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A_.B.Morton et al.(2019) -0.100 0475 0.225-1.030 0.830 -0.210 0.833
Y.H.Son et al.(2019) 5629 1.286 1653 3.109 8.149 4.377 0.000
Y.H.Son et al.(2019)2 1697 0673 0453 0.377 3.016 2520 0.012
Y.H.Son et al.(2019)3 4595 1.101 1213 2436 6.753 4.172 0.000
M.Pengam et al.(2020) -0.100 0409 0.167 -0.901 0.701 -0.245 0.807
M.Pengam et al.(2020)2 1667 0474 0225 0.738 2.595 3.517 0.000
H.Raza et al.(2016) -1.323 0.403 0.163 -2.114 -0.533 -3.283 0.001
C.B.Tromm et al.(2015) 0470 0.585 0.343 -0.677 1.617 0.803 0.422
Y.Tung et al.(2019) -37.947 7.767 60.33353.17122.723 -4.885 0.000
C.Tweedie et al.(2011) 0.442 0453 0.205-0.445 1.329 0976 0.329
P.Venditti et al.(2008) 1838 0843 0711 0.186 3.491 2.180 0.029
P.Venditti et al.(2008)2 4428 1314 1.726 1.854 7.003 3.371 0.001
G.D.Wadley&GK.MC Conell.(201819 0.636 0404 0.573 3.065 2.862 0.004
G.D.Wadley&GK.MC Conell. (20108 0.577 0.333 0.018 2.279 1.991 0.046
L.Wang et al.(2019) 1.177 0.766 0.587 -0.324 2678 1.536 0.124
Pooled 0.841 0.396 0.157 0.065 1.618 2.123 0.034
Prediction Interval 0.841 -2.751 4.434
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Study name Statistics for each study

Std diff Standard Lower Upper

inmeans error Variance limit limit Z-Valuep-Value
V.Faist et al. (2000) 0.192 0.448 0.201 -0.687 1.070 0.427 0.669
F.Farhat et al. (2014) -2.101 0415 0.172 -2.915-1.287 -5.060 0.000
D.Jia et al.(2019) 13.131 1939 3.759 9.33116.930 6.773 0.000
M.Joseph et al.(2015) 0.115 0.535 0.286 -0.933 1.164 0.216 0.829
M.Joseph et al.(2015)2 0451 0.541 0.293 -0.610 1.512 0.833 0.405
J.Kaczor et al.(2006) 0.539 0.544 0.296 -0.528 1.605 0.990 0.322
J.Kaczor et al.(2006)2 -4707 1.038 1.077 -6.741-2.673 -4.536 0.000
W.Liu&C.Zhou(2011) -2.593 0678 0.460 -3.922-1.263 -3.822 0.000
T.B.Marcelino et al.(2013) 0.833 0466 0.217 -0.080 1.747 1.787 0.074
T.L.Merry&M.Ristow(2016)  0.909 0.567 0.321 -0.202 2.020 1.604 0.109
A.B.Morton et al.(2019) 0.556 0.483 0.234 -0.391 1.503 1.150 0.250
L.ASilva et al.(2013) 2420 0.760 0.577 0.931 3.910 3.185 0.001
Y.H.Son et al.(2019) 3130 0.861 0.742 1.443 4818 3.635 0.000
Y.H.Son et al.(2019)2 4.000 1.000 1.000 2.040 5.960 4.000 0.000
J.Musman et al.(2016) 2546 0.636 0.405 1.299 3.794 4.001 0.000
J.Musman et al.(2016)2 1.998 0.580 0.336 0.862 3.134 3.448 0.001
M.pengam et al.(2020) -1.122 0439 0.193 -1.983-0.261 -2.555 0.011
M.pengam et al.(2020)2 0614 0418 0.175-0.205 1.432 1.469 0.142
H.Raza et al.(2016) -1.579 0418 0.175-2.399-0.759 -3.776 0.000
C.B.Tromm et al.(2015) 1.257 0.632 0.399 0.019 2495 1.989 0.047
Y.Tung et al.(2019) -15.757 3.268 10.67822.161-9.352 -4.822 0.000
C.Tweedie et al.(2011) 0.260 0.449 0.202 -0.620 1.140 0.579 0.563
G.D.Wadley&GK.MC Conell.(201684 0.608 0.370 0.342 2.726 2.523 0.012
G.D.Wadley&GK.MC Conell.(201@fd 0.581 0.337 0.062 2.339 2.067 0.039
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Study name

E.Head et al.(2019)
D.Jia et al.(2019)
W.Liu&C.Zhou(2011)
L.Matta et al.(2021)
L.Matta et al.(2021)2
L.Matta et al.(2021)3

inmeans error Variance limit

-2.236
-2.236
2811
1.089
0.831
0.000

G.D.Wadley&GK.MC Conell.(22:158

Pooled
Prediction Interval

0.346
0.346

Statistics for each study
Std diff Standard

0.806
0.520
0.705
0.551
0.537
0.516
0.672
0.700

Lower Upper

limit Z-Valuep-Value

0.650-3.816-0.656 -2.774 0.006
0.271-3.256-1.216 -4.297 0.000
0.497 1.429 4.193 3.988 0.000
0.304 0.009 2.169 1.975 0.048
0.288-0.221 1.884 1.549 0.121
0.267-1.012 1.012 0.000 1.000
0.452 0.840 3.475 3.209 0.001
0.489-1.025 1.717 0.494 0.621

-4.484 5176
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Study name

Std diff Standard
inmeans error Variance limit

J.Kaczor et al.(2006) 0.753
J.Kaczor et al.(2006)22.349
J.Liu et al.(2000) 5.535
J.Liu et al.(2000)2  0.872
E.R.Philipp et al.(2008).243
E.R.Philipp et al.(20083229
Pooled 0.152
Prediction Interval ~ 0.152

Statistics for each study

0.553
0.695
1.037
0.496
0.586
0.925
0.962

0.306
0.483
1.076
0.246
0.343
0.855
0.926

Lower Upper

-0.331 1.837 1.361
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-6.617 6.921
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0.001
0.000
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0.874
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Study name

R.A.Gioscia et al.(2016)
D.Jia et al.(2019)
M.Joseph et al.(2015)
M.Joseph et al.(2015) 2
L.Knab et al.(2012)
L.Knab et al.(2012)2
M.B.Slavin et al.(2022)
M.B.Slavin et al.(2022)2
Y.H.Son et al.(2019)
R.D.Hamidie et al.(2015)
R.D.Hamidie et al.(2015)2
M.Sun et al.(2013)
Y.Tung et al.(2019)

Std diff Standard
in means error Variance limit

-0.142
3.430
-0.093
0.644
0.138
-3.748
-0.724
-0.603
6.325
-1.897
-2.000
3.951
27.735

G.D.Wadley&GK.MC Conell.(ZR688
G.D.Wadley&GK.MC Conell.(20 682

G.D.Wadley et al.(2013)
L.Wang et al.(2019)
Pooled

Prediction Interval

-0.400
1.715
1.592
1.592

Statistics for each study

0.708
0.642
0.535
0.548
0.708
1.174
0617
0.612
1.414
0.695
0.707
0.701
5.691
4311
3.760
0.583
0.827
0.676

Lower Upper

0.501-1.530 1.245
0.412 2.172 4.688
0.286-1.141 0.955
0.301-0.431 1.718
0.501-1.250 1.525
1.378-6.048-1.447
0.381-1.934 0.486
0.375-1.804 0.597
2.000 3.553 9.096
0.483-3.260-0.535
0.500-3.386-0.614
0.492 2.576 5.326
32.38516.58138.889
18.58814.18831.088
14.13512.32R7.061
0.340-1.543 0.743
0.684 0.094 3.336
0.458 0.266 2.918
-3.897 7.082

-0.201
5.345
-0.174
1.174
0.195
-3.193
-1.172
-0.985
4.472
-2.729
-2.828
5633
4.874
5.251
5.238
-0.686
2.074
2.354

Std diff in means and 95% CI

limit Z-Valuep-Value

0.840
0.000 m
0.862
0.240
0.846
0.001
0.241
0.325
0.000
0.006
0.005
0.000 [
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0.177
0.057
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0.006
0.000

Study name Statistics for each study
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Valuep-Value

N.Hart et al.(2013) 2060 0.714 0.510 0.660 3.460 2.885
M.Joseph et al.(2015) 0.302 0.538 0.289-0.752 1.355 0.561
M.Joseph et al.(2015) 2 0.175 0.536 0.287-0.874 1.225 0.327
L.Matta et al.(2021) 0.717 0.532 0.283-0.325 1.759 1.349
L.Matta et al.(2021)2 1.046 0.548 0.301-0.029 2.121 1.906
L.Matta et al.(2021)3 -0.372 0.521 0.271-1.393 0.648 -0.715
T.L.Merry&M.Ristow(2016)  0.251 0.542 0.294-0.811 1.314 0.463
M.Sun et al.(2013) 20.000 2915 8.50014.28625.714 6.860
M.Sun et al.(2013)2 1409 0.456 0.208 0.5152.303 3.090
G.D.Wadley&GK.MC Conell.(2010y7 0.579 0.335 0.042 2.311 2.033
G.D.Wadley&GK.MC Conell.(200825 0.547 0.300-0.448 1.698 1.142
G.D.Wadley et al.(2013) 1.265 0.632 0.400 0.025 2.505 2.000
L.Wang et al.(2019) 2683 0.975 0.950 0.773 4.594 2.753
P.Wang et al.(2016) 2889 0.825 0.681 1.271 4.506 3.500
P.Wang et al.(2016)2 1.897 0.695 0.483 0.535 3.260 2.729
Pooled 1.329 0.360 0.130 0.623 2.034 3.690
Prediction Interval 1.329 -1.392 4.049
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Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper Relative Relative
inmeans error Variance limit limit Z-Value p-Value weight  weight
N.Hart et al.(2013) -4932 1.161 1.347-7.207 -2.657 -4.250 0.000 = 16.06
C.Henriquez et al.(2019)-1.569  0.809 0.654-3.154 0.016 -1.940 0.052 N 19.41
M.Joseph etal.(2015) -0862 0559 0.312-1.958 0233 -1543 0.123 il 21.63
M.Josephetal.(2015)2 1.150 0.577 0.333 0.019 2281 1.994 0.046 [I\_il 2148
W.Liu&C.Zhou(2011) -1.709  0.584 0.341-2.854 -0.564 -2.926 0.003 [:] 2142
Pooled -1.402 0804 0.646-2978 0.173 -1.745 0.081
Prediction Interval -1.402 -7.202 4.397 |
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Investigating the Time-Dependent Responses of Mitochondrial and Antioxidant Systems

to Exercise Training in Animal Models: A Systematic Review and Meta-Analysis
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Background and Objectives: Exercise training induces mitochondrial biogenesis and cellular redox adaptations. This study aimed to
investigate time-dependent mitochondrial and cellular redox adaptations in response to exercise training in preclinical models.
Materials and Methods: A systematic search was conducted across PubMed, Scopus, and Web of Science databases for studies published
between January 2000 and December 2025. Preclinical studies evaluating mitochondrial outcomes (including peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC-1a) and mitofusin-1 (Mfn-1)) and cellular redox outcomes (including nuclear factor
erythroid 2-related factor 2 (Nrf2), superoxide dismutase (SOD), glutathione peroxidase (GPx), reactive oxygen species (ROS), and
malondialdehyde (MDA)) were included. A meta-analysis was performed using a random-effects model, and heterogeneity was assessed
via subgroup analysis based on the duration of the intervention.

Results: Of the 497 identified records, 41 studies were selected for the systematic review, and 27 were included in the meta-analysis.
Exercise training resulted in significant increases in PGC-1a (P=0.001), Nrf2 (P<0.001), and GPx (P=0.003). In contrast, changes in SOD,
ROS, Mfn-1, and MDA were not statistically significant (P>0.05). Subgroup analysis revealed that short-term interventions (less than 5
weeks) were associated with stronger activation of SOD, GPx, PGC-1a, and Nrf2, whereas long-term protocols (more than 5 weeks)
elicited weaker responses. Heterogeneity exceeding 72% was observed across all outcomes.

Conclusion: It appears that exercise, acting as a hormetic stimulus in preclinical models, primarily activates upstream regulators. These
time-dependent responses likely span the continuum from initial signaling to the maintenance of homeostasis.

Keywords: Exercise training, Mitochondrial biogenesis, Oxidative stress, PGC-1a, Nrf2, Meta-analysis
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