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Introduction
Aging is a process that every human goes through; our popula-
tion is indeed living longer, with the median lifespan generally 
increasing.1,2 Despite its universal nature, the exact mecha-
nisms of aging remain incompletely understood. One leading 
explanation,3 however, explores the possibility that aging is 
associated with, or is a result of, continuous inflammatory 
insult throughout life. These inflammatory changes are associ-
ated with a number of diseases, including cardiovascular,4 neu-
rological,5,6 and musculoskeletal diseases,7 and cancer.8 
Interestingly, while these diseases are generally called “age-
related,” it seems likely that inflammatory changes start early 
and the accumulation of changes leads to disease progression. 
Nonetheless, given that each of these diseases have been shown 
to be age-related,9-12 it is worth exploring possible mechanisms 
of this “inflammaging”13 process.

Inflammation is a highly complex process involving media-
tors14,15 with multiple effects on physiological and pathological 
processes. There are many pathways to explore that may be 
studied for potential therapeutic intervention.3,16 One pathway 

of recent interest linked to both inflammation and aging13 is 
the kynurenine pathway of tryptophan degradation. The 
kynurenine pathway is involved in many physiological pro-
cesses; well-known examples include tryptophan as the precur-
sor for serotonin, an important neuroactive mediator,17 and the 
role of gut microbiota in tryptophan metabolism.18 It is becom-
ing known that imbalances in tryptophan metabolism and the 
associated kynurenine pathway are involved in the process of 
aging and the progression of age-related diseases.19 The 
kynurenine pathway has been implicated in many age-related 
disease categories including cardiovascular (eg, coronary artery 
disease),20 neurological (eg, Alzheimer’s disease, depression, 
schizophrenia),21-23 musculoskeletal (ie, osteoporosis),24 and 
cancer.25,26

There are various consequences of changes in the kynure-
nine pathway; for example, changes in serum levels of kynure-
nine, an intermediate metabolite of this pathway, have been 
shown to correlate with symptom severity in patients with 
Parkinson’s disease.27 Some studies have even gone so far as to 
investigate individual metabolites, such as indoleamine 
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2,3-dioxygenase (IDO), and their relation to cancer-related 
fatigue.28 Thus, there seems to be potential to target discrete 
elements of the pathway for therapeutic benefit in patients 
with age-related diseases, and there are many pharmacological 
treatments under current investigation to target the kynurenine 
pathway in different disease states.25

In addition to pharmacological treatment, however, one 
must consider non-pharmacological interventions (ie, life-
style) for disease. Of particular interest is exercise and its effect 
on the kynurenine pathway. As a lack of physical activity is 
increasingly common,29 and linked to many chronic diseases 
associated with inflammaging,30 exercise is an intervention 
worthy of consideration. However, exercise is an intervention 
that is highly variable in terms of frequency, intensity, time, 
and type.31 It is especially important to distinguish between 
acute and chronic exercise bouts when considering the effects 
of exercise on the kynurenine pathway. It is known that both 
acute and chronic exercise alters cellular immune function in 
general.32,33 However, 2 reviews34,35 have suggested acute exer-
cise may produce different kynurenine pathway outcomes 
than chronic exercise. The potential mechanism for these 
inflammatory pathway changes may involve accumulation of 
changes due to repetitive bouts of acute exercise.34 While 

acute exercise does result in significant changes in cellular 
immunity (eg, white blood cell proportions), these changes 
tend to be temporary; in chronic exercise, however, these 
changes are not temporary,32 as there are likely long-term 
adaptations of the immune system in response to such con-
tinuous exercise.

Therefore, the aims of this review were to assess the evi-
dence of the effects of exercise on the kynurenine pathway and 
psychological outcomes in age-related disease.

Methods
This review was registered at PROSPERO (University of 
York) with registration number CRD42020204035 and con-
ducted according to the Preferred Reporting Items for 
Systematic Review and Meta-Analysis (PRISMA) guidelines.

Search strategy

A systematic literature search was performed in MEDLINE, 
EMBASE, EMCARE, and the Cochrane Central Registry of 
Controlled Trials, from the first available date of the database 
to September 2020. The search strategy created and executed is 
shown in Table 1.

Table 1. Search strategy developed for database search using ovid interface.

# SEARCHES RESULTS SEARCH 
TYpE

1 Kynurenine/ 10 769 Advanced

2 Exp tryptophan/or 5-hydroxytryptophan/ 99 866 Advanced

3 Exp ortho-Aminobenzoates/ 34 258 Advanced

4 Kynurenic Acid/ 6582 Advanced

5 Exp picolinic Acids/ 4520 Advanced

6 Exp quinolinic acids/or quinolinic acid/ 5536 Advanced

7 3-Hydroxyanthranilic Acid/ 1131 Advanced

8 Indoleamine-pyrrole 2,3,-Dioxygenase/ 9968 Advanced

9 Kynurenine 3-Monooxygenase/ 713 Advanced

10 Tryptophan Oxygenase/ 4467 Advanced

11 (Kynurenine* or tryptophan* or 5-hydroxytryptophan* or anthranilic* or ortho-Aminobenzoates or 
“kynurenic acid*” or “picolinic acid*” or “quinolinic acid*” or 3-hydroxykynurenine* or 
“3-hydroxyanthranilic acid*” or “indoleamine 2,3-dioxygenase” or “ido” or “ido1” or “kmo” or “tdo”).mp.

202 516 Advanced

12 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 220 912 Advanced

13 Exp Exercise/ 738 719 Advanced

14 (Exercis* or sports or physical activit* or walking or swimming or running or cycling or jogging).mp. 
[mp=title, abstract, original title, name of substance word, subject heading word, floating sub-heading 
word, keyword heading word, organism supplementary concept word, protocol supplementary concept 
word, rare disease supplementary concept word, unique identifier, synonyms]

2 201 371 Advanced

15 13 or 14 2 216 392 Advanced

16 12 and 15 3647 Advanced

17 16 and (((randomized controlled trial or controlled clinical trial).pt. or randomized.ab. or placebo.ab. or 
drug therapy.fs. or randomly.ab. or trial. ab. or groups.ab.) not (exp animals/ not humans.sh.))

360 Advanced
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Inclusion and exclusion criteria

COVIDENCE was used for reference importing, title and 
abstract screening, and full text review.

Inclusion criteria:

−− Experimental trials or randomized controlled trials com-
paring exercise intervention with placebo/baseline exer-
cise control in persons with known age-related disease.

−− Age-related disease can include, but are not limited to, 
cardiovascular, neurological, or oncological disease.

−− Exercise can include, but is not limited to, aerobic, 
resistance, mixed, high-intensity interval training, pas-
sive, certain forms/sports of exercise (running/jogging, 
swimming).

−− Physiological/metabolic outcomes can include, but are 
not limited to, kynurenine pathway measures of activity 
(eg, kynurenine/tryptophan ratio), kynurenine pathway 
metabolites (eg, kynurenic acid), inflammatory markers 
(eg, IL-1, neopterin).

−− If psychological outcomes are present, these can include, 
but are not limited to, quality of life, symptom burden/
relief, mood.

Exclusion criteria:

−− Reviews of primary studies.
−− Non-human studies, which can include, but are not lim-

ited to, animals (eg, mice), cell culture lines, bacteria.
−− Persons without current age-related disease or risk fac-

tors for age-related disease.
−− Studies in which exercise was not compared against a 

valid control group, for example, both groups exercising, 

but the intervention was actually a protein supplement 
versus placebo.

Studies were screened by 2 reviewers (AL, CH), and studies 
without consensus were given a final decision by a third 
reviewer (GD).

Data extraction

COVIDENCE and Google Sheets were used to compile study 
data and assess risk of bias in studies. Risk of bias was assessed 
using either Cochrane RoB 2.036 or ROBINS-I.37 Bias was 
assessed in 2 rounds: first round separately by AL and CH, 
second round for consensus.

Results
Included studies

The search strategy identified 360 studies (see Figure 1). 
Bibliographic search outside the database search identified 7 
studies. Eighty-six duplicates were removed.

Table 2 provides a summary of studies and their effects of 
intervention on the kynurenine pathway. Included disease 
pathologies included cardiovascular (diabetes), cancer (pancre-
atic, breast, gastroesophageal), neurological disease (stroke), 
psychiatric disease (major depressive disorder, dysthymia, som-
atization syndrome).

Risk of bias assessment

Herrstedt et al41 was at “critical” (ROBINS-I) risk of bias, owing 
to the use of an ill-described and unsupervised control group 
with no record-keeping of types of exercise in the control group, 

Figure 1. pRISMA flowchart.
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missing outcome data with a high proportion of non-adherence, 
and omission of one data set deemed of sufficient importance.

Pal et  al42 was at “high” (Cochrane RoB 2.0) risk of bias, 
owing to randomization that actually started using living dis-
tance as a condition (introduces confounders), missing out-
come data likely to differ between intervention arms, and 
different supervision levels between intervention arms.

Hennings et al40 was at “high” (Cochrane RoB 2.0) risk of 
bias, owing to the use of many self-reported questionnaires 
(including a demographics questionnaire and self-reported 
food intake log) in outcomes measures.

Zimmer et  al43 was evaluated using both the Cochrane 
RoB 2.0 tool for the randomized controlled trial portion com-
paring breast cancer intervention and control groups, and the 
ROBINS-I tool for the observational study comparing breast 
cancer (intervention + control) versus healthy intervention 
groups. Zimmer et  al43 was at “unclear/some concerns” 
(Cochrane RoB 2.0) risk of bias, owing to the lack of informa-
tion of how the 24 healthy volunteers were allocated for inclu-
sion in the study (eg, was it the first 24 who volunteered, or 24 
randomly assigned from a larger volunteer pool). Zimmer 
et al43 was at “moderate” (ROBINS-I) risk of bias, owing to 
possible confounders such as radiotherapy and different 
stages/types of breast cancer; however, the study did measure 
baseline differences and made clear the limitations of these 
confounders.

Mudry et al38 was at “moderate” (ROBINS-I) risk of bias, 
owing to the single-intervention arm treatment design with 
possible confounders unaccounted for. However, the exclusion 
criteria were adequately defined to exclude most confounders 
of diabetes comorbidities.

Baek et  al39 was at “moderate” (ROBINS-I) risk of bias, 
owing to the confounders that could not be eliminated due to 
matching for physical demographics. However, the exclusion cri-
teria were adequately defined to exclude most confounders (eg, 
overlapping psychiatric conditions) of post-stroke depression.

Discussion
In this review, we considered the current evidence of exercise 
and its effects on the kynurenine pathway concomitantly with 
psychological outcomes. In particular, this review included 
studies with patients with known chronic/age-related diseases 
(and healthy controls, where appropriate). See Table 2 for all 
outcome data discussed.

Our findings suggest exercise has significant effects on mul-
tiple parts of the kynurenine pathway25 from the start (trypto-
phan), to quinolinic acid—the precursor to the NAD+ 
pathway, and other branch pathways such as that leading to 
anthranilic acid. However, mixed results were found. Table 2 
contains all biochemical outcome data; as there were numerous 
measurements and comparisons made, the discussion on bio-
chemical outcomes will focus on broader comparisons.

Comparing post-exercise versus pre-exercise within the 
same group (ie, not vs healthy controls), for example, serum 

tryptophan could have significantly decreased,38 increased,39,41 
or showed no significant difference.40,42,43 Each study imple-
mented different exercise programs (eg, aerobic, resistance, 
mixed), making it hard to predict differential biochemical 
effects. With the lack of studies on this topic, it becomes more 
challenging to ascertain the true direction of change in certain 
kynurenine pathway metabolites.

Comparing post-exercise versus pre-exercise between 
groups (ie, diseased vs healthy controls), for example, serum 
tryptophan (as compared previously), could have been signifi-
cantly higher,39 or showed no statistically significant differ-
ence38,40,42,43; Herrstedt et al41 made no intergroup comparison. 
Post-exercise intergroup differences may suggest a different 
pre-exercise baseline, as was the case in Zimmer et al43 (signifi-
cantly higher kynurenine/TRP ratio in breast cancer patients 
vs healthy controls), or a true effect of exercise producing a 
differential kynurenine pathway outcome (ie, a significant 
group × time interaction as was the case with kynurenine in Pal 
et al.42)

While there are extensive comparisons made between post-
exercise versus pre-exercise, another comparison alluded to in 
the Introduction section is the acute versus chronic exercise 
conditions. Only one study (Mudry et al38) qualifies as acute 
exercise, as this was a single session of cycle ergometry with no 
other follow-up exercise interventions. Importantly, Mudry 
et al38 reported that in response to acute exercise in both groups 
(normal glucose tolerance, type 2 diabetes), there was a signifi-
cant decrease in serum tryptophan and kynurenine, and a sig-
nificant increase in kynurenic acid. However, for chronic 
exercise studies included in our review, the post-exercise versus 
pre-exercise results were mixed. Serum tryptophan increased,39 
decreased,41 or showed no significant difference;40 Pal et  al42 
and Zimmer et al43 did not report on the direction of change 
for serum tryptophan, but noted a significant time effect post 
versus pre-exercise. Serum kynurenine showed no significant 
difference40,41; Pal et al42 and Zimmer et al43 did not report on 
the direction of change for serum kynurenine, but noted a sig-
nificant time effects post versus pre-exercise. Serum kynurenic 
acid showed no significant difference;41 Zimmer et al43 did not 
report on the direction of change for serum kynurenic acid, but 
noted a significant time effects post versus pre-exercise. These 
mixed results, while difficult to directly compare to the acute 
exercise study by Mudry et al,38 do not rule out the suggestion 
that there may be differential activation of the kynurenine 
pathway between acute and chronic exercise.34

Further complicating the discussion of acute versus chronic 
exercise is the importance of obtaining the sample at the correct 
time, especially for measuring inflammatory-associated path-
ways.44 Ideally, to measure the acute/short-term effects of an 
intervention, a measurement should be taken immediately after 
the intervention is completed. In the acute exercise study by 
Mudry et al,38 the samples for serum metabolite analysis were 
appropriately obtained “immediately” after both exercise 
(“EXERCISE” time period) and a 3-hour sitting period 



10 International Journal of Tryptophan Research 

(“RECOVERY” time period). The immediate sampling ensures 
that the measurements accurately reflect the acute effects of 
exercise on the kynurenine pathway. The sampling after the 
3-hour sitting period is useful to compare to both exercise and 
baseline and show there is measurable change before and after 
exercise. For chronic exercise, however, the measurement pro-
cess must be done more carefully. After any exercise bout, there 
will be short-term changes (eg, inflammatory45) relative to pre-
exercise. Thus, it is important not to sample too quickly after 
the exercise bout, even though it may be session number 10 out 
of 20 total sessions, since the goal is to measure change over all 
multiple or all 20 sessions, rather than just the single session. 
The chronic exercise studies had variable measurement proto-
cols, with samples being obtained either “immediately” after 
exercise39 or during some unspecified time after exercise.40-43 
One study44—while not specifically about the kynurenine path-
way—has suggested 2 cut-off points for acute exercise: up to 
4 hours post-exercise for measuring inflammatory-associated 
outcomes; 24 hours post-exercise is not useful. This seems to 
suggest that to study chronic exercise effects, samples should be 
taken after 24 hours post-exercise. However, given all the 
chronic exercise studies in our review did not provide any evi-
dence of such a rigorous sampling time period, there may be 
considerable difficulty in interpreting results. Future studies 
must not only account for the exercise intervention and out-
comes themselves, but also the measurement and sampling 
thereof.

While all studies measured markers of the kynurenine path-
way (and other inflammatory markers), only 3 studies (Baek 
et al,39 Hennings et al,40 Herrstedt et al41) measured psycho-
logical outcomes. In this review, the included studies measured 
3 psychological domains: somatization, anxiety, depression. 
Baek et al39 and Hennings et al40 reported on depressive symp-
toms using the Beck Depression Inventory (BDI)46 score, and 
Hennings et al40 reported on somatoform symptoms using the 
Screening for Somatoform Symptoms-7 (SOMS-7)47 score. 
Herrstedt et al41 reported on depressive and anxiety symptoms 
using the Hospital Anxiety and Depression Scale (HADS).48

In Baek et  al,39 depressive symptoms were significantly 
decreased in the final week of exercise (vs first day). In Hennings 
et al40 depressive and somatoform symptoms were significantly 
decreased in all groups when considering post- versus pre-exer-
cise. In Herrstedt et  al,41 there was a significant decrease in 
HADS depression and anxiety scores when considering post- 
versus pre-exercise. Notably, in Hennings et al,40 there was a 
significant decrease in depressive and somatoform symptoms 
in the control group (post- vs pre-exercise) with no known psy-
chiatric conditions; there was a trend of significant group × time 
interaction that may have justified a “stronger effect” in the 
groups with major depression and somatization, but for reasons 
unknown (eg, small sample size), this finding was not conclu-
sive. Similarly, in Herrstedt et  al,41 there was a significant 
decrease in HADS depression (but not anxiety), in the control 
group (post- vs pre-exercise). Baek et al,39 however, reported no 

significant difference in depressive symptoms post-exercise in 
the control group. A possible explanation, as noted in Herrstedt 
et al41 may be the effect of supervision of the exercise program, 
rather than the exercise itself, on depressive symptoms; this 
may apply to somatoform and anxiety symptoms as well. While 
studies could remove the supervision element from exercise, for 
example, home-based exercise programs (Pal et al42) there is a 
trade-off of lower adherence/proper implementation of the 
program. Therefore, we note that for psychological outcomes, 
higher-powered studies with appropriate supervision levels are 
necessary to justify that exercise has a more pronounced effect 
on psychological outcomes in patients with psychiatric condi-
tions, versus healthy controls.

Clinically, pharmacological modulation of the kynurenine 
pathway has proven challenging. Many drugs targeting the 
kynurenine pathway are under investigation.25 However, studies 
on pharmacological intervention have stalled,49 revealed appreci-
able amounts of side effects,50 or have been demonstrated to be 
ineffective or have failed.51 In addition, these drugs are likely to 
be for very specific use cases, for example, breast cancer, and may 
not be cost-effective. Exercise, however, can be implemented in 
more populations and is likely to be more cost-effective. As 
mentioned earlier, it is no surprise that pharmacological 
approaches will almost always carry the risk of side effects.52 
Given that many chronic diseases will still require pharmaco-
logical approaches, it is useful to know that exercise may attenu-
ate these side effects53,54 that have a significant impact on people 
with chronic disease.

Some limitations of this review include the small number of 
studies, sample size, intervention variation, and the confounder 
of exercise itself. Among the small number of studies available 
for analysis, 3 (Herrstedt et  al,41 Pal et  al,42 Zimmer et  al43) 
were actually analyses of data obtained in previous clinical tri-
als. This introduces elements of bias, and for our review, par-
ticularly unmeasured confounding55 for temporally distant 
outcomes, and reporting of secondary analyses without men-
tioning of uncertainty.56 As mentioned earlier, the controversy 
of acute versus chronic exercise resulting in differential kynure-
nine pathway activation, and the need to obtain samples within 
an appropriate time period, must not be understated. Given 
only the acute exercise study (Mudry et al38) obtained samples 
within an appropriate time period, while the chronic exercise 
studies did not provide evidence of appropriate measurement 
protocols, it is not possible to conclude if long-term exercise 
has a long-term effect on the kynurenine pathway, and thus 
outcomes for age-related disease.

Small sample size, while convenient and cost-effective, pre-
sents problems. In Pal et al,42 65 patients were eligible for the 
study, but only 32 were included for analysis due to blood sam-
ple quantity requirements. There are 2 important points to 
consider here: (1) future studies must measure exercise effects 
on the kynurenine pathway as a primary outcome (vs leaving 
the duty to a secondary investigator and analysis) and (2) when 
the sample size is already small and further decreased, the 
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difference in absolute number (ie, number of participants) of 
outcomes makes it difficult to determine whether the effect is 
due to the intervention or simply chance.57

Either a limitation in theory or a fortunate element in prac-
tice, “exercise” is highly variable. Most exercise studies create 
reproducible and objectively-measured regimens. However, 
unlike pharmacological interventions, it is inherently difficult to 
tailor specific exercise interventions with variable populations. 
Though most, if not all, of the studies included in this review 
reported significant results post- versus pre-exercise, or signifi-
cant differences post-exercise between chronically ill and 
healthy/other groups, the studies have inherent variations 
between exercise and control groups that are hard to measure. In 
the case of Herrstedt et al,41 the referenced study design’s con-
trol group was actually allowed to participate in any standard 
hospital/community-based exercise programs; while this may 
be interpreted as a loosely-defined control group that 

introduces too many confounding factors (which may have been 
prevented had all participant exercise programs in the control 
group been recorded), it may represent a new way to compare 
highly-structured exercise programs with exercise programs 
available in the community. Of course, we cannot overstate the 
importance of defining the methods pre-intervention and 
robust data collection of the exercise regimen (frequency, inten-
sity, time, and type).31 Without this data, outcomes comparisons 
between studies is invalid, if not nearly impossible. Future inves-
tigators may wish to make such similar comparisons, implement 
and record a set number of exercise programs to participants in 
one control group, and collect and analyse data in a pooled/
unpooled setting all in one study. This would increase the num-
ber of exercise program comparisons, without introducing extra 
cost/time burden of designing multiple studies.

Perhaps the most pressing limitation, however, is the com-
plexity of the relationships associated with the kynurenine 

Figure 2. Schematic of kynurenine pathway and effects of exercise on kynurenine pathway elements and end outcomes.
However, this is not exhaustive.
Abbreviations: IDO, indoleamine-2,3-dioxygenase; KAT, kynurenine aminotransferase; KMO, kynurenine-3-monooxygenase; kynurenine, kynurenine; TDO, tryptophan-
2,3-dioxygenase.
**Exercise found to have a significant effect, in included studies of this review.
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pathway (see Figure 2). All our included studies reported sig-
nificant effects of exercise on the kynurenine pathway, that is, 
evidence does exist for at least a unidirectional relationship 
between exercise and the kynurenine pathway. Only Hennings 
et al40 and Herrstedt et al41 measured psychological outcomes. 
However, it is widely known that exercise produces benefits on 
the measured mental health outcomes in our included studies: 
depressive symptoms,58 somatoform symptoms,59 anxiety 
symptoms.60 Thus, the current evidence is unclear whether 
exercise affects psychological outcomes through the kynure-
nine pathway, or through some other mediator (see Figure 2), 
for example, supervision,35 some other inflammatory pathway 
(eg, TNFɑ22).

We recommend that a future study be constructed with 
multiple intervention/control arms to elucidate these relation-
ships backed up by robust evidence: multiple arms including 
kynurenine pathway pharmacological intervention (with pla-
cebo control) and exercise intervention (including “non-exer-
cise” control), with outcomes including kynurenine pathway 
metabolites and psychological outcomes. Differences between 
kynurenine pathway pharmacological interventions and exer-
cise interventions could then be assessed to determine if psy-
chological outcomes are due to kynurenine pathway modulation 
or other confounders present during exercise interventions.

Conclusion
There are few studies investigating the effects of exercise on the 
kynurenine pathway and/or psychological outcomes associated 
with the kynurenine pathway. Of the studies that have been per-
formed, it is easier to find studies performed in healthy volun-
teers34,61,62 without documented age-related disease versus 
studies conducted in people with age-related disease. In addi-
tion, this review did not explore other age-related diseases, par-
ticularly high-burden ones such as cardiovascular disease63 and 
osteoporosis.64 Currently, there are few reviews34,35,65 on the 
effects of exercise on the kynurenine pathway and potential 
mechanisms. Importantly, one review65 mentions the possibility 
that long-term exercise interventions may only have measurable 
effects if age-related disease is present. Thus, further studies and 
reviews, particularly with a “prolonged duration” element (age-
related disease and exercise intervention), are needed to establish 
a guideline for a combination22 of lifestyle modification and 
pharmacological treatment that can be prescribed for diseases of 
inflammaging.
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