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Abstract
The transforming growth factor beta (TGF-β ) family is comprised of over 30 family members that
are structurally related secreted dimeric cytokines, including TGF-β, activins, and bone
morphogenetic proteins (BMPs)/growth and differentiation factors (GDFs). TGF-β are pluripotent
regulators of cell proliferation, differentiation, apoptosis, migration, and adhesion of many
different cell types. TGF-β pathways are highly evolutionarily conserved and control
embryogenesis, tissue repair, and tissue homeostasis in invertebrates and vertebrates. Aberrations
in TGF-β activity and signaling underlie a broad spectrum of developmental disorders and major
pathologies in humans, including cancer, fibrosis and autoimmune diseases. Recent observations
indicate an emerging role for TGF-β in regulation of mitochondrial bioenergetics and oxidative
stress responses characteristic of chronic degenerative diseases and ageing. Conversely, energy
and metabolic sensory pathways cross-regulate mediators of TGF-β signaling. Here we review
TGF-β and regulation of bioenergetic and mitochondrial functions, including energy and oxidant
metabolism and apoptotic cell death, as well as their emerging relevance in renal biology and
disease.
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Chronic kidney disease (CKD) is estimated to affect 10–15 million Americans 1. The most
common causes of CKD include diabetes, hypertension, glomerulonephritis, and polycystic
kidney disease 2. In addition to late fibrosis, abnormalities of epithelial and/or endothelial
cells, such as atrophy and apoptosis of epithelial and/or endothelial cells and loss of tubular
epithelial and postglomerular vascular structures are hallmarks of progressive CKD 3. TGF-
β is considered a key mediator of renal cell injury in progressive CKD. TGF-β is induced by
angiotensin II 4 and is increased in glomerular diseases 5 and diabetic nephropathy 6.
Virtually all human and experimental forms of CKD are characterized by increased
expression of TGF-β and TGF-β receptors (reviewed in 7). In addition to the RAS pathway,
a broad range of metabolic factors, including glucose, advanced glycation products (AGE),
free fatty acids (FFA), reactive oxygen species (ROS), and others (reviewed in 8),
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mechanical stretch and shear stress can increase TGF-β release and activation in renal and
vascular cells 9.

TGF-β are secreted cytokines that signal across the plasma membrane into the cell by
inducing heteromeric complexes of TGF-β type I and type II receptors with serine/threonine
kinase activity 10. The ligand-induced activation of TGF-β receptor complexes leads to the
recruitment and activation of canonical Smad family and non-canonical TGF-β signal
transducers. Canonical Smad pathways directly connect TGF-β receptor activation with
transcriptional control of TGF-β target genes 11. Non-canonical TGF-β signaling remains
incompletely understood and is mediated through mitogen-activated protein kinases
(MAPKs), phosphoinositide 3-OH kinases (PI3K), small GTPases, and other
mediators 11,12. The conventional paradigm of TGF-β signal transduction proposes a central
role for regulation of nuclear target gene expression 13, although direct regulation of
microRNA processing 14, and mitochondrial translocation of Smad proteins 15 indicate
extranuclear targets and mechanisms in TGF-β signaling.

A large body of evidence demonstrates that TGF-β inhibition improves functional and
structural renal defects in experimental renal disease models, confirming a central role for
TGF-β in CKD and renal fibrosis (reviewed in 3). Chronically elevated TGF-β activity in
transgenic mice overexpressing active TGF-β1 is sufficient to induce progressive renal
disease with glomerulosclerosis and tubulointerstitial fibrosis, and knockout of the major
signal transducer Smad3, or overexpression of the inhibitory Smad7, prevent defects
associated with experimental unilateral ureteral obstruction, diabetic nephropathy, or renal
ablation 16–19. Together with numerous additional reports, these results consistently support
the paradigm that TGF-β and its signal transducers are central mediators of progression of
CKD.

Epithelial cell injury and apoptosis are increasingly considered critical initial responses to
various forms of renal injury, and studies of the underlying mechanisms are providing
crucial novel insights and therapeutic targets in CKD progression 20–25. TGF-β itself acts on
epithelial cells to induce apoptosis in renal tubular epithelial cells and glomerular podocytes
and may thereby promote further epithelial injury. Since mitochondria are the main cellular
source of energy and reactive oxygen species (ROS) in response to metabolic demands and/
or cellular stress, and central regulators of the intrinsic apoptosis pathway, attention is
focusing increasingly on the role and mechanisms of bioenergetic defects and mitochondrial
dysfunction in renal epithelial and vascular injury.

TGF-β and mitochondrial biogenesis, fission and fusion
Mitochondrial volume density and network properties are regulated by physiological signals
as well as environmental stimuli to meet the demand for energy in tissues. In general,
mitochondrial mass is elevated in tissues with high ATP consumption, such as cardiac and
skeletal muscle, the central nervous system, brown adipose and renal tissue. The
peroxisomal proliferator-activated receptor (PPAR) coactivator 1 (PGC-1) family of
transcriptional coactivators have emerged as master regulators of mitochondrial biogenesis.
PGC-1 activation requires phosphorylation by AMP-activated protein kinase (AMPK) and
deacetylation by sirtuins 26,27, constituting an energy sensing network that controls energy
expenditure, including mitochondrial energy metabolism. While increasing evidence
suggests extensive cross-regulation of TGF-β pathways by energy sensing AMPK and
SIRT1, a direct role of TGF-β pathways controlling PGC-1 or energy sensing has not been
demonstrated to date.

Mitochondria are organized in a dynamically-regulated filamentous network that extends
throughout the cell. The organization of mitochondrial network in the cell result from the
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balanced activity of two opposite processes – fusion and fission (fragmentation) - regulated
by different sets of proteins in response to cellular energetic and metabolic requirements 28.
The importance of the correct regulation of the mitochondrial network is highlighted by the
findings that two hereditary neurodegenerative disorders, autosomal dominant optic atrophy
and Charcot-Marie-Tooth syndrome, are caused by mutations in genes encoding dynamin-
related GTPase OPA1 and mitofusin 2 (MFN2), both involved in the mitochondrial fusion
regulation 29,30.

In proximal tubular cells, mitochondrial fragmentation driven by the fission-inducer
Dynamin-related protein 1 (Drp1) promotes mitochondrial membrane permeabilization,
release of apoptogenic factors and apoptosis. Prevention of mitochondrial fragmentation by
inhibition of Drp1 activation abrogates mitochondrial damage, tubular cell apoptosis, and
renal injury 31. Consistent with its pro-apoptotic activity, TGF-β induces mitochondrial
fragmentation in proximal tubular epithelilal cells 32. Wang W. et al. have recently showed
ROCK1 as mediator of mitochondrial fission in diabetic nephropathy demonstrating the
relevance of mitochondrial modeling in podocytes and endothelial cells function 33. In
contrast, mitochondrial fusion and formation of giant mitochondria was associated with
TGF-β-induced senescence in epithelial mink lung epithelial cells 34.

The molecular mechanisms mediating mitochondrial fragmentation in response to TGF-β
remain unknown. However, because mitochondrial fragmentation enhances pro-apoptotic
Bax insertion in the outer mitochondrial membrane 35, unraveling of these mechanisms may
advance our understanding of regulation of cell survival and cell death decisions.

TGF-β and bioenergetics
Direct and indirect links between TGF-β and mitochondria energy metabolism and energy
sensing pathways are emerging in multiple research areas. The contribution of TGF-β
superfamily members in the regulation of adipogenesis is reviewed in 36. For example, the
effects of aberrant activin signaling on body fat, adipocytes differentiation, calories
consumption, and oxygen consumption were associated with an expression pattern
consistent with generalized increased mitochondrial metabolism and with a partial
constitutive uncoupling in liver mitochondria 36. Role of TGF-β/Smad3 signaling in the
modulation of adipose tissue energy metabolism was confirmed by Yadav H. et al. that
proposed protection from obesity and diabetes by blockade of TGF-β/Smad3 signaling 37. In
airway smooth muscle (ASM) from patients with asthmatic and chronic obstructive
pulmonary disease, TGF-β overexpression deregulates redox state 38. Thus, TGF-β
simultaneously stimulates ROS production by Nox4 activation and compromises the
antioxidant systems that defend against mitochondrial and peroxisomal derived ROS by
inhibiting the expression of MnSOD and catalase, respectively 38.

TGF-β modulates energy metabolism also by controlling mitochondrial metabolism directly.
TGF-β-induced reduction of complex IV and mitochondrial respiration leads to increased
ROS and decreased mitochondrial membrane potential associated with senescence in mink
lung epithelial cells. 34. In breast tumor cells TGF-β/Smad signaling regulates mitochondrial
uncoupler UCP2 expression to maintain a well differentiated and low proliferating
phenotype associated with a good clinical prognosis 39. In TGF-β-resistant grade 3 tumor
cells, elevated expression of UCP2 is associated with increased tumor cell survival and
proliferation 39. In preglomerular afferent arteriolar smooth muscle cells TGF-β depresses
angiotensin II or endothelin-evoked calcium signaling. The responses of mitochondrial
[Ca2+] are particularly depressed and delayed as a consequence of a uncoupling of
mitochondria from the ER calcium release 40. On balance, TGF-β signaling appears to
inhibit mitochondrial respiration and ATP synthesis (Fig. 1).
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TGF-β and energy sensors AMPK and SIRT1
The interaction between energy metabolism and TGF-β signaling is further demonstrated by
cross-regulation between adenosine monophosphate-activated protein kinase (AMPK)
pathways and TGF-β. AMPK is a cellular energy sensor activated by increased AMP: ATP
ratio, an index of metabolic stress. For example, AMPK activation inhibits TGF-β-induced
transcription driven by Smad3-binding cis-elements involved in myofibroblast
differentiation in wound healing 41. TGF-β-induced activation and collagen synthesis of
hepatic stellate cells was inhibited by AMPK-mediated inhibition of interaction of p300 and
Smad3 42. In addition, TGF-β-activated kinase 1 (TAK1) is required for a proper activation
of AMPK in cardiac myocytes 43.

Increasing evidence also suggests extensive interactions between the sirtuin family and
TGF-β pathways in metabolic control. Sirtuins are highly conserved NAD(+)-dependent
protein deacetylases and/or ADP-ribosyltransferases that regulate and extend the lifespan of
lower model organisms, including yeast, worms and flies 44. Mammalian sirtuins, SIRT1 to
SIRT7, are critical metabolic sensors, connecting environmental signals to metabolic
homeostasis and stress response 44–46. Three sirtuins, SIRT3, SIRT4 and SIRT5, are located
in the mitochondria, and play crucial roles in apoptosis and intracellular signaling 46.
Mammalian SIRT1 couples protein deacetylation with NAD(+) hydrolysis and links cellular
energy and redox state to multiple signaling and survival pathways, including TGF-β
pathways. For example, whilst SIRT1 binds and deacetylates Smad7 in mesangial cells,
accelerating Smad7 degradation,. loss of SIRT1 stabilizes Smad7 and increases apoptosis 47.
Smad3 transcriptional activity is inhibited by SIRT1-mediated deacetylation in renal fibrosis
model of unilateral ureteral obstruction 48. Tetrahydroxystilbene glucoside ameliorates
diabetic nephropathy in rats by alleviating oxidative stress injury and overexpression of
COX-2 and TGF-β 1 via activation of SIRT1 49. TGF-β-induced cellular senescence of
primary bronchial epithelial cells is inhibited by SIRT6 via proteasomal degradation of
p21 50. In contrast with extramitochondrial SIRT1, interaction of mitochondrial SIRT3, 4, or
5 with TGF-β networks has not been demonstrated to date. The available evidence on
energy sensing AMPK and SIRT1 mediators and TGF-β/Smad pathways suggest that
activity of AMPK and SIRT1 is inversely correlated with TGF-β/Smad signaling (Fig. 2).
This negative cross-regulation may couple information about abundance of nutrients with
inhibition of TGF-β/Smad-induced cell death programs.

TGF-β and mitochondrial oxidative stress
Mitochondria are a major source of reactive oxygen species (ROS) production within
cells 51. Mitochondrial DNA is directly exposed and particularly susceptible to modification
by ROS, and this damage can rapidly lead to functional impairment in the respiratory chain.
To prevent oxidative damage, mitochondrial antioxidant systems include the mitochondrial
matrix enzyme manganese superoxide dismutase (MnSOD), glutathione peroxidase, and
peroxiredoxins 3 and 5 52. Many forms of cellular stress and signaling pathways lead to
imbalance of ROS synthesis and antioxidant systems. As a result, persistently increased
mitochondrial oxidative stress contributes to a wide range of pathologies, including
cardiovascular disease, neurodegeneration, diabetic complications, renal disease, and
aging 53–56.

Studies in the liver and pancreas have shown that TGF-β – mediated apoptosis involves
activation of caspase proteases, enhanced generation of reactive oxygen species (ROS), loss
of glutathione (GSH), loss of mitochondrial membrane potential and alterations in
expression of the Bcl-2 family of proteins. The observed changes in mitochondrial
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membrane potential have been suggested to lead to mitochondrial dysfunction and to occur
as a consequence of oxygen radical generation by TGF-β 57.

It is known that at lower doses TGF-β can induce cell-cycle arrest, however, in fetal
hepatocytes higher doses of TGF-β induce apoptosis by ROS generation, which is
potentially responsible for the decrease in Bcl-xL messanger RNA levels, followed by the
loss of membrane potential, the release of cytochrome c, and the activation of caspase 3 58.
The same group showed that although inhibition of caspases can block apoptosis associated
morphology and nuclear fragmentation, it only delayed cell death, therefore indicating that
activation of the apoptotic program by TGF-β in fetal hepatocytes inevitably leads to death,
with or without caspases 59. Cell death, however, could be blocked by radical scavengers.

One of the mechanisms proposed for TGF-β-induced ROS production is the activation of
NADPH oxidases (Nox), which are multisubunit enzymes that generate superoxide by
transferring electrons from NADPH to molecular oxygen. More recently, it has been shown
that inhibition of NADPH oxidase activity, blocks all the apoptotic features induced by
TGF-β, suggesting that extramitochondrial ROS is critical for initiating TGF-β mediated
cell death. Studies have now defined the role of Nox4 in mediating TGF-β apoptosis of
hepatocytes 60 and the conversion of cardiac fibroblast into myofibroblasts (important
consequence in cardiac fibrosis) by regulating Smad 2/3 activation 61. Hence TGF-β redox-
dependent signaling pathways involve mitochondrial independent superoxide by Nox and
mitochondrial ROS might increase as a consequence.

The pro-oxidant effect of TGF-β have been further linked to an inhibition of MnSOD and
catalase expression accompanied by upregulation of Nox4 and induction of pro-
inflammatory signaling by abnormal airway smooth muscle cells 38. Interestingly the
authors report that the early release of ROS in response to TGF-β may activate Smad3 in a
positive-feedback manner, thus leading to amplification of oxidative stress and
downregulation of antioxidant effects (Fig. 3).

The central role for mitochondrial dysfunction and oxidative stress in cardiovascular and
renal disease has been demonstrated by the beneficial effects of mitochondrial targeted
antioxidant scavengers in several experimental models. Coenzyme Q (CoQ) redox shuttle is
involved in ROS production by complexes I and III. Decreased levels of CoQ are associated
with increased ROS production, which can be reduced by delivery of mitochondrial targeted
ubiquinone compounds (MitoQ). Oral administration of MitoQ protects against
mitochondrial oxidative damage, ameliorates the development of hypertension, improves
endothelial dysfunction, and reduces cardiac hypertrophy in the stroke prone spontaneously
hypertensive rat model 62. MitoQ treatment also improved tubular and glomerular function
in the Ins2+/AkitaJ mouse model of type 1 diabetes. The authors show that MitoQ treatment
was associated with decreased nuclear translocation of phospho-Smad2/3 in kidney cells,
indicating reduced TGF-β/Smad signaling activity in MitoQ-treated diabetic mice 63.

Mitochondrial targeted antioxidants also prevents tubular cell apoptosis in the UUO model
and ameliorates renal fibrosis 64. These observations suggest that TGF-β effects on
mitochondria and mitochondrial ROS production can be reversed, however once intrinsic
mitochondrial apoptotic pathway is activated cell death will be the consequence.

TGF-β and mitochondrial DNA depletion
Mitochondrial DNA (mtDNA) mutations and deletions have been the subject of numerous
studies and have been implicated in age and disease-associated mitochondrial dysfunctions.
The mtDNA encodes for 13 structural genes of OXPHOS enzymes, two ribosomal RNAs,
and 22 transfer RNAs. The mtDNA is prone to oxidative stress, since it lacks histone-like
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coverage and is localized closely to the inner mitochondrial membrane, a major site of ROS
in cells. Several reports demonstrate focal segmental glomerulosclerosis (FSGS) and
proteinuria in patients with an A-to-G transition at mtDNA position 3243 in the gene for
tRNALeu(UUR) 65, 66. Mice carrying mutant mtDNA with a 4696-bp deletion develop
FSGS and die within 6 months due to renal failure. In this mouse model, the kidney carried
the greatest accumulation of the mtDNA deletion of any organ 67. TGF-β relevance in the
pathogenesis of glomerulosclerosis is well known. Puromycin-induced FSGS in rats was
associated with a marked reduction in mtDNA copy number and reduced levels of
cytochrome oxidase I in glomeruli, suggesting that mitochondrial dysfunction by mtDNA
depletion potentially plays a key role in the pathogenesis of FSGS in puromycin
aminonucleoside nephropathy 68.

Recently, mutations in the protein kinase, DNA-activated, catalytic polypeptide (Prkdc)
gene, which encodes a critical nuclear DNA double-stranded break repair protein, were
associated with impaired mtDNA maintenance and underlie susceptibility to adriamycin
(ADR) nephropathy in mice 69. Adriamycin (ADR) nephropathy is a classic experimental
model of podocytopathy, resulting from selective injury to glomerular podocytes 70.
Interestingly, genetic interaction of Prkdc mutant and Mpv17 mutant alleles was required to
manifest the mtDNA maintenance defects 69.

The MPV17 gene encodes a mitochondrial inner membrane protein that is implicated in the
preservation of mitochondrial homeostasis by controlling mitochondrial DNA (mtDNA)
maintenance and oxidative phosphorylation (OXPHOS) activity 71. Mice carrying Mpv17
null alleles developed FSGS-like glomerular pathology and proteinuria 72. Increased ROS
production in isolated glomeruli and renal damage is prevented by oxygen radical
scavengers 73. TGF-β treatment of podocytes is associated with rapid and profound
downregulation of Mpv17, increased mitochondrial ROS production and apoptosis (Krick S
and Bottinger E, unpublished observations). The Mpv17 family member Mpv17l is also
localized in mitochondria and downregulated by TGF-β, albeit in proximal tubular epithelial
cells 32. Loss of the Mpv17l/HtrA2 complex in mitochondria in response to TGF-β causes
mitochondrial dysfunction and apoptosis 32. Thus, TGF-β may suppress the function of
Mpv17/HtrA2 mitochondrial complexes in podocytes and proximal tubular epithelial cells to
induce mitochondrial dysfunction and apoptosis associated with mitochondrial DNA
depletion.

Mitochondrial localization/translocation of TGF-β and Smad proteins
Mitochondria represent one locus of intracrine action of growth factors, including TGF-β.
TGF-β is localized in the mitochondria of cardiac myocytes and hepatic cells and is also
seen in association with the contractile filaments of cardiac myocytes 74. The functional role
of mitochondrial TGF-β that was first documented over 20 years ago, still remain poorly
understood.

Recent results suggest that Smad4 translocates to mitochondria in TGF-β or UV damage
induced apoptotic cells 15. Transfection of cells with mitochondrial-targeted Smad4
inhibited oxidative respiratory chain through direct interaction of mitochondrial Smad4 with
cytochrome c oxidase subunit II (COXII), a subunit of cytochrome oxidase c. Targeting
Smad4 to mitochondria enhanced TGF-β-induced apoptosis, suggesting that the interaction
between the Smad4 and COXII in mitochondria may be an important mechanism for TGF-
β-induced apoptosis 15.

Smad5, a receptor-regulated Smad in the bone morphogenetic proteins (BMP) pathway,
manifested mitochondrial localization in sub-confluent chondrogenic progenitor cells 75.
Interestingly, mitochondrial abnormalities, including swelling and decreased mitochondrial
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membrane potential, and apoptosis were characteristic of cardiomyocytes derived from
Smad5-deficient embryos or in vitro-differentiated ES cells 76. Together these isolated
observations point to direct, extranuclear roles of TGF-β and Smad signals in mitochondrial
function, integrity, and apoptosis. Further studies will be required to expand our
understanding of the role and regulation of mitochondrial TGF-β/Smad signaling, in
particular its potential relevance to TGF-β induced apoptosis in renal cells.

microRNA and TGF-β in control of mitochondrial function and energy
metabolism

microRNAs are a group of small non-coding RNAs capable of regulating expression of
hundreds of target genes simultaneously by interacting with target sequences in their 3′-
untranslated regions, resulting in transcript degradation or repression of translation 77.
MicroRNA deregulation contributes to the pathogenesis of a large number of human
diseases, including kidney disease 78,79. Cre/loxP-mediated deletion of the microRNA
processing enzyme dicer selectively in glomerular podocytes of mice resulted in progressive
proteinuria and glomerulosclerosis associated with progressive podocyte apoptosis and
podocyte depletion, suggesting that microRNA are required for podocyte homeostasis 80–82.

Mitochondrial and metabolic regulation by microRNA has recently been demonstrated. For
example, the miR-30 family of microRNA has recently been shown to target p53 directly in
human cardiomyocytes, resulting in inhibition of Drp1-mediated mitochondrial fission and
apoptosis in response to oxidative stress stimulus 83. Interestingly, TGF-β downregulates all
five miR-30s in podocytes and overexpression of miR-30s prevents TGF-β-induced
podocyte apoptosis (Shi S and Bottinger E; unpublished data). MicroRNA profiling of
Parkinson’s disease brains identified downregulation of miR-34b/c associated with
alterations in mitochondrial protein expression that underlie neuronal mitochondrial
dysfunction and impaired cell viability 84. Moreover, miR-34 is downregulated in
nasopharyngeal carcinoma and miR-34 target gene analysis indicate that miR-34 represses
TGF-β pathway signaling 85. Hypoxia induced miR-210 via HIF-1alpha resulting in
miR-210-mediated repression of iron-sulfate cluster assembly proteins 1/2 (ISCU1/2) that
are critical for electron transport and mitochondrial oxidation-reduction reactions 86. In
addition to ISCU proteins, hypoxia-induced miR-210 also represses cytochrome c oxidase
assembly protein COX10 associated with increase ROS and mitochondrial dysfunction in
cancer cell lines 87. Interestingly, miR-210 represses activin A receptor type 1B (AcvR1b) to
promote osteoblast differentiation 88. Because activin signaling controls genes for
mitochondrial biogenesis and mitochondrial function 36, one can reason that miR-210 may
control mitochondrial function and energy homeostasis via regulation of activin signaling.

Declining oxygen tension in cardiac myocytes causes downregulation of miR-199a,
resulting in derepression of miR-199a targets HIF-1alpha and SIRT1 that is associated with
p53-mediated apoptosis 89. Since SIRT1 negatively cross-modulates TGF-β/Smad3
signaling, it is possible that miR-199a functions as an upstream regulator of TGF-β/Smad
signaling in mitochondrial and metabolic control. Although there is only limited evidence
linking microRNA and TGF-β pathways to date, it is likely that microRNA and TGF-β
coordinately regulate mitochondrial dysfunction, oxidative stress, and energy metabolism in
oxidative stress-associated renal injury.

TGF-β and Bcl2 family proteins
Bcl2 family proteins are key regulators of apoptosis by controlling the integrity of the outer
mitochondrial membrane (OMM). During apoptosis, permeabilization of the OMM leads to
release of cytochrome c and other proapoptotic factors that can initiate formation of the
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apoptosome 90. Insertion of anti-apoptotic Bcl2 proteins, such as Bcl2 and Bcl-xl, reduces
OMM permeability, while insertion of pro-apoptotic Bcl2 protein, such as Bax and Bak,
promotes OMM permeability and apoptosis. Perhaps not surprisingly, overexpression of
Bax sensitizes prostate cancer cells to TGF-β-induced apoptosis 91. Conversely, Bcl-xl
expression prevents TGF-β-induced cytochrome c release and apoptosis 92. The role and
regulation of Bcl-2 family members in mitochondrial apoptosis signaling in lower organisms
and mammals has been reviewed extensively 90. Whereas Bcl2 proteins exclusively promote
mitochondrial fission in apoptotic cells, they may also regulate mitochondrial fusion in non-
apoptotic cells. For example, Bcl2 proteins regulate the mitochondrial fusion machinery by
directly interacting with its components including mitofusins 93. The functional role of
regulation of mitochondrial dynamics by Bcl2 proteins in non-apoptotic cells remains poorly
understood, but will likely be a productive area of investigation.

Summary and future perspectives
Historically the focus of investigation of TGF-β ’s expansive involvement in the
pathogenesis of progressive renal disease and fibrosis has been on its nuclear transcriptional
targets. As we discuss in this review, increasing evidence points to a critical role for TGF-β
pathways in controlling extranuclear targets involved in energy balance, metabolism, and
oxidative species, in particular mitochondria. On balance, the available data suggest that
increasing TGF-β activity is associated with mitochondrial dysfunction and increasing
mitochondrial ROS synthesis with detrimental consequences, in particular mitochondrial
apoptosis. Conversely, energy and metabolic sensory pathways including AMPK and SIRT1
may downmodulate TGF-β/Smad pathways to promote cell viability.

The clinical relevance of mitochondrial dysfunction and oxidative stress in progressive renal
disease is highlighted by recent studies demonstrating that new antioxidant therapeutics
targeting specifically mitochondrial ROS ameliorate diabetic nephropathy and
tubulointerstitial fibrosis lesions in experimental models. Renal cell apoptosis, in particular
affecting podocytes and tubular epithelial cells, is a driving mechanism in progression of
glomerulosclerosis, nephron loss, and subsequent fibrosis. Future progress in our
understanding how mitochondria control and respond to TGF-β pathway activation in
response to metabolic and environmental stress factors associated with renal disease
progression is expected to lead to novel treatments in progressive CKD.
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Figure 1.
TGF-β targets in mitochondria. TGF-β signaling may act in a direct or indirect manner to
control mitochondrial metabolism in different cell types. ⍊ and ↓ indicate inhibition/
downregulation by TGF-β pathway. Oxidative phosphorylation system (I-V), membrane
potential (ΔΨ), reactive oxygen species (ROS), endoplasmic reticulum (ER). Inhibition of
the oxidative phosphorylation system may arise from a direct inhibition of complex IV and/
or from increased ROS production due to downregulation of scavenging proteins (MnSOD,
Mpv17l). Decrease in membrane potential is associated with cytochrome c release in the
cytoplasm with consequent activation of the apoptotic signaling. Apoptosis can be triggered
by release of HtrA2 as a consequence of Mpv17l downregulation. Uncoupling of
mitochondria from ER calcium release may impair the intracellular calcium sensing
responses.
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Figure 2.
TGF-β and AMPK-SIRT crosstalk. The negative cross-regulation between TGF-β signaling
and energy sensing mediators AMPK and SIRT has been demonstrated in kidney, liver, and
lung. AMPK and SIRTs may downregulate TGF-β messengers either by degradation or
inhibition of transcriptional activity. AMPK mediates inhibition of transcription co-activator
p300 and Smad3 interaction in hepatic stellate cells. SIRT1-mediated deacetylation of
Smad3 and Smad7 results in reduction of apoptosis and fibrosis in kidney cells in vitro and
in vivo. SIRT6-mediated proteasomal degradation of p21 prevents TGF-β-induced
senescence in primary bronchial epithelial cells.
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Figure 3.
TGF-β and oxidative stress. TGF-β increases oxidative stress by regulating both antioxidant
and pro-oxidant proteins. Downregulation of mitochondrial (underline) Mpv17-HtrA2
system, manganese superoxide-dismutase (SOD2), catalase, and glutathione (GSH) with the
concomitant stimulation of pro-oxidant NADPH-oxidase (Nox4) results in increased ROS
production that may trigger a positive-feedback response in which TGF-β signaling is
amplified by Smad3.
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