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signi�cant associations (FDR P <� 0.05) between the 
weight-loss percentage and gene transcripts; among these, 
1378 (12%) were mitochondria-related (Supplemental 
Table 2 (32)). Following the weight-maintenance phase 
(8� months), we identi�ed 9622 associations, of which 
11% were mitochondria-related (Supplemental Table 2 
(32)). In KOBS, we identi�ed 8756 associations between 
the weight-loss percentage and gene transcripts at base-
line and 12�months after surgery, of which 1197 (14%) 
were mitochondria-related (Supplemental Table 3 (32)).

To gain insight into the biological pathways, we used 
IPA on the top (FDR P-sorted) 2000 differentially ex-
pressed transcripts associated with weight-loss percentage. 
Interestingly, both weight-loss interventions showed signi�-
cant differences in the mitochondrial gene�related path-
ways (Fig. 1). The OXPHOS pathway was among the top 10 
(using the Fisher�s exact P) signi�cantly enriched pathways 
in both cohorts, resulting in opposing activation predic-
tion scores (DiOGenes z-score �5.4 vs KOBS z-score 6.7). 
Tricarboxylic acid cycle (TCA) cycle II, sirtuin signaling, 
and the NRF2-mediated oxidative stress response were also 
signi�cantly changed after both diet- and surgery-induced 
weight loss (data not�shown).

Analyses of Differentially Expressed 
Mitochondria-Related�Genes

We subsequently focused on 2210 mitochondria-targeting 
genes by extracting them from the MitoMiner database 
(30). Using FDR P <�0.05 as the cutoff, we found that the 
weight-loss percentage following the LCD phase in the 

DiOGenes cohort signi�cantly associated with a change 
in 1437 transcripts, 65% of which were downregulated 
(Supplemental Table 4 (32)). Between baseline and 
8�months, we found 1173 associations, 61% of which were 
downregulated. By contrast, in KOBS, we identi�ed 1194 
signi�cant associations, mostly involving upregulated 
transcripts (70%) following weight loss between baseline 
and 12�months (Supplemental Table 4 (32)). Additionally, 
in KOBS, we strati�ed the cohort for T2DM status. The 
direction of mitochondria-related transcripts remained 
similar, although the statistical power was diminished in 
the smaller subgroups (Supplemental Table 5 (32)). These 
results indicate that the majority of transcripts targeting 
mitochondria were affected by the weight-loss percentage 
in DiOGenes and KOBS, although in opposing directions.

Next, we used the CRYO (diet-induced) and DEOSH 
(surgery-induced) cohorts to reproduce the mitochondrial 
results in SAT, �nding similar patterns as those observed in 
DiOGenes and KOBS. Although these replication studies 
were smaller in size, both studies had longer follow-up 
periods than DiOGenes and KOBS. In CRYO, we found 
that most (75%) of the 581 associations between the 
weight-loss percentage and transcripts were downregulated 
(Supplemental Table 6 (32)). In contrast, in DEOSH, most 
of the signi�cant (nominal P <� 0.05) transcripts were 
upregulated following weight loss both between baseline 
and 24�months (96% of 483 transcripts) and between base-
line and 5� years (81% of 120 transcripts) (Supplemental 
Table 7 (32)).
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Figure 1.  Gene enrichment for biological pathways using signi�cantly differentially expressed global genes associated with the weight-loss per-
centage following the diet-induced weight-loss DiOGenes study (n�=�121) (A) and the surgery-induced weight-loss KOBS study (n�=�171) (B). The top 
10 signi�cant pathways from the ingenuity pathway analysis (IPA) tool (P <�0.001) for both cohorts are presented. For several pathways, IPA provided 
z-scores for the pathway directionality by calculating the observed number of �activated� genes (z-score�>�0), �inhibited� genes (z-score�<�0), or 
no directionality (z-score�=�0). Z-scores > 2 or < �2 were considered statistically signi�cant. Results are ranked according to statistical signi�cance.
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OXPHOS Pathway Downregulated Following 
Diet-Induced, but Upregulated Following 
Surgery-Induced Weight�Loss

At the pathway level, we found a strong downregulation of 
the OXPHOS pathway in the dietary-induced DiOGenes 
cohort (z-scores: �8.7 at 2�months vs baseline and �4.4 at 
8�months vs baseline), but an upregulation in the surgery-
induced KOBS cohort (z-score: 1.8). These �ndings persisted 
in the CRYO cohort (z-score: �5.6) and the DEOSH cohort 
(z-score: 4.0 for 24�months vs baseline), but not 60�months 
vs baseline. The top 10 (sorted based on the Fisher�s exact 
P) IPA pathways, for which a pathway emerged in at least 
2 comparisons, appear in Fig. 2a.

Since the OXPHOS pathway was signi�cantly differ-
ently regulated by the 2 weight-loss intervention types, we 
next examined the individual transcripts for that pathway 
across the 4 respective cohorts. The overall pattern clearly 
reveals a downregulation of the transcripts in the dietary-
induced interventions (DiOGenes and CRYO) and an 
upregulation in the surgery-induced interventions (KOBS 
and DEOSH), suggesting opposing effects on the mito-
chondrial respiratory machinery (Fig. 3).

Genes encoding the 5 OXPHOS complexes originate 
both from the nucleus and mitochondria. To this end, 
it is noteworthy that the majority of the top 10 most 
downregulated transcripts in DiOGenes and the majority 
of the top 10 most upregulated transcripts in KOBS in the 
OXPHOS pathway were encoded by mitochondrial DNA 
(mtDNA) (based on fold changes) (Supplemental Table 4 
(32)). In both studies, MT-ND1, MT-ND2, producing com-
plex I�NADH dehydrogenase subunits, and MT-CO1, the 
primary subunit of the cytochrome c oxidase (IV) complex, 
emerged as the most differentially expressed mitochondria-
encoded transcripts.

Other Enriched Mitochondrial-Related Pathways 
in Diet- and Surgery-Induced Weight�Loss

The TCA cycle II, fatty acid �-oxidation I, and branched-
chain amino acid (BCAA) degradation pathways were also 
signi�cantly changed following weight loss (Fig. 2a). We 
observed a downregulation of mitochondria-related path-
ways speci�cally in all diet-induced weight-loss cohorts, 
where the TCA cycle pathway represented the second most 
predicted downregulated pathway (z-scores:� <� 2). The 
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Figure 2.  Gene enrichment for biological pathways using signi�cantly differentially expressed mitochondria-related genes associated with the 
weight-loss percentage following diet- and surgery-induced weight loss across all studies (in total, 6 postintervention vs baseline comparisons) (A) 
and in groups matched for 15% to 20% weight loss from the diet-induced weight-loss DiOGenes study (n�=�24) and surgery-induced weight-loss 
KOBS study (n�=�34) (B). In (A), we selected the top 10 signi�cant pathways from the ingenuity pathway analysis (IPA) tool (P <�0.001) from each 
comparison; the pathway results are shown when present in at least 2 of 6 of the top 10 selections. In (B), the results are presented for the top 10 
signi�cant pathways from the IPA tool (P <�0.001) from both studies. For several pathways, IPA provided z-scores for the pathway directionality by 
calculating the observed number of �activated� genes (z-score�>�0), �inhibited� genes (z-score�<�0), or no directionality (z-score�=�0). Z-scores�>�2 
or�<��2 were considered signi�cant. Results are ranked according to biological function. In (A), gradients indicated by blue bars (from dark to light 
blue) indicate diet-induced weight-loss comparisons: DiOGenes 2�months vs baseline (n�=�261); DiOGenes 8�months vs baseline (n�=�121); and CRYO 
12�months vs baseline (n�=�19). Gradients indicated by red bars (from dark to light red) indicate the surgery-induced weight-loss studies: KOBS, 
12�months vs baseline (n�=�171); DEOSH, 24�months vs baseline (n�=�49); and DEOSH, 60�months vs baseline (n�=�37). Abbreviation: m, months.
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Figure 3.  Heat map showing the differential expression of the individual genes in the oxidative phosphorylation (OXPHOS) pathway associated 
with weight-loss percentage following diet- and surgery-induced weight loss. Log2-fold changes indicated for the 5 primary complexes of the elec-
tron transport chain genes. The color in the heat maps re�ect the differential expressions associated with the weight-loss percentage before and 
after weight loss, where red indicates up- and blue indicates downregulation. Asterisks indicate statistically signi�cant differential expressions: 
***P�<�0.001; **P�<�0.01; *P�<�0.05. Gray squares indicate unmeasured transcripts. The 3 left-most columns show the diet-induced weight-loss com-
parisons: DiOGenes, 2�months vs baseline (n�=�261); DiOGenes, 8�months vs baseline (n�=�121); and CRYO, 12�months vs baseline (n�=�19). The 3 
right-most columns show the surgery-induced weight-loss studies: KOBS, 12�months vs baseline (n�=�171); DEOSH, 24�months vs baseline (n�=�49); 
and DEOSH, 60�months vs baseline (n�=�37). Abbreviation: m, months.
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