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Caffeine protects 
against stress‑induced murine 
depression through activation 
of PPARγC1α‑mediated restoration 
of the kynurenine pathway 
in the skeletal muscle
Chongye Fang1,2,8, Shuhei Hayashi2,5,8, Xiaocui Du1,8, Xianbin Cai3,4, Bin Deng6, 
Hongmei Zheng6, Satoshi Ishido5, Hiroko Tsutsui2,5* & Jun Sheng1,7* 

Exercise prevents depression through peroxisome proliferator-activated receptor-gamma coactivator 
1α (PGC-1α)-mediated activation of a particular branch of the kynurenine pathway. From kynurenine 
(KYN), two independent metabolic pathways produce neurofunctionally different metabolites, mainly 
in somatic organs: neurotoxic intermediate metabolites via main pathway and neuroprotective end 
product, kynurenic acid (KYNA) via the branch. Elevated levels of KYN have been found in patients 
with depression. Herein, we investigated whether and how caffeine prevents depression, focusing 
on the kynurenine pathway. Mice exposed to chronic mild stress (CMS) exhibited depressive-like 
behaviours with an increase and decrease in plasma levels of pro-neurotoxic KYN and neuroprotective 
KYNA, respectively. However, caffeine rescued CMS-exposed mice from depressive-like behaviours 
and restored the plasma levels of KYN and KYNA. Concomitantly, caffeine induced a key enzyme 
converting KYN into KYNA, namely kynurenine aminotransferase-1 (KAT1), in murine skeletal 
muscle. Upon caffeine stimulation murine myotubes exhibited KAT1 induction and its upstream 
PGC-1α sustainment. Furthermore, a proteasome inhibitor, but not translational inhibitor, impeded 
caffeine sustainment of PGC-1α, suggesting that caffeine induced KAT1 by inhibiting proteasomal 
degradation of PGC-1α. Thus, caffeine protection against CMS-induced depression may be associated 
with sustainment of PGC-1α levels and the resultant KAT1 induction in skeletal muscle, and thereby 
consumption of pro-neurotoxic KYN.

Depression is one of the most common causes of disability worldwide and greatly contributes to the global 
disease burden. The incidence of depression among adults in high-income countries is approximately 15%, 
with more than 300 million people affected globally1,2. Due to the increasing incidence and considerable social 
and economic burden associated with this condition, developing strategies for the prevention and treatment 
of depression represents a public health priority3,4; however, over 65% of current antidepressant therapies have 
been proven ineffective5,6.
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Increase in kynurenine (KYN), presumably due to the imbalance between main pathway of the kynurenine 
pathway leading to nicotinamide adenine dinucleotide (NAD+) and a particular branch of it producing kynurenic 
acid (KYNA) (Supplementary Fig. 1), has been reported in patients with brain diseases, including depression7–11. 
The kynurenine pathway serves as a key metabolic process of tryptophan, a diet-derived essential amino acid12 
that is primarily metabolised in various somatic organs, but only a little in the brain13. Indoleamine 2,3-dioxy-
genase (IDO) and tryptophan 2,3-dioxygenase (TDO), the two initial rate-limiting enzymes in the kynurenine 
pathway, degrade tryptophan into KYN. KYN is catalysed into two different neurological metabolites by the 
distinct and independent enzymes, kynurenine 3-monooxygenase (KMO) and kynurenine aminotransferase 
(KAT). KMO converts KYN into neurotoxic kynurenine metabolites12,14, whereas KAT yields KYNA that could 
be protective or harmful depending on the circumstances14,15. As with KYN, some of the neurotoxic kynurenine 
metabolites, such as 3-hydroxykynurenine, can be transported into the brain across the blood brain barrier (BBB), 
whereas KYNA cannot16,17. Conceivably, KAT-mediated consumption of KYN leads to a reduction in KYN and 
the resultant neurotoxic KYN metabolites in the brain, as well as in the circulatory system18. Indeed, plasma 
levels of KYNA and the neuroprotective ratio, which is defined as plasma KYNA levels divided by plasma KYN 
levels, have been reported to be lower in depressed patients than in healthy controls11. Thus, activation of KAT 
in the somatic organs may represent a therapeutic target for preventing depression.

Epidemiological evidence supports the hypothesis that depression is associated with certain dietary factors19. 
Coffee20, tea21, and caffeine intake have been associated with a decreased risk of depression20,22. Caffeine, a bioac-
tive constituent of coffee and tea, has been demonstrated to improve depressive symptoms in humans, as well as 
in animal models of depression23. Adenosine is a neuromodulator that substantially regulates synaptic transmis-
sion and neuronal excitability. Adenosine receptors, such as A1 and A2A receptors, are expressed in the brain, 
including in the regions involved in the regulation of cognition, motivation, and emotion24. Notably, adenosine 
receptor-mediated signalling is regarded as being impaired in depression patients24. Caffeine is a nonselective 
A1 and A2A adenosine receptor antagonist, which likely participates in the improvement of depression23. Indeed, 
caffeine and other selective adenosine receptor antagonists have been proposed as therapeutic agents for the 
treatment of motivational dysfunction in depression23,25. However, it remains to be elucidated whether and how 
caffeine modulates the kynurenine pathway to protect against depression.

Recently, exercise has been shown to protect against stress-induced depression by inducing peroxisome 
proliferator-activated receptor-gamma coactivator 1α (PPARγC1α, hereafter referred to as PGC-1α), a key tran-
scriptional cofactor for KAT, in the skeletal muscle of mice18. We previously reported that caffeine supplementa-
tion is capable of inducing an exercise-like response in the skeletal muscle of mice26. Indeed, exercise activates 
IL-6 in the skeletal muscle of both mice and humans27,28. Intriguingly, mice administered with caffeine in drinking 
water exhibited selective induction of Il6 in their skeletal muscle26. This feature, common to exercise training and 
caffeine intake, prompted us to investigate whether caffeine prevents stress-induced depression by activating the 
PGC-1α-KAT axis in the skeletal muscle of mice.

Results
Caffeine protects against CMS‑induced depressive‑like behaviour in mice.  To further substanti-
ate the concept that caffeine is capable of protecting against stress-induced depression, we subjected mice to 
a CMS protocol with caffeine in their drinking water. Exposure to chronic stress has been reported to induce 
depressive-like symptoms and impair weight gain in mice during normal growth29. Consistent with this, when 
compared with the unexposed controls, mice exposed to CMS showed a reduction in weight gain (Fig. 1a) along 
with depressive-like behaviours characterised by prolonged immobility in the forced swimming and tail suspen-
sion tests (Fig. 1b,c). Although it did not improve the CMS-induced preclusion of weight gain (Fig. 1a), caffeine 
supplementation significantly shortened the immobility time of CMS-exposed mice in both tests to levels com-
parable with those in the control mice (Fig. 1b,c). These results suggest that caffeine ameliorates CMS-induced 
depressive-like behaviours.

Next, we evaluated the circulating levels of KYN and KYNA, since mice that received CMS have been shown 
to exhibit increased and decreased plasma concentrations of KYN and KYNA, respectively18. Consistent with this 
report, the plasma concentrations of KYN and KYNA in CMS-exposed mice were higher and lower, respectively, 
than those of non-CMS-exposed control mice (Fig. 2a,b). In contrast, caffeine administration restored plasma 
KYN and KYNA concentrations to levels comparable with those in the control mice (Fig. 2a,b). These results 
suggest that caffeine restores the levels of KYN and KYNA.

Caffeine induces kynurenine aminotransferase expression in skeletal muscle tissue.  KATs cat-
alyse the conversion of KYN to KYNA, resulting in the consumption of KYN along with generation of KYNA7. 
Exercise training leads to higher levels of transcripts and proteins of KATs18,30,31, allowing us to investigate 
whether caffeine stimulates skeletal muscle to express KAT in CMS-exposed mice. There are four KAT isoforms 
(KAT1 to KAT4) in mice32. Western blot analysis revealed that CMS exposure reduced KAT1 levels in the skel-
etal muscle and that caffeine treatment restored the KAT1 levels in the skeletal muscle (Fig. 3a,b; Supplementary 
data). In agreement with these findings, RT-qPCR analysis indicated that, compared to unexposed control mice, 
Kat1 transcript levels were enhanced by caffeine treatment in CMS-treated animals. Moreover, caffeine supple-
mentation enhanced Kat3 and Kat4, but not Kat2, expression levels (Fig. 3c). These results suggest that muscular 
Kat alterations may result in reduced plasma levels of KYNA in CMS-exposed mice and their restoration upon 
caffeine supplementation (Fig. 2b).

It has been demonstrated that exercise activates skeletal muscle to express PGC-1α, which in turn induces 
KAT expression18. In the present study, we measured Pgc-1α transcript levels in the skeletal muscle and, compared 
to the controls, CMS-exposed mice exhibited a significantly reduced level of Pgc-1α (Fig. 3a); however, caffeine 
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Figure 1.   Caffeine protected against CMS-induced depression-like behaviours. Mice were exposed to CMS 
and were provided with drinking water supplemented with (CMS + caf) or without (CMS) caffeine. Non-CMS-
exposed mice were used as controls. During CMS exposure, body weight was monitored weekly (a). One week 
after the last CMS exposure, mice were subjected to the forced swimming test (b) and the tail suspension test 
(c). Immobility times were recorded (b,c). Eight mice were used in control and CMS group, and nine mice were 
used in CMS + caf group. Data are shown as mean ± SEM. Similar results were obtained in two independent 
experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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administration enhanced Pgc-1α levels in the skeletal muscle of CMS-exposed mice (Fig. 3a; Supplementary 
data). IDO1, IDO2, TDO1, and TDO2 are rate-limiting enzymes in the kynurenine pathway13,14. The RT-qPCR 
results indicated that Ido2, Tdo1, and Tdo2 transcript levels were upregulated in the skeletal muscle of CMS-
exposed mice compared to those of the control mice (Fig. 3d). However, when CMS-exposed mice were treated 
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Figure 2.   Caffeine restored KYN and KYNA content in plasma. Mice were exposed to CMS with drinking 
water supplemented with (CMS + caf) or without (CMS) caffeine. Non-CMS-exposed mice were used as 
controls. After tests for depression-like behaviours, shown in Fig. 1, plasma was sampled for the measurement 
of KYN and KYNA. Fold changes of KYN (a) and KYNA (b) to those of control mice were shown. The 
absolute values of KYN level were 0.28 ± 0.01 μmol/L, 0.49 ± 0.01 μmol/L, and 0.26 ± 0.01 μmol/L for control, 
CMS, and CMS + caf group, respectively; and the absolute values of KYNA level were 0.32 ± 0.01 μmol/L, 
0.19 ± 0.01 μmol/L, and 0.31 ± 0.01 μmol/L for control, CMS, and CMS + caf group, respectively. Eight mice were 
used in control and CMS group, and nine mice were used in CMS + caf group. Data are shown as mean ± SEM. 
Similar results were obtained in two independent experiments. *p < 0.05.
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Figure 3.   Caffeine administration induced KATs in skeletal muscles of CMS-exposed mice. Skeletal muscles 
were sampled from the mice in each group, as shown in Fig. 2. KAT1 protein levels in the skeletal muscle were 
analysed by western blotting (a), and their relative levels were normalised to the transcript level of β-actin (b). 
Total RNA was extracted from each muscle sample, followed by RT-qPCR for Pgc-1α (c), Kat1 (c), Kat2 (c), Kat3 
(c), Kat4 (c), Ido1 (d), Ido2 (d), Tdo1 (d), Tdo2 (d), Kmo (d), and Kynu (d). Eight mice were used in control and 
CMS group, and nine mice were used in CMS + caf group. Data are shown as mean ± SEM. Similar results were 
obtained in two independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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with caffeine, the muscular levels of Tdo1 and Tdo2 were reduced to levels similar to those of the control mice 
(Fig. 3d). Intriguingly, mRNA levels of KMO and KYNU, enzymes involved in the other catalytic KYN pathway 
(Supplementary Fig. 1), were not affected by CMS exposure or caffeine supplementation (Fig. 3d), suggesting 
that caffeine activated the KAT-mediated pathway for KYNA. Taken together, these results suggest that caffeine 
administered through drinking water improves the kynurenine pathway and PGC-1α expression levels in murine 
skeletal muscle.

Caffeine enhances Kat expression levels in murine myotubes.  We wanted to know whether caf-
feine directly induces Kats in skeletal muscle. To test this, we incubated murine myotubes with various doses 
of caffeine for 24 h, or 400 μg/mL of caffeine for different durations. Western blotting revealed that caffeine 
treatment induced KAT1 levels in a dose- and duration-dependent manner (Fig. 4a–d; Supplementary data). 
Moreover, caffeine activated murine myotubes to enhance Kat1, Kat2, Kat3, and Kat4 (Fig. 5a), but not Ido1, 
Ido2, Tdo1, or Tdo2 (Fig. 5b). These results suggest that caffeine directly induces Kats, but not Idos or Tdos, in 
murine skeletal muscle.

Caffeine increases PGC‑1α levels by inhibiting proteasomal degradation.  Because PGC-1α has 
been reported to induce KAT expression31, we investigated whether caffeine treatment can enhance PGC-1α 
levels in murine myotubes. To validate the anti-PGC-1α antibody specificity, we generated Pgc1α−/− C2C12 cells 
using CRISPR/Cas9 technology. We performed western blotting using lysates prepared from parental Pgc1α+/+ 
and Pgc1α−/− C2C12 cells and found that the band for PGC-1α was visible on PGC1α-sufficient but not on 
Pgc1α−/− samples (Supplementary Fig. 2), verifying the specificity of the antibody used. We found that caffeine 
treatment upregulated PGC-1α protein levels in a dose-dependent manner (Fig. 6a; Supplementary data). Kinetic 
analysis revealed that the level of PGC-1α peaked at 15 to 30 min, followed by a rapid reduction to the base level 
by 4 h post-incubation with caffeine (Fig. 6b; Supplementary data). Interestingly, cycloheximide, an inhibitor of 
translation, did not dampen the caffeine-induced increase in the PGC-1α level (Fig. 6c,d; Supplementary data), 
strongly indicating a low requirement of de novo protein synthesis for caffeine-induced PGC-1α. Consistent 
with this, caffeine exposure did not induce Pgc-1α in the murine myotubes (Fig. 5a). In contrast, MG132, a pro-
teasome inhibitor, suppressed the caffeine induction of PGC-1α (Fig. 6d). Taken together, these results suggest 
that caffeine upregulates PGC-1α levels by inhibiting proteasomal degradation, which then evokes KAT1 in the 
skeletal muscle, eventually leading to the reduction in circular KYN and presumably brain KYN through the 
conversion of BBB-permeable KYN to BBB-impermeable KYNA (Fig. 7).

Discussion
Consistent with previously reported protective effects of physical exercise18, we found that caffeine treatment 
prevented depression-like behaviours in CMS-exposed mice (Fig. 1b,c). Caffeine intake promoted the conver-
sion of KYN to KYNA (Figs. 2a,b, 7), presumably by inducing KAT1 expression in the skeletal muscle (Figs. 3, 
7), and activated myotubes to express robust PGC-1α (Figs. 6, 7). Our results suggest that caffeine may act on 
skeletal muscle and activate the PGC-1α–KAT axis; this would promote the consumption of BBB-permeable 
KYN, thereby preventing damage to the brain. In addition to its modulation of adenosine and dopamine receptors 
in the brain23, caffeine restoration of the kynurenine pathway in skeletal muscle may participate in protection 
against depression.

Patients with major depression are often associated with body weight loss33, as was observed in our CMS-
treated mice (Fig. 1a). Antidepressant use is linked with increased obesity, and many psychotropic drugs can 
affect appetite, eating behaviour, and body weight34; however, caffeine treatment did not rescue body weight loss 
in CMS-exposed mice. Caffeine is known to increase energy expenditure and decrease energy intake, and can be 
used to better maintain body weight (reviewed in35). These observations may explain why caffeine intake failed to 
rescue body weight loss in our CMS-treated mice, further supporting the idea that, compared to other antidepres-
sants, caffeine can improve motivational dysfunction in depression without causing excessive body weight gain.

PGC-1α is an inducible transcriptional coactivator that regulates mitochondrial biogenic and cellular energy 
metabolic pathways36. Loss of body weight in caffeine-treated mice may result from PGC-1α activation, although 
the mechanism through which caffeine induces PGC-1α expression remains unclear. With a half-life of 0.3 h, 
PGC-1α is rapidly degraded in the nucleus via the ubiquitin proteasome system37, likely explaining why caffeine 
induced PGC-1α levels within the 15–30 min timeframe. Cytokines38, acetylation39, and the ubiquitin proteasome 
pathway are all reportedly involved in PGC-1α degradation40, while the p38 MAPK and AMPK pathways have 
also been implicated in the control of PGC-1α expression in skeletal muscle after exercise training41,42. Therefore, 
further investigation is needed to clarify how caffeine regulates the proteasomal degradation of PGC-1α.

TDO1 and TDO2 are key and leading enzymes of the kynurenine pathway, and were substantially upregu-
lated in CMS-exposed animals (Fig. 3d). Glucocorticoid induction has been reported to increase TDOs but not 
IDOs43. CMS-exposed mice have been reported to have increased plasma levels of corticosterone44. Furthermore, 
CMS-exposed mice were previously found to have lost corticosterone circadian oscillation, which is finely tuned 
by the hypothalamic–pituitary–adrenal axis44,45. It is also worth noting that adenosine A2A receptor antagonists 
can reverse the hypothalamic–pituitary–adrenal axis and restore corticosterone circadian rhythm46. We found 
that caffeine supplementation restored TDOs in the skeletal muscles of CMS-exposed mice (Fig. 3d), which may 
be attributed to caffeine reduction in circulating corticosterone levels.

CMS-exposed mice showed reduced Ido1 expression in their skeletal muscle (Fig. 3d). However, caffeine 
supplementation restored Ido1 expression in the skeletal muscle of CMS-exposed mice (Fig. 3d). It is well estab-
lished that proinflammatory cytokines are capable of inducing IDO147. In particular, IL-6 has been reported to 
be capable of inducing Ido1 in a manner dependent on its transcription factor STAT348,49. As previously reported, 
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Figure 4.   Caffeine induction of both KATs and PGC-1α in myotubes. C2C12 myotubes were incubated 
with various doses (a) or 400 μg/mL (c,d) of caffeine, for various durations (c) or 24 h (a,b), and cell lysates 
were prepared for western blotting analysis of KAT1 and β-actin (a,c). KAT1 images were normalised to the 
transcript level of the individual β-actin, and the relative ratio to that of the control (0 min) was calculated (b,d). 
Data are shown as mean ± SEM of the triplicate experiments. Similar results were obtained in three independent 
experiments. *p < 0.05; **p < 0.01.
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Figure 5.   Caffeine induction of Kats but not Pgc-1α in myotubes. C2C12 myotubes were incubated with 
400 μg/mL of caffeine for 24 h, and total RNA was prepared, followed by RT-qPCR for Pgc-1α (a), Kat1 (a), Kat2 
(a), Kat3 (a), Kat4 (a), Tdo1 (b), Tdo2 (b), Ido1 (b), and Ido2 (b). Each gene was normalised to the transcript 
level of β-actin, and relative mRNA to control (0 mg/mL) was calculated (a,b). Data are shown as mean ± SEM of 
the triplicate experiments. Similar results were obtained in three independent experiments. *p < 0.05; **p < 0.01; 
***p < 0.001.
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Figure 6.   Caffeine enhanced PGC-1α by inhibiting its proteasomal degradation. (a,b) C2C12 myotubes were 
incubated with various doses (a) or 400 μg/mL (b) of caffeine for various durations (b) or 24 h (a). (c,d) The 
myotubes were preincubated with cycloheximide (CHX) or MG132 (MG) for 1 h, followed by incubation with 
400 μg/mL caffeine (caf) for 24 h. PGC-1α and β-actin levels were analysed by western blotting (a–c). PGC-1α 
images (c) were normalised to the transcript level of the individual β-actin (d). Data are shown as mean ± SEM 
of the triplicate experiments. Similar results were obtained in three independent experiments. *p < 0.05.



10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7287  | https://doi.org/10.1038/s41598-021-86659-4

www.nature.com/scientificreports/

mice administered with caffeine in drinking water can induce IL6 in their skeletal muscles, which eventually 
protects against diet-induced non-alcoholic fatty liver diseases26. In addition, murine myotubes secrete IL-6 upon 
stimulation with caffeine in a manner dependent on p38 MAPK26. Thus, the restoration of Ido1 in the skeletal 
muscles of caffeinated CMS-exposed mice may be a signature of caffeine induction of muscular IL-6.

This study revealed that caffeine protected against CMS-induced depression possibly through preferential 
activation of the branch of the kynurenine pathway, which is the conversion to KYNA, in the skeletal muscle. 
However, this study contains several limitations. First, although caffeine supplementation increased plasma 
levels of KYNA with induction of KATs in the skeletal muscle, the systemic organs other than skeletal muscles, 
such as liver, might participate in this response via activation of KAT or other enzymes as well13. Second, brain 
levels of KYN and KMO-mediated metabolites are determined not only by their circulating levels due to their 
ability to cross the BBB but also the brain-born ones. Caffeine might directly activate the production of these 
metabolites in the brain. To accurately evaluate the effect of caffeine, we need to measure the amounts of these 
metabolites in the brain. Third, this study showed that caffeine supplementation did not affect Kmo levels in 
the skeletal muscle. This does not exclude the possibility that caffeine affects the generation of KMO-mediated 
metabolites. We need further efforts to have broken these limitations in the near future. Beyond these limita-
tions, however, this study might still provide a milestone to generate the novel concept that caffeine protection 
against CMS-induced depression may be mediated by the activation of PGC-1α and KAT in the skeletal muscle.

The present study demonstrated caffeine as a potent modulator of the kynurenine pathway in skeletal muscle. 
Caffeine prevented stress-induced depression by prompting the skeletal muscle to exert exercise-like action; 
namely, caffeine supplementation upregulated KAT1, presumably via inhibition of PGC-1α degradation, which, 
in turn, restored the kynurenine pathway, eventually leading to the prevention of CMS-exposed depression.

KYN

KYNA

Circulation
Skeletal muscle

Caffeine

Brain

KATs
PGC-1

PGC-1

PGC-1

Kats

Figure 7.   Proposed model for the protective role of caffeine against CMS-induced depression. CMS-exposed 
mice showed depressive-like behaviour with an increase in plasma levels of kynurenine (KYN). Caffeine 
supplementation protected against depressive behaviours in CMS-exposed mice, accompanied by restoration 
of plasma concentrations of BBB-permeable, pro-neurotoxic KYN, and BBB-impermeable KYNA. In addition, 
caffeine administration activated kynurenine aminotransferase (KAT) which consumed KYN by converting 
it to KYNA in the skeletal muscles of the mice. Indeed, caffeine stimulated myotubes to sustain PGC-1α, a 
transcription factor for KAT, by inhibiting their proteasomal degradation. These events converge on KAT-
mediated consumption of KYN, eventually leading to a reduction in plasma and brain levels of KYN.
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Methods
Mice.  Male C57BL/6J mice (6–7 weeks old; Cavens Laboratory Animals, Nanjing, China) were housed in 
a controlled environment (humidity = 50–60%; ambient temperature = 24 ± 1  °C; 12  h light–dark cycle) and 
allowed to adapt to their environment for 1 week. Body weight was recorded weekly. All experimental proce-
dures were carried out in accordance with the guidelines set by the Committee for the Care and Use of Labo-
ratory Animals of Yunnan Agricultural University (Kunming, China)50. All procedures were approved by the 
Animal Experiments Ethics Committee of Yunnan Agricultural University50. The study was carried out in com-
pliance with the ARRIVE guidelines (http://​www.​nc3rs.​org.​uk/​page.​asp?​id=​1357).

Induction of chronic mild stress‑induced depression.  Mice were subjected to chronic mild stress 
(CMS)18, either without or with caffeine at a level of 0.5 mg/mL in their drinking water, for 6 weeks. The CMS 
protocol is shown in Supplementary Table 1. Mice were subjected to depression-like behaviour tests (described 
below). After the tests, the mice were euthanized, followed by collection of their plasma and skeletal muscles.

Forced swim test.  Mice were placed in a cylinder containing 20 cm of water and allowed to adapt to the 
swimming environment for 15 min. After 24 h, the mice were again placed in the cylinder and immobility time 
(including movements to stay afloat) during a 5 min period was recorded.

Tail suspension test.  Mice were suspended by the tail with adhesive tape placed 2 cm from the tip, with the 
nose of the mouse being 5 cm from the floor. The immobility time during a 5 min period was recorded.

Cell culture.  As shown previously26, the mouse C2C12 myoblast cell line was obtained from American Type 
Culture Collection (ATCC; Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% foetal bovine serum26. For differentiation of C2C12 myotubes, cells were cultured in 
DMEM containing 2% horse serum for 7 days. Cells were cultured at 37 °C in a humidified atmosphere with 
5% CO2.

Generation of Pgc1α−/− C2C12 cells using CRISPR/Cas9 technology.  We generated Pgc1α−/− C2C12 
cells according the method described elsewhere26. A PGC-1α-knockout cell line derived from C2C12 cells was 
constructed using the CRISPR/Cas9 system. Expression plasmids containing a Cas9 nickase and paired gRNA 
targeting mouse PGC-1α (5′-GTA​GCT​GAG​CTG​AGT​GTT​GGC-3′) was used according to the manufactur-
er’s instructions (Hanbio Biotechnology, Shanghai, China). C2C12 cells were transfected with the expression 
plasmids using the Amaxa Nucleofector System (Lonza, Allendale, NJ, USA) according to the manufacturer’s 
instructions, and cultured. Single colonies were then selected and passaged, and target sequences were analyzed 
using a 3100 Genetic Analyzer system (Applied Biosystems). PGC-1α protein expression levels in each clone 
were examined using western blotting as described above (Supplementary Fig. 2). We obtained one Pgc1α−/− 
clone (Supplementary Fig. 2).

Western blotting.  We performed western blotting analysis according to the methods shown elsewhere50. 
At the end of the animal experiment, mice were sacrificed by isoflurane inhalation, and the skeletal muscle and 
plasma were sampled and stored at − 80 °C. Cell lysates were prepared from cultured C2C12 myotubes or skel-
etal muscle tissue using RIPA buffer (Solarbio, Beijing, China). In some experiments, we generated cell lysates 
of Pgc1α+/+ parental C2C12 cells and Pgc1α−/− C2C12 clone cells. Protein concentration was determined using 
a bicinchoninic acid assay. Proteins were separated using SDS-PAGE and then transferred to a polyvinylidene 
fluoride membrane (Millipore, Bedford, MA, USA). The membrane was washed, blocked, and subjected to pri-
mary antibody incubation before being incubated with a corresponding horseradish peroxidase-conjugated sec-
ondary antibody (Santa Cruz, Dallas, USA). In some experiments, the membranes were cut before hybridization 
with antibodies to shorten the blot process (i.e. Fig. 3a β-actin, Fig. 6c PGC-1α, and figure S2 β-tubulin), so the 
full-length blots were not provided.

Protein bands were detected using a Pro-light Horseradish Peroxidase Chemiluminescence kit (Tiangen 
Biotech, Beijing, China), according to the manufacturer’s instructions. Images were acquired using a FluorChem 
E system (ProteinSimple, Santa Clara, CA, USA). The anti-PGC-1α antibody was purchased from Millipore 
(Cat. No. ST-1202), while the anti-KAT1 antibody was obtained from Proteintech (Chicago, IL, USA, Cat. No. 
12156-1-AP).

Quantitative reverse transcription PCR (RT‑qPCR).  We performed RT-qPCR as described elsewhere50. 
Total RNA was extracted from skeletal muscle tissue and C2C12 myotubes using TransZol Up (TransGen Bio-
tech, Beijing, China), following the manufacturer’s instructions. Total RNA was reverse transcribed using a Pri-
meScript RT Reagent kit with gDNA Eraser (TaKaRa Biotechnology, Kusatsu, Japan), according to the manufac-
turer’s instructions. Quantitative RT-qPCR was performed using a SYBR Premix Ex Taq II kit (Tli RNase H Plus; 
TaKaRa Biotechnology), and the results were determined using a 7900HT Fast Real-Time PCR system (Applied 
Biosystems, Foster City, CA, USA). Data were calculated using the comparative 2−ΔΔCt method, and all values 
were normalised to the transcript level of the endogenous β-actin gene. The PCR mixture consisted of 0.3 mM 
primers, cDNA, ROX Reference, and SYBR green mix (Platinum SYBR Green qPCR SuperMix-UDG; Invit-
rogen, Raritan, New Jersey, United States), with a total reaction volume of 10 μL. Primer sequences (Generay 
Biotech, Shanghai, China) are provided in Supplementary Table 2.
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High‑performance liquid chromatography.  Trifluoroacetic acid (TFA) was used for protein precipita-
tion in plasma sample preparation. Plasma levels of KYN and KYNA were assessed using a 1260 high-perfor-
mance liquid chromatography (HPLC) system (Agilent, Palo Alto, CA, USA) equipped with a quaternionic 
pump, autosampler, UV (365 nm) detector, and fluorescence detector (excitation 344 nm; emission 398 nm). A 
Zorbax SB-C18 column (250 mm × 4.6 mm i.d., 5 μm) was used for separation. The mobile phase consisted of a 
mixture of 10 mM acetate buffer and acetonitrile (93:7). Flow rate was 1 mL/min.

Statistical analysis.  We performed the statistical analysis described previously26. All data are presented 
as mean ± SEM. Differences between groups were evaluated using one-way ANOVA followed by Tukey’s test. A 
P-value of < 0.05 was considered significant. Each experiment was repeated independently at least three times, 
with similar results. Representative data are shown.
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