflets, 
vessel walls and regions outside the vessel walls were excluded in these quantifications. Specifically, lesion area 
was selected using a magnetic lasso tool in Adobe Photoshop; this was copied and pasted into a new image file 
which was subsequently used for measuring the MT-stained region using Image J software. Line tracings were 
drawn to mark the luminal perimeter, the inner perimeter and the outer perimeter of the aortic root or carotid 
vessel cross-sectional image and the corresponding area were determined. Neointimal thickness was determined 
by subtracting the aortic root luminal perimeter from the aortic root outer perimeter. Percent luminal obstruc-
tion of the carotid vessel was calculated as follows: [(Area enclosed by inner perimeter - Area enclosed by luminal 
perimeter) x100]/Area enclosed by inner perimeter. All image quantifications were performed by team members 
blinded to the identity of all sections.

En-face atherosclerotic lesion assay. Mice were euthanized, perfused with PBS followed by formalin, 
and the heart, ascending aorta including aortic arch and carotid tissue were removed under a dissecting micro-
scope. The entire aorta from the heart, including right and left common carotid arteries, extending 10–20 mm 
after iliac bifurcations were processed for ‘en-face’ quantitative atherosclerotic lesion assay. Briefly, aortic and 
carotid vessels were dissected free of fat and adventitial tissue, opened longitudinally and stained with 0.05% 
freshly-made Oil red O (ORO) solution. Each stained aortae was then digitally scanned and the percentage of the 
aorta covered by ORO-positive lipid-filled lesions was determined using Adobe Photoshop, as reported earlier53.

High-frequency Ultrasound Imaging. Vascular lesions were measured non-invasively by High-frequency 
Ultrasound Imaging using the Vevo 770 High-resolution Imaging System (VisualSonics, Inc. Toronto, Canada), 
as previously reported55. Briefly, both internal and external diameters of left and right common carotids were 
measured using B-mode (2-dimensional) images. In addition, left ventricular outflow tract (LVOT) and trans-
verse aortic arch diameters were measured.

Immunohistochemistry. Aortic root sections from each animal were subjected to immunohistochemistry 
using anti-PCNA (Abcam, Cambridge, MA), anti-α SMA (Sigma, St. Louis, MO), anti-CD68 (Bioss, Woburn, 
MA), anti-CD45 (Bioss, Woburn, MA) and anti-Ki67 (Abcam, Cambridge, MA) antibodies. Briefly, tissue sec-
tions were incubated in ice-cold acetone (5–10 mins) and blocked with 5% donkey or goat serum (90 mins) at 
room temperature. Following an overnight incubation with primary antibodies (anti-PCNA-1:200; anti-α -SMA-
1:200; anti-CD68–1:50; anti-CD45–1:150; anti-Ki67-1:100) at 4 °C, sections were incubated with Alexa Fluor 
488 goat anti-mouse (for α -SMA) or Alexa Flour 594 donkey anti-rabbit IgG secondary antibodies (1:1000 or 
1:500) and mounted on DAPI-containing mounting media (Vectashield, Vector Laboratories). For co-staining 
experiments, consecutive slides from serial sections were sequentially stained first with PCNA antibody followed 
by α -SMA antibody. To control for non-specific staining, identical sections were incubated in the absence of 
the corresponding primary antibodies, where no background staining was noted. Sections were observed using 
Olympus fluorescence IX71 microscope (10X or 15X magnification) and images were digitally captured using a 
set of identical parameters across all sections, specific for each antibody. For immunohistochemistry quantifica-
tions, lesion area within the aortic root was outlined, rest of the image cropped away and specific positive staining 
within lesions was quantified. For each individual treatment group, at least 5 mice with an average of 20 tissue 
sections per group were utilized for all quantifications. All immunostaining images were quantified in a blinded 
randomized manner using the Image J software. Results are expressed as fold of control for positive staining.

Immunoblotting. Aortic tissue lysates were prepared in SDS lysis buffer, as described earlier56 and pro-
tein content was determined using BCA protein assay. Equal amounts of proteins (35 μ g) were resolved on 8% 
SDS-PAGE and transferred to PVDF membranes. Immunoblotting was performed using anti-TSP-1 (1:500-
1:1000, Neomarkers, Freemont, CA), anti-O-GlcNAc (RL2, 1:1000; Abcam, Cambridge, MA), anti-OGT (1:1000, 
Cell Signaling, Danvers MA), anti-PCNA (1:300, Abcam, Cambridge, MA), anti-SM-MHC (1:2000, Proteintech, 
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Rosemont, IL) and anti-vimentin (1:1000, Cell Signaling, Danvers, MA) antibodies. Membranes were stripped 
and re-probed with anti-β -actin used as a loading control; equal protein loading of samples was also confirmed 
by staining the membranes with Ponceau S. All immunoblot images were captured using Protein Simple and 
densitometric analyses was performed using the Image J software.

Primary Cultures of Mouse Aortic Smooth Muscle Cell. Primary cultures of mouse aortic smooth 
muscle cells (aSMC) isolated from TSP-1-transgenic mice, constitutively overexpressing TSP-1 in the arterial 
SMCs of the aortic vessel, and wild-type mice were kindly provided as a gift by Dr. Olga Stenina Adognravi 
(Cleveland Clinic, Cleveland, OH). Cells were maintained in complete DMEM/F12 media supplemented with 
10% FBS and 1% antibiotics/antimycotic solution. aSMC primary cultures between passages 3–6 were used in all 
experiments; the contractile phenotype of aSMC was confirmed by α -SMA staining.

Cell Proliferation Assay. About 5000–7000 mouse aortic smooth muscle cells were plated on 96-well 
tissue-culture plates in complete DMEM/F12 medium containing 10% FBS. After allowing for an overnight 
growth, the cells were placed in low glucose (5.5 mM) serum-free DMEM media and further incubated with or 
without 20 mM glucose in the presence or absence of 100 nM chromium chloride (CrCl3) for 72 hours. Cell pro-
liferation was measured at endpoint using the WST-1 cell proliferation reagent (Cayman Chemicals), as reported 
earlier19. Data are represented as % of Control (wild type); all values are expressed as mean ±  SD from four inde-
pendent experiments.

Statistical Analyses. For all morphometric and immunohistochemistry quantifications, at least 5 mice 
per treatment group were utilized with an average of 20 tissue sections per treatment group for each measure-
ment. Sections derived from identical regions of the aortic root following the valve leaflet were used in all treat-
ment groups for quantifications and comparisons. Please note, immunohistochemistry and morphometric data 
collected from all animals were included in our quantifications. All images were quantified by team members 
blinded to the identity of the treatment groups, in order to minimize bias and intentional exclusion of animals 
from the study. Differences in group sizes for some measurements were due to lack of additional tissue sec-
tions from the corresponding mice. For immunoblotting, aortic tissue lysates prepared from at least 3 mice per 
group were utilized. Image J software was used for densitometry of immunoblots and positive staining quanti-
fication. For indicated immunoblots, lane images show proteins detected on a single blot; however, lanes were 
rearranged for clarity of presentation. All data are presented as fold of control; values are expressed as mean ±  SD, 
to depict variability of data. For comparison between two treatment groups, statistical analysis was done using 
unpaired Student’s t-test. For comparison between three groups, one-way analysis of variance (ANOVA) was 
used. Differences between mean values were considered statistically significant at P ≤  0.05.

References
1. Nathan, D. M. et al. Intensive diabetes treatment and cardiovascular disease in patients with type 1 diabetes. N Engl J Med 353, 

2643–2653 (2005).
2. Nathan, D. M. et al. Intensive diabetes therapy and carotid intima-media thickness in type 1 diabetes mellitus. N Engl J Med 348, 

2294–2303 (2003).
3. Creager, M. A., Luscher, T. F., Cosentino, F. & Beckman, J. A. Diabetes and vascular disease: pathophysiology, clinical consequences, 

and medical therapy: Part I. Circulation 108, 1527–1532 (2003).
4. Juutilainen, A., Lehto, S., Ronnemaa, T., Pyorala, K. & Laakso, M. Similarity of the impact of type 1 and type 2 diabetes on 

cardiovascular mortality in middle-aged subjects. Diabetes Care 31, 714–719 (2008).
5. Kanter, J. E., Johansson, F., LeBoeuf, R. C. & Bornfeldt, K. E. Do glucose and lipids exert independent effects on atherosclerotic lesion 

initiation or progression to advanced plaques? Circ Res 100, 769–781 (2007).
6. Nagareddy, P. R. et al. Hyperglycemia promotes myelopoiesis and impairs the resolution of atherosclerosis. Cell Metab 17, 695–708 

(2013).
7. Qiang, L. et al. Increased atherosclerosis and endothelial dysfunction in mice bearing constitutively deacetylated alleles of Foxo1 

gene. J Biol Chem 287, 13944–13951 (2012).
8. Adams, J. C. Thrombospondins: multifunctional regulators of cell interactions. Annu Rev Cell Dev Biol 17, 25–51 (2001).
9. Raugi, G. J., Mullen, J. S., Bark, D. H., Okada, T. & Mayberg, M. R. Thrombospondin deposition in rat carotid artery injury. Am J 

Pathol 137, 179–185 (1990).
10. Sajid, M., Hu, Z., Guo, H., Li, H. & Stouffer, G. A. Vascular expression of integrin-associated protein and thrombospondin increase 

after mechanical injury. J Investig Med 49, 398–406 (2001).
11. Riessen, R., Kearney, M., Lawler, J. & Isner, J. M. Immunolocalization of thrombospondin-1 in human atherosclerotic and restenotic 

arteries. Am Heart J 135, 357–364 (1998).
12. Majack, R. A., Goodman, L. V. & Dixit, V. M. Cell surface thrombospondin is functionally essential for vascular smooth muscle cell 

proliferation. J Cell Biol 106, 415–422 (1988).
13. Lawler, J. Thrombospondin-1 as an endogenous inhibitor of angiogenesis and tumor growth. Journal of cellular and molecular 

medicine 6, 1–12 (2002).
14. Topol, E. J. et al. Single nucleotide polymorphisms in multiple novel thrombospondin genes may be associated with familial 

premature myocardial infarction. Circulation 104, 2641–2644 (2001).
15. Bayraktar, M., Dundar, S., Kirazli, S. & Teletar, F. Platelet factor 4, beta-thromboglobulin and thrombospondin levels in type I 

diabetes mellitus patients. J Int Med Res 22, 90–94 (1994).
16. Stenina, O. I. et al. Increased expression of thrombospondin-1 in vessel wall of diabetic Zucker rat. Circulation 107, 3209–3215 

(2003).
17. Raman, P., Krukovets, I., Marinic, T. E., Bornstein, P. & Stenina, O. I. Glycosylation mediates up-regulation of a potent antiangiogenic 

and proatherogenic protein, thrombospondin-1, by glucose in vascular smooth muscle cells. J Biol Chem 282, 5704–5714 (2007).
18. Raman, P., Harry, C., Weber, M., Krukovets, I. & Stenina, O. I. A novel transcriptional mechanism of cell type-specific regulation of 

vascular gene expression by glucose. Arterioscler Thromb Vasc Biol 31, 634–642 (2011).
19. Ganguly, R., Sahu, S., Chavez, R. J. & Raman, P. Trivalent chromium inhibits TSP-1 expression, proliferation, and O-GlcNAc 

signaling in vascular smooth muscle cells in response to high glucose in vitro. Am J Physiol Cell Physiol 308, C111–122 (2015).
20. Sahin, K. et al. Effect of chromium on carbohydrate and lipid metabolism in a rat model of type 2 diabetes mellitus: the fat-fed, 

streptozotocin-treated rat. Metabolism 56, 1233–1240 (2007).



www.nature.com/scientificreports/

1 4Scientific REPORtS | 7:45279 | DOI: 10.1038/srep45279

21. Cefalu, W. T., Wang, Z. Q., Zhang, X. H., Baldor, L. C. & Russell, J. C. Oral chromium picolinate improves carbohydrate and lipid 
metabolism and enhances skeletal muscle Glut-4 translocation in obese, hyperinsulinemic (JCR-LA corpulent) rats. J Nutr 132, 
1107–1114 (2002).

22. Lamson, D. W. & Plaza, S. M. The safety and efficacy of high-dose chromium. Altern Med Rev 7, 218–235 (2002).
23. Rhodes, M. C. et al. Absence of toxic effects in F344/N rats and B6C3F1 mice following subchronic administration of chromium 

picolinate monohydrate. Food Chem Toxicol 43, 21–29 (2005).
24. Anderson, R. A. Chromium in the prevention and control of diabetes. Diabetes Metab 26, 22–27 (2000).
25. Lee, N. A. & Reasner, C. A. Beneficial effect of chromium supplementation on serum triglyceride levels in NIDDM. Diabetes Care 

17, 1449–1452 (1994).
26. Machalinski, B. et al. Hypoglycemic potency of novel trivalent chromium in hyperglycemic insulin-deficient rats. J Trace Elem Med 

Biol 20, 33–39 (2006).
27. Lai, M. H., Chen, Y. Y. & Cheng, H. H. Chromium yeast supplementation improves fasting plasma glucose and LDL-cholesterol in 

streptozotocin-induced diabetic rats. International journal for vitamin and nutrition research. Internationale Zeitschrift fur Vitamin- 
und Ernahrungsforschung. Journal international de vitaminologie et de nutrition 76, 391–397 (2006).

28. Lau, F. C., Bagchi, M., Sen, C. K. & Bagchi, D. Nutrigenomic basis of beneficial effects of chromium(III) on obesity and diabetes. Mol 
Cell Biochem 317, 1–10 (2008).

29. Rajendran, K. et al. Serum Chromium Levels in Type 2 Diabetic Patients and Its Association with Glycaemic Control. Journal of 
clinical and diagnostic research : JCDR 9, OC05–08 (2015).

30. Wang, Z. Q. & Cefalu, W. T. Current concepts about chromium supplementation in type 2 diabetes and insulin resistance. Curr Diab 
Rep 10, 145–151 (2010).

31. Geohas, J., Daly, A., Juturu, V., Finch, M. & Komorowski, J. R. Chromium picolinate and biotin combination reduces atherogenic 
index of plasma in patients with type 2 diabetes mellitus: a placebo-controlled, double-blinded, randomized clinical trial. Am J Med 
Sci 333, 145–153 (2007).

32. Jain, S. K. & Lim, G. Chromium chloride inhibits TNFalpha and IL-6 secretion in isolated human blood mononuclear cells exposed 
to high glucose. Horm Metab Res 38, 60–62 (2006).

33. Jain, S. K., Rains, J. L. & Croad, J. L. High glucose and ketosis (acetoacetate) increases, and chromium niacinate decreases, IL-6, IL-8, 
and MCP-1 secretion and oxidative stress in U937 monocytes. Antioxid Redox Signal 9, 1581–1590 (2007).

34. Jain, S. K., Rains, J. L. & Croad, J. L. Effect of chromium niacinate and chromium picolinate supplementation on lipid peroxidation, 
TNF-alpha, IL-6, CRP, glycated hemoglobin, triglycerides, and cholesterol levels in blood of streptozotocin-treated diabetic rats. Free 
Radic Biol Med 43, 1124–1131 (2007).

35. Price Evans, D. A., Tariq, M., Dafterdar, R., Al Hussaini, H. & Sobki, S. H. Chromium chloride administration causes a substantial 
reduction of coronary lipid deposits, aortic lipid deposits, and serum cholesterol concentration in rabbits. Biol Trace Elem Res 130, 
262–272 (2009).

36. Cefalu, W. T. & Hu, F. B. Role of chromium in human health and in diabetes. Diabetes Care 27, 2741–2751 (2004).
37. Althuis, M. D., Jordan, N. E., Ludington, E. A. & Wittes, J. T. Glucose and insulin responses to dietary chromium supplements: a 

meta-analysis. The American journal of clinical nutrition 76, 148–155 (2002).
38. Jain, S. K., Croad, J. L., Velusamy, T., Rains, J. L. & Bull, R. Chromium dinicocysteinate supplementation can lower blood glucose, 

CRP, MCP-1, ICAM-1, creatinine, apparently mediated by elevated blood vitamin C and adiponectin and inhibition of NFkappaB, 
Akt, and Glut-2 in livers of zucker diabetic fatty rats. Mol Nutr Food Res 54, 1371–1380 (2010).

39. Sundaram, B., Singhal, K. & Sandhir, R. Anti-atherogenic effect of chromium picolinate in streptozotocin-induced experimental 
diabetes. Journal of diabetes 5, 43–50 (2013).

40. Ni, M., Zhang, M., Ding, S. F., Chen, W. Q. & Zhang, Y. Micro-ultrasound imaging assessment of carotid plaque characteristics in 
apolipoprotein-E knockout mice. Atherosclerosis 197, 64–71 (2008).

41. Tabas, I., Garcia-Cardena, G. & Owens, G. K. Recent insights into the cellular biology of atherosclerosis. The Journal of cell biology 
209, 13–22 (2015).

42. Faries, P. L. et al. Human vascular smooth muscle cells of diabetic origin exhibit increased proliferation, adhesion, and migration. J 
Vasc Surg 33, 601–607 (2001).

43. Stenina, O. I., Topol, E. J. & Plow, E. F. Thrombospondins, their polymorphisms, and cardiovascular disease. Arterioscler Thromb 
Vasc Biol 27, 1886–1894 (2007).

44. Dabir, P., Marinic, T. E., Krukovets, I. & Stenina, O. I. Aryl hydrocarbon receptor is activated by glucose and regulates the 
thrombospondin-1 gene promoter in endothelial cells. Circ Res 102, 1558–1565 (2008).

45. Bhattacharyya, S., Marinic, T. E., Krukovets, I., Hoppe, G. & Stenina, O. I. Cell type-specific post-transcriptional regulation of 
production of the potent antiangiogenic and proatherogenic protein thrombospondin-1 by high glucose. J Biol Chem 283, 
5699–5707 (2008).

46. Moura, R., Tjwa, M., Vandervoort, P., Cludts, K. & Hoylaerts, M. F. Thrombospondin-1 activates medial smooth muscle cells and 
triggers neointima formation upon mouse carotid artery ligation. Arterioscler Thromb Vasc Biol 27, 2163–2169 (2007).

47. Gomez, D. & Owens, G. K. Smooth muscle cell phenotypic switching in atherosclerosis. Cardiovascular research 95, 156–164 (2012).
48. Moura, R. et al. Thrombospondin-1 deficiency accelerates atherosclerotic plaque maturation in ApoE−/− mice. Circulation research 

103, 1181–1189 (2008).
49. Stenina, O. I. & Plow, E. F. Counterbalancing forces: what is thrombospondin-1 doing in atherosclerotic lesions? Circulation research 

103, 1053–1055 (2008).
50. Rossini, A. A., Williams, R. M., Appel, M. C. & Like, A. A. Complete protection from low-dose streptozotocin-induced diabetes in 

mice. Nature 276, 182–184 (1978).
51. Mita, Y., Ishihara, K., Fukuchi, Y., Fukuya, Y. & Yasumoto, K. Supplementation with chromium picolinate recovers renal Cr 

concentration and improves carbohydrate metabolism and renal function in type 2 diabetic mice. Biol Trace Elem Res 105, 229–248 
(2005).

52. Hathcock, J. N. Safety limits for nutrients. J Nutr 126, 2386S–2389S (1996).
53. Kennedy, D. J. et al. Dietary cholesterol plays a role in CD36-mediated atherogenesis in LDLR-knockout mice. Arterioscler Thromb 

Vasc Biol 29, 1481–1487 (2009).
54. Kennedy, D. J. et al. Central role for the cardiotonic steroid marinobufagenin in the pathogenesis of experimental uremic 

cardiomyopathy. Hypertension 47, 488–495 (2006).
55. Wikstrom, J., Gronros, J., Bergstrom, G. & Gan, L. M. Functional and morphologic imaging of coronary atherosclerosis in living 

mice using high-resolution color Doppler echocardiography and ultrasound biomicroscopy. Journal of the American College of 
Cardiology 46, 720–727 (2005).

56. Chavez, R. J. et al. Upregulation of thrombospondin-1 expression by leptin in vascular smooth muscle cells via JAK2- and MAPK-
dependent pathways. Am J Physiol Cell Physiol 303, C179–191 (2012).



www.nature.com/scientificreports/

1 5Scientific REPORtS | 7:45279 | DOI: 10.1038/srep45279

Acknowledgements
We thank Nutrition 21 (Purchase, NY) for providing chromium picolinate for this study. This work was 
supported, in part, by the American Heart Association Scientist Development Grant, Diabetes Action Research 
and Education Foundation and NEOMED start-up funds provided to Priya Raman.

Author Contributions
R.G. performed experiments, analyzed data and drafted manuscript. S.S., V.O., R.H., R.J.C., S.S. and S.Y. 
performed experiments and data analysis. P.R. conceived project idea, designed and performed experiments, 
analyzed and interpreted data, wrote manuscript and secured funding.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Ganguly, R. et al. Oral chromium picolinate impedes hyperglycemia-induced 
atherosclerosis and inhibits proatherogenic protein TSP-1 expression in STZ-induced type 1 diabetic ApoE−/− 
mice. Sci. Rep. 7, 45279; doi: 10.1038/srep45279 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Oral chromium picolinate impedes hyperglycemia-induced atherosclerosis and inhibits proatherogenic protein TSP-1 expression in STZ-induced type 1 diabetic ApoE−/− mice
	Introduction
	Results
	Oral chromium picolinate has no effect on body weight, blood glucose and lipid profiles in hyperglycemic ApoE−/− mice
	Chromium picolinate impedes hyperglycemia-induced atherosclerosis in ApoE−/− mice
	Chromium picolinate prevents hyperglycemia-induced increase in cellular proliferation and inflammatory lesion burden in STZ-treated ApoE−/− mice
	Chromium picolinate in vivo inhibits TSP-1 expression, decreases protein O-glycosylation and blocks VSMC phenotypic switching in aortic vessels of STZ-induced hyperglycemic ApoE−/− mice
	TSP-1 deficiency prevents development of atherosclerotic lesions in STZ-induced hyperglycemic ApoE−/− mice

	Discussion
	Methods
	Mouse models
	Induction of hyperglycemia and chromium picolinate administration
	Plasma Lipid Analyses
	Aortic Root Morphometry
	En-face atherosclerotic lesion assay
	High-frequency Ultrasound Imaging
	Immunohistochemistry
	Immunoblotting
	Primary Cultures of Mouse Aortic Smooth Muscle Cell
	Cell Proliferation Assay
	Statistical Analyses

	Additional Information
	Acknowledgements
	References




