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Abstract

After the discovery of thioredoxin as a reductant for many important enzymes in the early 1960s,  biological roles of thioredoxin in pathophysiology have been examined using various species and experimental models, e.g., yeast, intertebrates, rodents, and humans. The large number of studies demonstrated that thioredoxin plays essential roles to maintain a reduced cellular environment and possesses many beneficial effects by maintaining cellular/organ functions and against diseases. However, an important question remains to be answered is whether thioredoxin could attenuate aging by reducing oxidative damage and changing cellular redox state, which alters redox sensitive signaling pathways. To address this important question, we have been conducting aging studies with transgenic and knockout mice, and transgenic rats to examine whether  the upregulation or downregulation of thioredoxin alters lifespan and age-related pathology. Aging studies conducted by our laboratory and others revealed that the roles of thioredoxin on pathophysiology seem to be more complex than our initial expectations as a potential magic bullet to solve the issues with age. Recent studies indicate that thioredoxin could have both beneficial and potential deleterious effects on aging and age-related diseases. To critically evaluate biological effects of thioredoxin on aging and age-related diseases, studies require further consideration to assess additional factors, e.g. levels of thioredoxin in different cellular compartments, different effects in each cell/tissue/organ, physiological aging vs. pathology, and/or at different life stages.
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Thioredoxin 

Since its discovery as the reductant for various enzymes in the early 1960s, biological roles of thioredoxin (Trx), which is a small protein (12kDa) with two redox-active cysteine residues in the active center (Cys-Gly-Pro-Cys), have been investigated in various species. Isoforms of Trx were identified in E. coli, yeast, and mammals. In humans, Trx mainly localizes in cytosol (Trx1) and in mitochondrial (Trx2). Trx plays important roles to maintain cellular functions. For example, Trx is a hydrogen donor for ribonucleotide reductase, peroxiredoxin (Prx), and methionine sulfoxide (MetO) reductase, which are essential for DNA synthesis or  protection against oxidative stress. In addition, Trx directly and efficiently reduces disulfides and maintains cysteine residues in a reduced state in proteins through dithiol-disulfide exchange reactions. Through these reactions, Trx plays very important roles to maintain a reduced cellular environment, and unlike other major antioxidant enzymes, Trx’s ability to change redox state has another important role to regulate transcription factors’ DNA binding activity and downstream genes expression. Because of these diverse effects on cellular physiology, Trx drew much attention in its roles in pathophysiology including aging.
Aging studies with mice upregulating or downregulating Trx1 or Trx2 
The first aging study using transgenic mice overexpressing Trx1 was conducted by Yodoi and colleagues in 1999. This study demonstrated that Trx1 transgenic mice showed increased resistance against brain ischemic injury, reduced protein oxidation, and an extension of lifespan compared to control mice (1-3). These results were very exciting because of Trx’s potential as a magic bullet to attenuate aging and some common age-related disorders, e.g., ischemic injury in the tissues, by increased resistance to oxidative stress. To further explore this possibility, our laboratory conducted the first systematic aging studies using transgenic/knockout mice upregulating or downregulating Trx1 or Trx2. 

Our initial aging study with Trx1 transgenic mice (obtained from Dr. Yodoi’s group) showed increased resistance against oxidative stress both in vitro and in vivo, and less oxidative damage to macromolecules (4). The s ADDIN 

 ADDIN urvival study showed a significant increase of lifespan only in the earlier part of life of male Trx1 transgenic mice compared to the wild-type mice, which was associated with a reduced incidence of inflammatory lesions in lung (4). To confirm these results, another line of Trx1 transgenic mice was generated by our laboratory and a survival study was conducted, which also showed similar results, i.e., Trx1 overexpression showed benefits only in the earlier part of lifespan (5). Pathological analyses of Trx1 transgenic mice showed accelerated tumor formation in these mice especially in the later part of lifespan, while there were some beneficial effects against non-neoplastic lesions in earlier part of lifespan (4).
Effects of mitochondrial Trx on aging were tested using mice overexpressing Trx2. Trx2 transgenic mice showed several important biological effects shown by another laboratory and ours (6-8). The survival study with Trx2 transgenic mice also showed a slight extension of lifespan only in the earlier part of life with indication of accelerated tumor formation, which is similar to the effects of Trx1 overexpression (8).
Trx downregulation and their biological effects were tested using heterozygous knockout mice for Trx1 or Trx2 because the null mice for Trx1 or Trx2 are embryonic lethal (9, 10). Although downregulation of Trx1 or Trx2 showed some interesting biological effects, e.g., enhanced apoptosis, impaired mitochondrial function with increased ROS production, etc., no notable effects on survival curves or pathology were observed (11-13). 
Synergistic effects of upregulating or downregulating Trx 1 and Trx2 on aging
As described above, overexpression or downregulation of thioredoxin only in one compartment of the cell, i.e,, either only in cytosol or mitochondria, did not show a strong impact on aging. The next question we addressed was whether synergistic upregulation or downregulation of Trx1 and Trx2 attenuates aging and age-related diseases, and survival studies were conducted using Trx1Tg x Trx2Tg and Trx1KO x Trx2KO mice.
The results with Trx1Tg x Trx2Tg mice were opposite to our expectations, in which male Trx1Tg x Trx2Tg mice lived significantly shorter than WT littermates (14). Interestingly, the shorter lifespan was accompanied with accelerated cancer growth (14). On the other hand, our ongoing study shows that Trx1KO x Trx2KO mice attenuate cancer development with a modest increase in lifespan compared to WT mice. These results convincingly suggest that reduced Trx in both the cytosol and mitochondria provides benefits to aging animals by suppressing cancer development through several underlying mechanisms unique to biological effects by Trx.
Is thioredoxin a double-edged sword for mammalian aging?
Based on our observations with Trx1 and Trx2 transgenic and heterozygous knockout mice, the effects of Trx on aging pathophysiology we have learned are: 1) synergistic upregulation or downregulation of Trx has significant impact on cancer development, which is accompanied by some changes in lifespan, i.e., significant reduction in lifespan by synergistic upregulation and modest extension by synergistic downregulation; and 2) Trx1 upregulation provides protective effects against oxidativs stress in vitro and in vivo, suppresses inflammatory lesions in lung (acidophilic macrophage pneumonia), and has a slight extension of the earlier part of lifespan. These results could suggest that changes in Trx levels show both beneficial and deleterious effects, i.e., a double-edged sword, which could be further affected by additional factors. These complexed roles of Trx could be affected by: 1) young vs. old; 2) cell/tissue/organ; 3) physiology and pathology (cancer, degenerative disorder or inflammation, etc.); and 4) changes only in one cellular compartment or synergistic changes.

To critically evaluate biological effects of thioredoxin on aging and age-related diseases, further studies to seek the underlying mechanisms: 1) why synergistic downregulation attenuated cancer development; and 2) why upregulation of Trx1 suppressed inflammatory lesions in lung in young animals, are required and those studies will lead us to identify new interventions for the prevention/therapy of age-related diseases and to extend healthspan in humans. 
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