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Abstract

Molybdenum is a trace mineral needed in small quantities by most life forms. In living organisms, a molybdenum atom is found within molybdenum-dependent 
enzymes or molybdoenzymes. Molybdoenzymes catalyze reactions in carbon, sulfur, and nitrogen metabolism. Only four molbdoenzymes have been identifi ed in humans. 
Most of the known molybdoenzymes are found in bacteria. Dietary molybdenum can be administrated to humans, to treat Wilson disease and tungsten poisoning; and it 
may be useful in arthritis. Sulfur-reducing bacteria are the bacterial group that reduces certain sulfur molecules to hydrogen sulfi de. These bacteria can inhabit anaerobic 
parts of the gastrointestinal tract of mammals and are the predominant producer of hydrogen sulfi de in the human colon. Hydrogen sulfi de plays a major role in the 
malodor of human fl atus. Some individuals have reported an increase in foul odoriferous gases from the colon after molybdenum supplementation. The underlying 
mechanism as to how this occurs is currently not known. Possible bacteria that are involved could be sulfur-reducing bacteria and methionine dissimilating bacteria. 
Supplementing sheep with molybdenum and with sulfur exclusively in the form of methionine can stimulate the growth of sulfur-reducing bacteria and increase the 
level of sulfi des in the rumen. The molybdoenzyme, thiosulfate reductase, is found in sulfur-reducing bacteria and catalyzes the reduction of thiosulfate to hydrogen 
sulfi de. The source of thiosulfate could be from ruminal epithelial cells detoxifying methanethiol, produced by methionine dissimilating bacteria, degrading the dietary 
methionine to methanethiol. Therefore, the molybdenum could be activating thiosulfate reductases of sulfur-reducing bacteria in the rumen of these animals. The human 
colon can also harbor sulfur-reducing bacteria, and dietary molybdenum and methionine can reach this organ. Therefore, dietary molybdenum may be stimulating the 
growth of sulfur-reducing bacteria in some individuals. Sulfi des in the human colon could have benefi cial and detrimental effects on health. Such effects could include 
the already mentioned malodor of fl atus, the stabilizing of the microbiome-mucosa interface in an intestinal dysbiosis, the treatment of hypertension and the promotion 
of infl ammation in ulcerative colitis.
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Abbreviations

MDB: Methionine Dissimilating Bacteria; SCE: Cystathionine 
-lyase; SRB: Sulfur-Reducing Bacteria; UC: Ulcerative Colitis

Introduction

Molybdenum is a trace mineral needed in small quantities 
by most life forms. In living organisms, a molybdenum 
atom is found within molybdenum-dependent enzymes or 

molybdoenzymes. With the exception of the iron-molybdenum 
cofactor of the bacterial molybdoenzyme, nitrogenase, the 
active site of all the other molybdoenzymes has a molybdenum 
atom bounded to a molybdopterin backbone molecule. This 
complex is called the molybdenum cofactor. Molybdoenzymes 
are involved in carbon, sulfur, and nitrogen metabolism. 
More than 50 molybdoenzymes have been biochemically 
characterized. In addition to these enzymes, numerous genes 
that could code for molybdenum-containing proteins with 
unknown functions have been annotated in the bacterial 
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genomes that have been sequenced. Only four of these 
molybdoenzymes have been identifi ed in humans. Most of 
these molybdoenzymes are found in bacteria [1-3].

Dietary molybdenum can be administrated in certain 
human diseases [4]. Molybdenum has an antagonistic property 
on copper; and molybdenum maybe used to treat copper 
metabolism disorders, e.g. Wilson Disease [5]. Tungsten can 
alter the metabolism of molybdenum and molybdenum can be 
administered to treat tungsten poisoning [6]. There seems to be 
a considerable excess of molybdenum-dependent apoenzymes 
within cells and molybdenum supplementation may increase 
the activity of mammalian molybdoenzymes, in individuals that 
are not suffering from a molybdenum defi ciency. For example, 
molybdenum may treat arthritic joint pain by increasing the 
activity of mammalian xanthine oxidoreductases in cells [7].

Sulfur-Reducing Bacteria (SRB) are a bacterial group that 
inhabit anaerobic environments, this includes anaerobic parts 
of the gastrointestinal tract of mammals. SRB are a diverse 
group and consists of about 74 genera within the bacteria 
domain [8]. Species from the Desulfovibrio genera account for 
66% of the SRB in the human colon [9]. These sulfi dogenic 
bacteria can perform anaerobic respiration, i.e. they use sulfur 
molecules as the terminal electron acceptor and reduce it to 
hydrogen sulfi de. In contrast, in aerobic respiration, molecular 
oxygen is utilized as the terminal electron acceptor and is 
reduced to water. SRB can synthesize and excrete a large 
amount of hydrogen sulfi de [8].

Hydrogen sulfi de is a colorless noxious gas with the 
characteristic malodor of rotten eggs. Hydrogen sulfi de inhibits 
cytochrome c oxidase activity in the mitochondrial electron 
transport chain, reducing adenosine triphosphate levels 
and metabolic activity in cells. This gas plays a major role in 
the malodor of human fl atus and SRB are the predominant 
producers of hydrogen sulfi de in the colon [10,11]. Hydrogen 
sulfi de is also the third intercellular gaseous mediator, in 
mammals. Nitric oxide and carbon monoxide are the other 
two gaseous mediators. Small amounts of hydrogen sulfi de is 
synthesized in the cytoplasm and mitochondria of mammalian 
cells, through the reverse trans-sulfuration pathway. Hydrogen 
sulfi de acts as a messenger molecule and participates in the 
regulation of homeostasis of a myriad of mammalian systems 
[12].

Individuals have reported an increase in foul odoriferous 
gases from the colon after molybdenum supplementation [13]. 
The underlying mechanism as to how this occurs is currently 
not known. However, it is possible that SRB are involved. This 
mini-review discusses this possibility; and possible benefi cial 
and detrimental health effects of sulfi des in the human colon.

Dietary molybdate may activate thiosulfate reductases 
of SRB in the rumen of sheep, increasing the level of hy-
drogen sulfi de in this organ 

Supplementing sheep with molybdate can increase the 
level of SRB and hydrogen sulfi de in their rumen [14,15]. 
Molybdenum is transported and stored in its oxyanion form, i.e. 

as molybdate, in organisms [1]. Mills [14] measured hydrogen 
sulfi de levels in the rumen of sheep supplemented with and 
without molybdate; and recorded higher levels in the sheep 
that had been supplemented with molybdate. Huisingh and 
colleagues [15] fed sheep diets with and without molybdate; 
and with sulfur exclusively in the form of DL-methionine 
and found that there was about a six-fold increase in ruminal 
SRB when their diet was supplemented with molybdate. The 
group also cultured ruminal fl uid specimens from these sheep, 
with and without molybdate; and with sulfur in the form of 
methionine. This resulted in an almost two-fold increase in 
hydrogen sulfi de when molybdate was added to the culture 
media. Both Mill and Huisingh et al. hypothesized that 
the sulfi de came from sulfur- containing amino acids and 
Huisingh and colleagues hypothesized that molybdenum could 
be activating a bacterial enzyme.

The dietary molybdate fed to the sheep in Mill and Huisingh 
et al. studies, or added to cultures of ruminal fl uid in Huisingh 
and colleagues experiments, could be increasing the activity of 
thiosulfate reductases of SRB; and the increased activity could 
be increasing the level of hydrogen sulfi de gas in the rumen of 
the sheep and in the cultures. Thiosulfate reductase belongs 
to the sulfurtransferase enzyme family and enzymes from 
this family, transfer sulfur-containing groups. The accepted 
names for this enzyme is thiosulfate-thiol sulfurtransferase 
or thiosulfate-dithiol sulfurtransferase [16]. Thiosulfate 
reductase catalyzes the reduction of thiosulfate to sulfi te and 
hydrogen sulfi de [17]. This enzyme is found in prokaryotes and 
eukaryotes [16] and the prokaryotic thiosulfate reductase is 
predicted to be a molybdoenzyme [18].

Desulfovibrio desulfuricans is probably one of the predominate 
SRB species in the gut of sheep [19-21] and this species probably 
contains functional thiosulfate reductases. The annotated 
thiosulfate reductase gene in the genome sequence of the D. 
desulfuricans strain G11 [22], is homologous to the equivalent 
genes in the sequenced genomes of Desulfovibrio valgaris (E - 
value = 0.0, Percentage Identity = 59.29%; unpublished data, 
Grech BJ). The D. desulfuricans strain G11 was isolated from the 
rumen of a steer [19]. Thiosulfate reductase activity has been 
observed in D. valgaris subspecies vulgaris Marburg [17].

The production of thiosulfate in the rumen could be from the 
epithelial cells lining this organ. Thiosulfate production in the 
mammalian gut is better understood in the mammalian colon 
and this review will attempt to explain the phenomena observed 
in the rumen of sheep, using our knowledge of the colon. 
Methionine dissimilating bacteria (MDB) degrades methionine 
in the colon to methanethiol gas [23,24]. Methionine g-lyase 
is the enzyme that catalyzes this reaction [25]. In the colon 
this gas can either be absorbed by fecal matter, passed through 
the rectum, or cross the plasma membrane of colonic epithelia. 
Methanethiol gas that passes into the epithelia is quickly 
oxidized to thiosulfate, by a specialized biochemical pathway 
within these cells [26,27].

The biochemical pathway in colonic epithelial cells that 
oxidized methanethiol has not been completely elucidated; 
however, a tentative pathway has been proposed. The process 
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probably begins with the metabolism of methanethiol to 
hydrogen sulfi de. It is not known how this occurs. The 
hydrogen sulfi de product is probably then oxidized to sulfi te 
by sulfi de quinone oxidoreductase and sulfur dioxygenase. 
Rhodanese with sulfur transferase activity probably converts 
the sulfi te to thiosulfate (Figure 1). Thiosulfate produced by 
these cells either enters the colon venous blood [26,27], or the 
lumen of the colon. The key enzyme in this tentative pathway 
is probably rhodanese [28].

Rhodanese activity has been observed in the rumen of 
sheep and, therefore, the ruminal epithelial cells can probably 
oxidize methanethiol and hydrogen sulfi de to thiosulfate [29-
31]. When the sheep in the studies performed by Mills and 
Huisingh et al. were supplemented with molybdate, ruminal 
MDB probably converted methionine to methanethiol. The 
rumen epithelia may have then converted the methanethiol 
to thiosulfate and some of the thiosulfate may have entered 
the lumen. The molybdate probably increased the activity of 
thiosulfate reductases in SRB and the increased activity of 
this enzyme probably reduced the thiosulfate in the lumen to 
hydrogen sulfi de (Figure 2).

Huisingh and colleagues [15] also found that supplementing 
the sheep with molybdate and sulfur exclusively in the form of 
sulfate, did not change the ruminal SRB level and there was over 
a two-fold decrease in hydrogen sulfi de from the SRB cultures. 
Molybdate has been proposed as a structural analog of sulfate 
and it is thought that molybdate competes with the sulfate 
substrates, in the fi rst step of dissimilative and assimilative 
sulfate reduction, in SRB. The enzyme that catalyzes this step 
is adenosine 5’-triphosphate sulfurylase [32]. Therefore, it is 

unlikely that sulfate was a source of sulfur when the sheep 
were fed molybdate and sulfate.

Humans harbor SRB in their Colon; and dietary molybde-
num and methionine could reach this organ 

The ingestion of a molybdenum supplement with a high 
protein-content food could result in molybdenum escaping 
absorption and proteins escaping digestion and absorption; in 
the proximal proportion of the small intestine. This could result 
in the molybdenum and methionine reaching the colon. About 
50% of humans in western countries harbor SRB in there colon 
[33-35]. Dietary molybdenum has been detected in the feces of 
humans and generally increases as intake increases [36]; and 
there is a direct relationship between the level of meat intake 
and the level of fecal excretion of sulfi de from the human 
bowel [37]. Given that humans can have SRB, molybdenum, 
and methionine in the lumen of their colon; and the reports 
of the worsening of the malodor of fl atus after molybdenum 
supplementation; molybdenum maybe stimulating the growth 
of SRB in some individuals.

Possible health effects of luminal sulfi des in the human 
colon

Luminal sulfi des that are tentatively produced by the 
presents of molybdenum, methionine, MDB, and SRB in the 
human colon; could produce the already mention malodor of 
fl atus and stools; and it could have other effects on health. The 
organ that is most likely to be effective by these sulfi des is the 
colon. Healthy colonic epithelial cells seem to be well adapted 
to dealing with high levels of sulfi des. The metabolism of 
sulfi des, that diffuse across the plasma membrane of these cells 
generates adenosine triphosphate molecules. Consequently, 
intestinal epithelia can accept sulfi des as an energy source 
and sulfi des have been shown to stimulate the proliferation of 
these cells [38]. In addition to this, the single layer of epithelia 
functions as a physical barrier preventing sulfi des in the lumen 
of the intestine, from entering other tissues throughout the 
body [26,28,39]. Other effects of colonic sulfi des may include 
the stabilization of the microbiome-mucosa interface in an 
animal model of an intestinal dysbiosis, the positive infl uence 

Figure 1: Schematic diagram depicting the sulfi de detoxifi cation by colonic 
epithelial cells.

Figure 2: Diagrammatic representation of the changes in the rumen that may occur 
after molybdate (MoO2-) supplementation. Hydrogen sulfi de gas, methanethiol 
gas and thiosulfate are represented by their chemical formula. DL-methionine is 
represented by three- letter code, i.e. Met.
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on hydrogen sulfi de homeostasis in mammalian cells and the 
promotion of infl ammation in the colon in ulcerative colitis 
(UC) [39-42]. Interestingly, some of these effects could be 
benefi cial to health.

In certain human diseases there maybe a higher than 
normal likelihood of dietary molybdenum and methionine 
entering the colon. The diarrhea-predominant subtype of 
irritable bowel syndrome maybe one of these diseases. This is 
because, the transit of food through the small intestine can be 
shorter in this subtype of this syndrome [43,44].

Colonic luminal sulfi des may stabilize the microbiome-
mucosa interface in an intestinal dysbiosis

Intestinal microbes living in biofi lms may promote 
homeostasis to the microbiota [39]. Biofi lms are slimy 
extracellular matrices constructed from polymeric substances 
in which microbes are embedded within. A single biofi lm 
can comprise of a syntrophic consortium of microorganisms. 
Biofi lms adhere bacterial cells to each other and to surfaces; 
trap nutrients for cell growth; and protect cells by reducing 
their exposure to harmful substances [45,46]. In the colon, 
disrupted biofi lms can increase the cytotoxicity of bile and 
the number of planktonic bacteria (i.e. free-fl oating or free-
swimming bacterial cells) [46].

In the colon, mucus is organized as a mucus bilayer 
composed of an adherent inner layer and a loose detached 
outer layer. These layers protect the epithelia lining of the 
intestine from hazardous luminal contents [47]. In mice and 
rats, a degraded and compromised colonic inner mucus layer 
in conjunction with disrupted biofi lms, can lead to bacteria 
in contact with epithelia; and an increased infi ltration of 
dietary toxins and bioactive components from the lumen into 
the epithelia. These changes can result in the recruitment of 
infl ammatory cells, changes to the metabolism of serotonin, 
and an increase production of mucus from goblet cells [39,41].

Hydrogen sulfi de appears to favorably modulate bacterial 
biofi lms and inhibit planktonic bacteria. The administration 
of hydrogen sulfi de donors (i.e. sodium hydrosulfi de or diallyl 
disulfi de) at a low dose to human-derived intestinal biofi lms, 
results in a higher metabolic activity of the bacteria and an 
increased biofi lm mass. This is likely due to an increased number 
of bacteria, proteins, and polysaccharides within the biofi lms. 
When higher doses of diallyl disulfi de were administered to 
these biofi lms, it was shown to inhibit the metabolic activity of 
human strains of planktonic bacteria [39,41].

Hydrogen sulfi de may also restore a degraded and 
compromised inner colonic mucus layer and prevent certain 
nonsteroidal anti-infl ammatory drugs inducing a dysbiosis. 
Experiments with cystathionine -lyase (CSE) defi cient rats, 
results in a thinner than normal inner mucus layer and bacteria 
in contact with the intestinal epithelia. CSE plays a role in the 
regulation of mucus production from intestinal goblet cells. A 
similar effect is seen in rats treated with a CSE inhibitor i.e. 
b-cyanoalanie. Intracolonic administration of diallyl disulfi de 
to rats that are treated with b-cyanoalanie seems to restore 
the mucus layer. After the treatment a void is observed like 

that of healthy mice and rats, that separates the epithelia 
from the microbiota. A mucus layer secreted from intestinal 
goblet cells probably fi lls this void [39,41]. The administered 
hydrogen sulfi de has probably diffused into intestinal goblet 
cells, triggering these cells to secrete mucus into the lumen 
of the colon. Finally, an intestinal dysbiosis plays a key role 
in the pathogenesis of irritable bowel syndrome [48] and in 
infl ammatory bowel disease [49] and a hydrogen sulfi te donor 
may treat these diseases.

Sulfi des in the lumen of the colon could treat hyperten-
sion

The absence of a microfl ora in germ free mice has been 
shown to be associated with reduced activity of CSE; an increase 
in cysteine levels in gastrointestinal and extra-intestinal 
tissues; reduced free levels of hydrogen sulfi de in the inferior 
vena cava blood plasma and gastrointestinal tissues; and 
reduced bound sulfane sulfur levels in blood plasma, adipose 
tissue, and lung tissue [41]. CSE is also a key enzyme in the 
synthesis of endogenous hydrogen sulfi de in mammalian cells 
[12] and reduced activity of this enzyme leads to reduced levels 
of endogenous hydrogen sulfi de. Cysteine is a substrate for CSE 
and increases in tissue cysteine levels indicates less utilization 
of this substrate by CSE [41]. 

Luminal hydrogen sulfi de may regulate hydrogen 
sulfi de homeostasis in mammalian cells and this may treat 
hypertension. The intracolonic administration of sodium 
hydrosulfi de to hypertensive and normotensive rats, has been 
shown to lower arterial blood pressure. Interestingly, the 
hypertensive rat showed a more pronounced decrease in blood 
pressure than the normotensive rats. Also the intracolonic 
administration of sodium hydrosulfi de to rats, has been shown 
to be as potent as intravenous administration of a hydrogen 
sulfi de donor and the therapeutic effect from intracolonic 
administration lasts longer. The underlying mechanism 
by which hydrogen sulfi de lowers blood pressure in rats is 
not known, however it is thought that it induces peripheral 
vasodilation [50].

It is currently not known how colonic bacteria and the 
exogenous hydrogen sulfi de derived from these microbes 
regulates endogenous hydrogen sulfi de synthesis of its host, 
however some ideas have been put forward. The regulation of 
hydrogen sulfi de synthesis in mammals could be either by some 
liver-dependent mechanism, that responds to the presents of 
thiosulfate or sulfane sulfur in the portal blood. This idea is 
supported by an increase in portal but not peripheral blood 
levels of thiosulfate and sulfane sulfur products, after the 
administration of sodium hydrosulfi de to the intestinal lumen 
or rats. It is also possible that endogenous hydrogen sulfi de 
synthesis could be regulated by the enteric nervous system. 
The enteric nervous system could respond to signals from the 
Entrochromaffi n cells, that are produced when luminal sulfi des 
enters these cells [51].

Colonic Luminal Sulfi des May Promote Infl ammation in 
UC

Luminal sulfi des maybe implicated in the etiology of UC and 
it may increase the risk of a relapse of this disease. UC is the 
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most common form of infl ammatory bowel disease and effects 
the colon and rectum. The disease is characterized by broad 
epithelial cell damage, crypt abscesses, and an accumulation 
of neutrophils in colonic tissue. The etiology of this disease is 
poorly understood. Possible factors that could be involve are: 
genetics, an intestinal dysbiosis, environmental components, 
and an intestinal immune system dysfunction [52].

The tentative role of sulfi des in the etiology of UC and in 
relapses in UC, originates from several lines of evidence. When 
fecal sulfi de and SRB levels in the colon are measured in UC 
and healthy individuals, UC levels can be higher. In addition 
to this, in an animal model of colitis, it is possible to induce a 
pathological state like that observed in UC using dextran sulfate 
sodium. It is thought that SRB metabolize sulfate from dextran 
sulfate sodium to hydrogen sulfi de, in this model. Furthermore, 
the consumption of foods high in sulfur is associated with an 
increased likelihood of relapse in UC sufferers in remission 
[28]. Finally, there can be a reduction in the expression of 
rhodanese messenger RNA and lower rhodanese enzymatic 
activity in UC. Lower rhodanese activity probably reduces the 
capacity of colonic epithelia to detoxify sulfi des and the high 
level of sulfi des may damage colonic tissue [42].

Conclusion

This review hypothesized that dietary molybdenum could 
activate thiosulfate reductase of SRB and that the dietary 
methionine could be a source of sulfur in the rumen of sheep 
in Mill and Huisingh et al. studies. This mechanism has the 
potential to increase the ruminal sulfi de concentration to 
a level that could not be produced from MDB degrading 
methionine and the mechanism agrees with Mill and Huisingh 
et al. hypotheses [14,15]. It is also possible that ruminal sulfi de 
levels in sheep and other ruminal animals, could be increased 
by feeding dietary molybdenum with other sulfur-containing 
amino acids, i.e. cysteine, homocysteine, and taurine. 
Consequently, dietary molybdenum maybe useful in animal 
studies to increase sulfi de levels in the rumen, when sulfur-
containing amino acids are the sources of sulfur. An assay of 
thiosulfate reductase activity in cultures of SRB that contain the 
thiosulfate reductase gene, with sulfur exclusively in the form 
of thiosulfate and with other nutrients at levels that meet the 
requirement for normal growth, with and without the addition 
of molybdenum, should confi rm this hypothesis.

The review provides evidence to support the reports by 
individuals, that dietary molybdenum can worsen the odor 
of fl atus and stools; and suggests that molybdenum and 
methionine in the human colon could have benefi cial or 
detrimental effects on health. Molybdenum and methionine 
supplementation could treat an intestinal dysbiosis. It could 
also regulate hydrogen sulfi de homeostasis. Therefore, the 
presents of molybdenum and methionine in the colon could 
treat diseases that seem to be unrelated to the colon.

Hydrogen sulfi de-based therapies have considerable 
promise for the treatment of many diseases [53] and this 
suggests a novel use for dietary molybdenum and methionine, 
in humans. However, given that it could produce a malodor 

of fl atus and stools, it is unlikely that this tentative hydrogen 
sulfi de-based therapy would be used on humans in clinics. In 
addition to this, practitioners may need to exercise precautions 
when prescribing dietary molybdenum to patients with UC. 
This is because sulfi des could have detrimental effects in this 
disease. Although, if we assume that the underlying mechanism 
put forward in this review is correct and that this also occurs 
in humans; and that a low rhodanese activity is a cause of high 
colonic sulfi de levels in UC, molybdenum in the colon would 
not increase the level of sulfi des in this organ.

Molybdenum and methionine supplementation maybe 
useful in humans in short-term studies of certain diseases. 
A good candidate maybe the diarrheal type of irritable bowel 
syndrome. This is because, there is a higher than normal 
likelihood of dietary molybdenum and methionine entering the 
colon, there is an intestinal dysbiosis; and in an animal model 
that mimics the visceral hypersensitivity seen in the colon, 
hydrogen sulfi de has been shown to treat symptoms [54]. 
These possibilities justify a need for more work in this area.
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