
Antifibrotic vitamin D analogs

Joseph V. Bonventre

J Clin Invest. 2013;123(11):4570-4573. https://doi.org/10.1172/JCI72748.

Chronic kidney disease is associated with progressive kidney fibrosis, which disrupts normal kidney function. There is a
great need for treatments to reduce renal fibrosis. In this issue of the JCI, Ito and colleagues report the development of
synthetic ligands of the vitamin D receptor that target the TGF-β–SMAD signaling pathway, which is known to regulate
fibrosis-associated gene expression, without inducing VDR-associated genes. These ligands ameliorated renal fibrosis in
two different mouse models. This study justifies further investigation of these and related compounds for treatment of
humans with chronic kidney disease or other diseases characterized by fibrosis.
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cross comparison of hundreds of cases did 
common patterns emerge, culminating in 
Osler’s landmark text, The Principles and 
Practice of Medicine.

Haffner and colleagues should be com-
mended for reporting such a fascinating 
anecdote (1), but the effect of their work 
will only be realized if we can collect and 
assemble this type of data across hundreds 
of cases (Figure 1). The growing penetra-
tion of genomic sequencing into clinical 
medicine has led to increased calls for the 
creation of various types of medical “data 
commons” that will allow comparisons 
between individual cases (6). Perhaps we 
are entering an era in which “N of 1” cases 
are here to stay.
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Chronic kidney disease is associated with progressive kidney fibrosis, 
which disrupts normal kidney function. There is a great need for treat-
ments to reduce renal fibrosis. In this issue of the JCI, Ito and colleagues 
report the development of synthetic ligands of the vitamin D receptor that 
target the TGF-β–SMAD signaling pathway, which is known to regulate 
fibrosis-associated gene expression, without inducing VDR-associated 
genes. These ligands ameliorated renal fibrosis in two different mouse 
models. This study justifies further investigation of these and related com-
pounds for treatment of humans with chronic kidney disease or other dis-
eases characterized by fibrosis.

TGF-β signaling promotes chronic 
kidney disease
Chronic kidney disease (CKD) affects 
approximately 10% of the adult popula-
tion in the developed world (1). A domi-
nant feature of most forms of CKD is the 
development of kidney fibrosis, which 
results in progressive loss of kidney func-
tion, enhanced susceptibility to cardio-
vascular disease, and potentially end stage 

renal disease. CKD progression occurs 
even if the original cause of the kidney 
disease is no longer operant. Despite the 
worldwide prevalence of CKD, few ther-
apeutic strategies have any impact on 
the prevention or treatment of fibrotic  
kidney disease.

One factor with a prominent role in 
fibrosis development in the kidney and 
other organs is TGF-β, which signals 
through the TGF-β–SMAD signaling path-
way (2). TGF-β binds to cell surface type I 
and II serine/threonine receptor kinases, 
resulting in phosphorylation of SMAD2 
and SMAD3, which are then released 
into the cytosol and bind in a complex 
with SMAD4. After translocation to the 
nucleus, the SMAD2/3/4 complex local-
izes to SMAD-binding elements within the 
genome to modulate expression of pro-
fibrotic and other target genes (Figure 1 
and ref. 3). During kidney injury, a major 

source of TGF-β is proximal tubule epithe-
lial cells, some of which are arrested in cell 
cycle phase G2/M (4). The release of TGF-β 
and other factors by the damaged epithelial 
cells and infiltrating inflammatory cells act 
in a paracrine fashion to activate intersti-
tial fibroblasts/pericytes. Once activated, 
these interstitial cells convert to prolifer-
ative myofibroblasts and maladaptively 
deposit extracellular matrix, which leads 
to interstitial fibrosis (2, 5). Since TGF-β 
plays a major role in this pathophysiolog-
ical response, there have been attempts to 
therapeutically interrupt the TGF-β signal-
ing pathway with either small molecules or 
antibodies. Some of these approaches are 
currently in phase I and II clinical trials (6); 
however, there is still no accepted TGF-β–
targeted therapy for kidney fibrosis.

Vitamin D signaling in the kidney
Interaction of 1,25-dihydroxyvitamin D3 
[1,25(OH)2D3] with the vitamin D recep-
tor (VDR) modulates the transcription of 
more than 200 genes (7). The VDR forms 
a heterodimer with retinoid X recep-
tors (RXRs) that together promote the 
recruitment of nuclear coactivators and 
the lysine acetyltransferase CBP/p300, 
which provides access for the basal tran-
scriptional machinery through histone 
acetylation (Figure 1 and ref. 8). The VDR 
is expressed in more than 30 different 
tissues (9), including the kidney. VDR-
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Ito and colleagues generated two syn-
thetic analogs of 1,25(OH)2D3 that interact 
with the VDR and inhibit TGF-β–induced 
SMAD signaling without activating classi-
cal VDR–mediated genes, thus preventing 
the development of hypercalcemia. The 
crystal structure of the VDR bound to 
1,25(OH)2D3 was previously solved and 
revealed that 1,25(OH)2D3 associates with 
helix 12 (H12) to stabilize VDR, which 
facilitates interactions with coactivators 
(13). Removal of H12 not only prevented 
VDR-dependent transcriptional activity, 
but also abolished inhibition of TGF-β–
dependent transcription; therefore, this 
region of H12 is important for interac-
tion with SMAD3. Since the physiological 
1,25(OH)2D3 analog, 1α,25-dihydroxyvi-
tamin D3-26,23-lactone (1,25-lactone), 
has a γ-butyrolactone ring, the authors 
proposed that it could affect interac-
tion with the H12 region differently than 
1,25(OH)2D3. 1,25-lactone had no effect on 
TGF-β–induced SMAD3 phosphorylation, 
but blocked TGF-β signaling; however, this 
molecule did have some agonistic effect on 
VDR-mediated transcription of Cyp24a1 

In a mouse model of unilateral ureteral 
obstruction (UUO), which is well known 
for its rapid development of fibrotic kidney 
disease, treatment with 1,25(OH)2D3 mark-
edly reduced TGF-β–stimulated profibrotic 
gene expression and fibrosis development. 
Fibrosis was inhibited despite the obser-
vation that this treatment did not pre-
vent the UUO-induced increase in TGF-β 
and subsequent increase in SMAD2 and 
SMAD3 phosphorylation. In murine renal 
epithelial cells stimulated with TGF-β,  
1,25(OH)2D3 treatment did not affect 
SMAD2 or SMAD3 phosphorylation or 
their translocation to the nucleus, but 
did mitigate the upregulation of a num-
ber of TGF-β target genes implicated in 
fibrosis. ChiP assays revealed that the 
TGF-β–enhanced interaction between 
SMAD3 and the Serpine1 (encoding plas-
minogen activator inhibitor–1 [PAI1]) 
or Acta2 (encoding α-SMA) promoters 
was markedly suppressed in the presence 
of 1,25(OH)2D3. Binding of SMAD3 to 
the SMAD3 DNA-binding element was 
blocked by the presence of the VDR-ligand 
binding domain and 1,25(OH)2D3.

RXR heterodimers interact with VDR ele-
ments (VDREs) within the genome, which 
are often in promoter regions of genes. 
Many 1,25(OH)2D3-regulated genes have 
pleiotropic roles, including in intestinal 
calcium/phosphate reabsorption and bone 
remodeling, which are both important 
aspects of calcium homeostasis.

A number of epidemiological (10) and 
interventional (11) studies suggest that 
vitamin D may mitigate albuminuria or 
prevent progression of kidney dysfunction. 
Additionally, many laboratory studies have 
identified a large number of vitamin D–
regulated cellular and tissue processes that 
could potentially suppress renal fibrosis 
and benefit kidney structure and function.

Targeting VDR to prevent TGF-β–
SMAD–induced kidney fibrosis
In this issue of the JCI, Ito et al. evaluated 
inhibition of VDR signaling as a ther-
apeutic strategy for suppressing renal 
fibrosis development (12). They found 
that 1,25(OH)2D3-bound VDR inhibits 
the TGF-β–SMAD signaling pathway 
directly through interaction with SMAD3. 

Figure 1
DLAMs interact with the VDR and block TGF-β signaling by pre-
venting binding to the SMAD3-binding element (SMADBE). This 
prevention of binding prevents expression of profibrotic genes. 
The DLAMs do not affect classical 1,25(OH)2D3-VDR–potentiated 
actions on genes, such as Cyp24a1, due to interaction with VDRE. 
Cyp24a1 encodes 1,25(OH)2D3-24-hydroxylase, a mitochondrial 
enzyme that degrades 1,25(OH)2D3 and hence plays an important 
role in calcium homeostasis. Normally, TGF-β signals by binding 
to cell surface type I and type II serine/threonine receptors, which 
release phosphorylated SMAD3 into the cytosol, where it interacts 
with SMAD4, translocates to the nucleus, binds to the SMADBE in 
genes, and upregulates profibrotic gene expression. NCOA, nuclear 
coactivators; SRC, steroid receptor coactivator.
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elegant approach for systematically devel-
oping therapeutic targets for disease 
treatment. Is it possible that this general 
approach to developing targeted ligands will 
be effective in identifying specific beneficial 
analogs for other steroid hormones that are 
important therapeutically. Analogs of glu-
cocorticoids that preserve beneficial effects 
while minimizing detrimental effects would 
be of great benefit in a number of diseases, 
including diseases of the kidney.
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mice exhibit less liver fibrosis in the pres-
ence of calcipotriol.

Implications and future directions
The study by Ito et al. (12) provides 
intriguing promise for kidney fibrosis 
treatment and prevention. The authors 
made informative distinctions between 
TGF-β–dependent effects on profibrotic 
gene expression and classical 1,25(OH)2D3-
VDR–dependent transcription to motivate 
development of antifibrotic agents that do 
not cause hypercalcemia in mice. In partic-
ular, they applied sophisticated knowledge 
of the VDR structure and its interaction 
with 1,25(OH)2D3 and a naturally occur-
ring analog, 1,25-lactone (16), to derive 
compounds with anti–TGF-β activity that 
do not promote the expression of VDR- 
dependent genes. It is possible that these 
or related agents may serve to reduce fibro-
sis in humans.

A word of caution is indicated, how-
ever. Protective effects of 1,25(OH)2D3 in 
humans have been reported in large epi-
demiological studies (17) and may relate 
to VDR-mediated responses that are unre-
lated to TGF-β mitigation. 1,25(OH)2D3 
has also been reported to have important 
effects on innate and adaptive immunity 
as well as protective effects on the cardio-
vascular system, cancer susceptibility, and 
neurocognitive function (18). Therefore, 
an agent specifically targeting the TGF-β 
pathway may prove ineffective if other 
VDR-mediated effects of 1,25(OH)2D3 are 
more important or are necessary to comple-
ment the anti–TGF-β effects of treatment. 
Additionally, it is unknown whether other 
noncalcemic gene targets of 1,25(OH)2D3 
are stimulated by DLAMs, as the speci-
ficity of the DLAMs used to block TGF-β 
signaling have not been evaluated beyond 
the lack of effects on Cyp24a1 transcription 
and the calcemic effect in animals.

An interesting aspect of this work is 
the characterization of the action of the 
1,25(OH)2D3 physiological analog 1,25- 
lactone. It is possible that 1,25-lactone 
represents an endogenous fibrosis inhibi-
tor in organs, including the kidney, heart, 
lung, and liver. Could subjects with CKD 
have reduced levels of 1,25-lactone, which 
would exacerbate the detrimental profi-
brotic effects attributed to low levels of 
1,25(OH)2D3? Are 1,25-lactone levels lower 
in African-Americans, who, as a group, have 
high incidence of CKD and albuminuria 
and lower levels of circulating vitamin D  
[25(OH)D] (19)? This study provides an  

[encoding 1,25(OH)2D3-24-hydroxylase]. 
The authors found that 1,25-lactone in 
complex with the ligand-binding domain 
of VDR associates differently with residues 
His305 and His397 than does 1,25(OH)2D3. 
Based on the structure of 1,25-lactone and 
its effect on VDR activity, Ito et al. designed 
1α,25-dihydroxyvitamin D3-26,23-lactam 
(DLAM) derivatives, which are analogs 
of 1,25-lactone that mimic VDR ligands 
(14). DLAM candidates were chosen for 
their ability to alter the configuration of  
the H12 region.

In the UUO model, the authors found 
that administration of DLAMs reduced the 
level of SMAD3-dependant mRNAs, but 
did not increase Cyp24a1 mRNA levels (12). 
DLAM treatment reduced mRNA levels of 
Serpine1, Acta2, and Col1a1 (encoding type I  
collagen) in the obstructed kidney, and 
ChIP analysis revealed suppressed binding 
of SMAD3 to the Serpine1 promoter after 
DLAM treatment. Thus, TGF-β–SMAD 
signaling was inhibited by DLAM treat-
ment, but other actions of the VDR were 
not stimulated (Figure 1). The authors also 
found that serum calcium levels were unaf-
fected by DLAM treatment.

Evaluation of paracalcitol, a VDR ago-
nist used to treat secondary hyperparathy-
roidism in CKD and known to produce 
less hypercalcemia than 1,25(OH)2D3, 
revealed that unlike with DLAM treat-
ment, Cyp24a1 expression was increased. 
While paracalcitol decreased mRNA levels 
of Col1a1 and Acta2, it did not decrease the 
TGF-β target gene Serpine1, in obstructed 
kidneys. Furthermore, in contrast to 
DLAM, paracalcitol increased serum cal-
cium levels considerably. DLAM treatment 
in a second mouse model of renal fibrosis, 
folic acid nephropathy, had similar effects 
to those found in the UUO model. These 
included decreased levels of Serpine1, 
Acta2, and Col1a1 mRNA and no change 
in VDR-dependent mRNAs. Additionally, 
progressive fibrosis and renal failure were 
inhibited in DLAM-treated mice.

A recent important related study demon-
strated that treatment with a synthetic 
VDR agonist, calcipotriol, is protective 
against liver fibrosis and does not cause 
hypercalcemia (15). Ding et al. found that 
TGF-β causes redistribution of genome-
wide VDR-binding sites in hepatic stellate 
cells, which are comparable to interstitial 
fibroblasts/pericytes in the kidney. In the 
presence of calcipotriol, SMAD3 occu-
pancy on profibotic genes is reduced; 
therefore, carbon tetrachloride–treated 
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Global, sustained production of ROS has deleterious effects on tissue struc-
ture and function and gives rise to biochemical and physiological changes 
associated with organ senescence. Specific, localized ROS metabolites gen-
erated by mitochondria and NADPH oxidases also transduce homeostatic 
information in response to metabolic, mechanical, and inflammatory cues. 
In this issue of the JCI, Dugan and colleagues demonstrate that mitochondri-
al-derived ROS, which is maintained by a feed-forward AMP kinase activa-
tion cascade, is reduced in diabetes and plays an adaptive role in preserving 
renal glomerular function during hyperglycemia. This enlightened view of 
mitochondrial ROS biology forces us to reconsider therapeutic approaches 
to metabolic disease complications such as diabetic nephropathy.

Diabetes management:  
a complicated issue
With an estimated 366 million individuals 
afflicted worldwide, the importance of dia-
betes’ effects on human health and health-
care cannot be overstated (1). In the United 
States alone, the direct and indirect costs 
are staggering. Every year in the US, 250 
billion dollars, approximately 1.5% of the 
country’s entire gross domestic product, 
is spent on diabetes and its complications 
(2). The intrinsic cellular responses and 
vascular injury that arise from hyperglyce-
mia result in a variety of costly complica-
tions such as neuropathies, retinopathies, 
and cardiovascular disease, which includes 
heart failure, stroke, myocardial infarc-
tion, and arteriosclerosis. Improvements 
in glycemic control alone are insufficient 
to fully mitigate diabetes-associated com-
plications; therefore, clinical differences 
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in the pathobiology of diabetic end organ 
complications should drive the search for 
adjunctive therapeutic approaches above 
and beyond glycemic control. For example, 
intensive control of both glucose and lipid 
intake has emerged as an effective strategy 
for reducing retinopathy (3), but other 
diabetes-associated complications such as 
nephropathy (4) and macrovascular dis-
ease (5) remain refractory to this focused 
metabolic strategy. Moreover, interactions 
between the metabolites produced in asso-
ciation with diabetes and chronic kidney 
disease synergize and have devastating 
effects on cardiovascular health (6). Inno-
vative therapeutic approaches are necessary 
for diabetes treatment, and the pathways 
involved in mitochondrial oxidative stress 
have become attractive targets (7).

Oxidative stress in diabetes
It is widely appreciated that extracellular 
oxidative stress globally increases in both 
type 1 diabetes (T1D) and type 2 diabetes 
(T2D) (8, 9). Current opinion holds that 
diabetes-associated mitochondriopathy 

(7) directly contributes to ROS gener-
ation, as has been observed in isolated 
endothelial cells (10). ROS and oxylipid 
metabolites are critical for the micro-
biocidal activity of phagocytes, wound 
healing, and the pathobiology of several 
inflammatory diseases including ath-
erosclerosis. Since ROS can induce DNA 
damage and both are increased in dia-
betes (11, 12), the accumulation of both 
diabetes-associated mitochondrial and 
genomic DNA alterations are considered 
to be the consequence of abnormal mito-
chondrial ROS production. Multiple cel-
lular enzymes generate ROS signatures in 
distinct subcellular venues (13), primarily 
superoxide (e.g., NOX1, NOX2, mitochon-
drial complexes), with rapid dismutation 
to H2O2 or direct H2O2 elaboration (e.g., 
NOX4, acyl-CoA oxidase, xanthine oxi-
dase). These local intracellular ROS sig-
natures, which are dynamic and elicited in 
response to intracellular and extracellular 
cues, are highly regulated and critical sec-
ond messengers in metabolism and signal 
transduction (14). The interrelationships 
between distinct intracellular ROS metab-
olism and extracellular oxidative stress are 
poorly understood but are of emerging 
importance in the pathogenesis of organ 
dysfunction associated with aging and 
chronic diseases including diabetes (14).

In this issue of the JCI, Dugan and col-
leagues examine the role of mitochon-
drial-derived superoxide in diabetic kid-
ney disease (15). Implementing multiple 
validated and unconventional methods 
of superoxide assessment, they demon-


