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Abstract 

Metabolites produced by enteric microbes may have important effects on astronauts on long-
duration missions. The NASA Twins Study provided the most comprehensive multi-scale omics data 
to date from which to extract molecular features of potential clinical significance to spaceflight. From 
the multivariate data, we identified an elevation of the uremic toxin p-cresol, which is produced by 
gut microbial fermentation of dietary tyrosine.  p-Cresol has adverse metabolic effects via depletion 
of the hepatic sulfur pool, which impacts metabolism of drugs, endogenous metabolites, and 
xenobiotics. Moreover, p-cresol reshapes gut microbial community structure by facilitating survival 
of species such as clostridia and inhibition of butyrate producers.  Spaceflight may also impact the 
genes responsible for the metabolism of p-cresol (e.g. SULT) and for the safe metabolism of common 
drugs used in space, such as acetaminophen (e.g. SULT, CYP4502E1, GST). Understanding p-cresol 
production and its related molecular networks in astronauts may lead to precision medicine 
advances that enhance astronaut safety and performance on long-duration missions. 

 

2. Introduction  

The human intestinal microbiota is well known for its complex effects on host metabolic phenotypes. 
However, the dynamics of human-microbial co-metabolism in long-duration human spaceflight is not 
well understood. The NASA Twins Study represents the longest study of a human in space that 
incorporates longitudinal measures derived from multi-scale omics.  The study incorporated over 300 
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samples collected across 19 time points before, during and after flight.   Data were generated using 
multiple modalities to examine human and microbial biology, including isolation of saliva, skin, 
plasma, stool,  urine, peripheral blood mononuclear cells (PBMCs), and immune cells. 

p-Cresol is of specific importance to spaceflight because of its broad mechanistic dynamics.  Once p-
cresol produced in the gut, it is absorbed across the mucosal barrier, enters the liver, and is 
metabolized via sulfation or glucuronidation. This leads to the formation of p-cresol sulfate and p-
cresol glucuronide. Persistent elevation of p-cresol sulfate over time can deplete the hepatic sulfur 
pool, and rob it of the sulfur groups needed to metabolize drugs (acetaminophen, levothyroxine, 
amoxicillin, morphine, hydrocortisone, etc.), endogenous compounds (estrogens, androgens, 
catecholamines, bile acids, thyroid hormones, etc.), and xenobiotics.   

Using acetaminophen as an example for altered drug metabolism, a depleted sulfur pool is 
problematic because inadequate sulfation of acetaminophen can result in formation of the 
hepatotoxin N-acetyl-p-benzoquinone imine (NAPQI).  Unconjugated NAPQI binds to proteins and 
subcellular structures, and induces rapid cell death and necrosis that can lead to liver failure. 
Ordinarily, adequate supply of glutathione (GSH) permits formation of an NAPQI-GSH conjugate for 
safe excretion.  However, p-cresol has been shown to lower GSH, which suggests the presence of p-
cresol may render the formation of NAPQI more probable (Edamatsu et al., 2018). (Figure 1). 

 

 

Figure 1 p-Cresol Formation and its Impact on Molecular Networks in Astronauts The figure shows 
three processes with intersecting relationships: A) Dietary tyrosine is converted by colonic microbiota 
to p-cresol. p-Cresol is absorbed into hepatic circulation, where it is metabolized by UGT into p-cresol 
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glucuronide and by SULT into p-cresol sulfate. p-Cresol sulfation utilizes and requires a sufficient 
hepatic sulfur pool.  p-Cresol that remains in the colon inhibits butyrate producing microbes, while 
facilitating survival of clostridial species (p-cresol producers); B) oral acetaminophen is absorbed 
through the small intestine and transported to the liver where it is metabolized via SULT into 
acetaminophen sulfate (Note: the acetaminophen glucuronidation path is omitted for simplicity). 
This process directly competes with p-cresol for SULT activity and for sulfur molecules. Up to 15% of 
acetaminophen is also metabolized by CYP4502E1 into NAPQI. In the presence of adequate 
glutathione and active GST, NAPQI is rendered harmless and excreted. In the absence of adequate 
glutathione, NAPQI is hepatotoxic; C) Dietary sulfur groups (sulfur pool) are provided in the form of 
SO3

-, glutathione, cysteine, methionine, and others.  These replenish the hepatic sulfur pool needed 
to remove drugs, endogenous compounds, and xenobiotics.  The presence of p-cresol can deplete 
the hepatic sulfur pool needed for the safe metabolism of drugs like acetaminophen in space. UGT: 
UDP-glucuronosyltransferase; GSH-glutathione; SULT-sulfotransferase; NAPQI-N-acetyl-p-
benzoquinone imine; RSH-generic sulfhydryl compound; GST-glutathione-S-transferase.  

It is important to note that hepatic cytochrome P450 2E1 (CYP450 2E1) is responsible for roughly 15% 
of the metabolism of acetaminophen and is the enzyme responsible for NAPQI formation. The 
process of phase II sulfur conjugation of acetaminophen is governed by sulfotransferases (SULT), 
while NAPQI conjugation is accomplished via glutathione-S-transferases (GST). Thus, we also 
examined CYP450 2E1, SULT, and GST RNA transcripts during one year in space. Finally, p-cresol 
impacts gut microbial diversity, favoring p-cresol-forming organisms and inhibiting butyrate-forming 
organisms. 

p-Cresol is of general importance to spaceflight, since it has been associated with reactive oxygen 
species generation, endothelial dysfunction, epithelial-to-mesenchymal transition, leukocyte–
endothelial interaction, deterioration of cardiac cell functional capacity, expression of tissue factor in 
vascular smooth muscle cells, renal dysfunction, and insulin resistance (Vanholder et al., 2014).  
Moreover, p-cresol may have central nervous system effects, having recently been shown to be 
elevated in the cerebrospinal fluid in Parkinson’s disease compared with controls (Bartlomiegj et al., 
2020) and mechanistically associated with altered dopamine production (Pascucci et al., 2020). In a 
recent profile of 700 metabolites and concurrent assessment of global cognitive function, p-cresol 
was among the top three compounds differentiating the low from the high cognition group (Palacios 
et al., 2019).  

For the reasons cited above, we assessed plasma p-cresol derived from gut microbial metabolism 
during one year in space, examined its associated molecular networks, and consider the implications 
for drug metabolism, astronaut health, and astronaut performance on long-duration spaceflight. 

Materials and Methods  

Sample collection 

A pair of monozygotic twins were studied for 25 months, during which one subject (Flight subject, 
TW) spent 340 days aboard the International Space Station (ISS) while his identical twin (Ground 
subject, HR) remained on Earth. Subjects were male and aged 50 at the beginning of the study. Both 
subjects had different amounts of spaceflight exposure prior to the study (Flight subject=180 days 
total, Ground subject=54 days total). Multiple blood samples were collected (Nflight=19, Nground=12) 
from both subjects beginning approximately 6 months prior to the launch date, during the 340 days 
aboard the ISS and 6 months after return.  
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All of the freshly collected samples aboard the ISS from the Flight subject were returned on the Soyuz 
capsule.  Therefore,  samples derived from ISS habitation were confounded by ambient return to 
Earth. To correct for the effects of ambient return on gene expression, blood samples were collected 
from an unrelated individual, which were then exposed to conditions that simulated the fresh and 
ambient return collections. The fresh and ambient samples from the control individual were 
processed and sequenced with the same protocol used for the study subjects.  

Data analysis: Data generated from the control individual was used to model and correct the effects 
of ambient return, using ComBat (Johnson et al., 2007; Leek et al., 2019) or multivariate analyses in 
differential expression, as previously described (Garrett-Bakelman et al., 2019). Blood sample 
collection was performed as previously described (Garrett-Bakelman et al. 2019). 

Results  

Plasma p-Cresol 

Plasma p-cresol glucuronide and p-cresol sulfate increased in relation to baseline early into the 
spaceflight mission (TW) and began to decline mid-mission.  Levels of p-cresol glucuronide increased 
in spaceflight in relation to the ground control condition.  p-Cresol sulfate rose during spaceflight 
(TW) in relation to the ground control, though levels converged later in the mission. 

 

Figure 2 Increase in Plasma p-Cresol During One Year in Space. Ground control (green) levels for p-
Cresol are shown relative to the flight subject (purple) across days before launch (L-), during the flight 
days (FD), and days post return to Earth (R). 
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Discussion/Conclusion  

This appears to be the first evidence that p-cresol sulfate and p-cresol glucuronide are elevated 
during spaceflight, based on untargeted analysis and measures of relative concentration. This may 
suggest changes in diet and/or gut microbial species that favors the conversion of dietary tyrosine to 
p-cresol. This may also reflect an unknown effect of spaceflight the converging factors that govern p-
cresol production. 

Should the elevation of p-cresol be found to be a repeatable phenomenon in long-duration 
spaceflight, as series of pre-mission or in-flight countermeasures warrant consideration.  
Countermeasure strategies to remediate elevated p-cresol in space that warrant consideration 
include 1) repletion of the sulfur pool, 2) dietary changes, 3) prebiotics, 4) probiotics, 5) synbiotics, 
and 6) pre-mission assessment of selected provisional biomarkers coupled with personalized 
intervention.  

Attention to the sulfur pool should be among the lead considerations in addressing elevated p-cresol. 
N-acetylcysteine (NAC) is the accepted clinical means to treat acetaminophen poisoning in the 
emergency room setting, as it is known to reliably and rapidly replete the sulfur pool.  While NAC is 
known to replenish the sulfur pool, it is also known to restore glutathione synthesis and protect the 
liver against NAPQI formation when acetaminophen is ingested (Ben-Shachar et al., 2012). Oral or 
intravenous glutathione can also be considered as a pre-mission countermeasure (glutathione being 
a tripeptide of cysteine, glycine, and glutamic acid).  Alpha-lipoic acid has also been used to restore 
glutathione levels.  

A general means to address p-cresol in space is to prevent its formation via dietary modification.  
Dietary restriction (tyrosine restriction) has been proposed as one means to effectively reduce p-
cresol levels, as it reduces tyrosine intake from protein. However, the reduction in protein intake 
would have adverse consequences on muscle, while also further reducing the intake of sulfur-bearing 
amino acids, such as L-cysteine and L-methionine.  

In one small study comparing vegetarians to omnivores consuming an unrestricted diet for one 
month, p-cresol sulfate excretion was 62% lower in vegetarians, which coincided with a fiber intake  
69% higher and protein intake 25% lower than the ad libitum omnivores (Patel et al., 2012). 
Prebiotics are dietary substrates that distribute to the colon where they are acted upon by colonic 
microbes.  These can take the form of high molecular weight polymers (soluble and insoluble fibers) 
that are consumed in gram amounts daily (e.g. resistant starches from potatoes) or polyphenolic 
compounds that are more commonly consumed in the hundreds of milligrams daily (e.g. 
proanthocyanidins from berries). 

Resistant starch is a carbohydrate that resists digestion in the small intestine.  Resistant starch has 
recently been shown over 8 weeks (20-25 g/day) to significantly lower p-cresol in humans 
(Khosroshahi et al., 2019). In Wistar rats on a tyrosine-rich diet, resistant starch was shown to lower 
urinary p-cresol levels to that of controls (Chen et al., 2016). In a 12-week feeding study, adult 
participants consumed 1) a control diet, 2) muffins with 10g/day pea hull fiber (4 weeks), and 3) 
muffins with 10g/day pea hull fiber and 15g/day inulin (6 weeks). Total fiber intake was 16.6 g/day, 
26.5 g/day, and 34.5 g/day respectively. Providing pea hull fiber and inulin reduced serum p-cresol by 
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24% and by 37% in those with the greatest compliance (compliance being tied to greater inulin 
intake) (Salmean et al., 2015). 

Probiotics are live microorganisms that are used to improve health, generally with the intention of 
restoring the gut microflora. Presently, there is little data on probiotics given alone, as a means to 
lower p-cresol in humans. In one study of 42 hemodialysis patients, participants were given 1.6 x 107  
CFU of Lactobacillus rhamnosus for 28 days (Eidi et al 2018).  Mean serum p-cresol levels were lower 
after 4 weeks administration of L. rhamnosus when compared to the baseline (2.68 mg/dL versus 
1.23 mg/dL; p=.034)  

Synbiotics are merely a combination of prebiotics and probiotics.  In one study of healthy volunteers, 
a synbiotic treatment, consisting of B. breve Yakult, L. casei Shirota and oligofructose-enriched inulin, 
reduced urinary p-cresol (a surrogate marker for colonic p-cresol) and promoted the growth of 
bifidobacteria (De Preter et al., 2007). In a study by Guida et al, participants with elevated p-cresol 
and kidney disease were provided a synbiotic consisting of lactobacillus and bifidobacterial species, 
plus fructooligosaccharides, inulin (6.6g/day), and tapioca. They showed a 40% reduction in p-cresol 
over 30 days (Guida et al., 2014).  

Several limitations of this study warrant consideration. First, the small number of subjects and large 
number of variables (analytes) renders such high-dimensional data prone to overfitting.  One method 
to address this limitation is through serial measures of the baseline, in-flight, and post-flight 
conditions, which was the approach used in this study. Second, the cohort of males is limiting on the 
generalizability of these results to females. Nonetheless, the matched cohort favors homogeneity, 
which is valuable in small N studies involving high-dimensional data. Third, the longitudinal measures 
of p-cresol derived from the untargeted metabolome were not fully quantitative.  

Future directions consist of two paths. First, additional analysis of the existing NASA Twins data is 
currently underway, which is focused on key elements of the p-cresol molecular network. This 
consists of analysis of 1) Sulfotransferase RNA, 2) glutathione-S-transferase RNA, 3) serum albumin, 
4) cytochrome P4502E1, 5) gut microbial genomic DNA and taxonomic shifts, 6) functional gene 
content of butyrate-producing gut microbial genes (urease, Uricase, tyrosine lyase, and 
hydroxyphenylacetate decarboxylase), and 7) functional gene content of p-cresol-producing gut 
microbial genes (phosphotransbutyrylase and butyrate kinase).  

Second, future prospective studies in should be undertaken that attempt to further clarify the 
trajectory of p-cresol in space, along with its impact on the clinical and performance phenotype.  This 
should include measures of p-cresol and associated measures that are fully quantitative. These 
associated measures would include but not be limited to 1) glutathione, 2) L-cysteine, and 3) L-
methionine. 

Finally, given the impact of p-cresol on the hepatic sulfur pool and the importance of a stable sulfur 
pool in space, the pre-mission analysis of these compounds may be warranted. Status of these 
measures may indicate whether active countermeasures are warranted today.  
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