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Abstract

Polioencephalomalacia (PEM), also known as cerebrocortical necrosis, is an important neurologic disease that affects ruminants.
Thiamine deficiency and sulfur (S) toxicity have been well recognized as major etiological factors. The mechanism of thiamine
deficiency associated PEM has been well elucidated. However, the role of S in PEM pathogenesis remains unclear, although the
relationship between S toxicity and PEM has been established for 3 decades. The development of S-induced malacic lesions is
believed to be independent of thiamine deficiency, since blood thiamine levels in affected individuals remain in the range of
normal animals. However, cattle affected by S-induced PEM frequently respond to thiamine treatment in early disease stages.
Thiamine supplementation is reported to reduce the incidence and severity of S-induced PEM. This suggests a possible metabolic
relationship between excess S intake and thiamine in the development of malacic lesions. Such an association is further supported
by recent studies reporting that high dietary S may increase the metabolic demand for thiamine pyrophosphate (TPP), a critical
cofactor in several metabolic pathways. Systemic failure to synthesize metabolically requisite levels of TPP in the brain may be
an important precursor in the pathogenesis of S-induced PEM. There is increasing evidence of the importance of thiamine in the
pathogenesis of S-induced PEM. Thus, understanding the potential role of S-thiamine interaction in the development of malacic
lesions is important step to determine the mechanism of S-induced PEM. The objective of this article is to provide an overview of
thiamine deficiency and S toxicity associated PEM, and to discuss the potential role of S-thiamine interaction in the pathogenesis
of S-induced PEM in ruminants.
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Introduction

Polioencephalomalacia (PEM), softening of grey matter, is an
important neurological disease process that can affect many
species of ruminants and contributes to substantial economic
loss to livestock industry [1]. This disease is characterized by
necrosis of the cerebral cortex [2]. Animals of all ages can be
affected but young animals appear to be more vulnerable
[3,4]. Several risk factors such as thiamine deficiency, S toxicity,
lead toxicity, and water deprivation-sodium ion toxicity have
been implicated in the development of PEM. All these factors
produce similar brain lesions [3,5]. Regardless of the suspected
cause of PEM, affected animals frequently respond to thiamine
administration [6-8]. For this reason, it is commonly believed that
thiamine deficiency is a major metabolic factor involved in the
pathogenesis of PEM. However, the biochemical mechanisms
of lesion development are not known.
It has been suggested that the inhalation and absorption of
eructated hydrogen sulfide (H2S) gas generated from the rumen

is the major risk factor leading to S-induced PEM [5]. To date,
however, there is no convincing evidence to support the theory
that the concentration of inhaled H2S from the rumen is high
enough to induce PEM lesions. Furthermore, cattle affected by
S-induced PEM frequently respond to thiamine treatment [9-11],
and thiamine supplementation decreased the incidence and
severity of S-induced PEM [12]. In this context, it is difficult to
reconcile possible direct association between inhaled H2S and
thiamine deficiency that may explain pathogenesis of necrotic
lesions in the cerebral cortex.
Sulfite, a toxic intermediary metabolite of S in ruminants,
may play key role in the development of PEM lesions [7].
The sulfite ion is a strong nucleophile and has the capacity
to destroy thiamine [13]. Thus, thiamine deficiency appears
to be a plausible risk factor involved in the etiology of PEM
associated with excessive intake of S. A recent study by Amat
et al., [11] reported reduced thiamine pyrophosphate (TPP), an
active form of thiamine involved as a co-factor in several key
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metabolic pathways, in the brains of S-induced PEM affected
cattle, suggesting a more complex metabolic relationship
between S and thiamine in the development of malacic
lesions than previously postulated. The objective of this
article is to provide an overview of thiamine deficiency and
S toxicity associated PEM, and to discuss the potential role
of S-thiamine interaction in the pathogenesis of S-induced
PEM in ruminants.
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to malacic lesions [18].

Sulfur-induced PEM

Sulfur toxicity has become increasingly accepted as a major
cause of PEM and there are numerous reports regarding
dietary S levels arranging from 0.45% to 0.6% on dry matter
(DM) basis that caused clinical and experimental PEM [27-32].
The hypothesis regarding high dietary S associated PEM
was first proposed by Raisbeck in 1982 [33] and was further
Review
supported by Gooneratne et al., [36] and Gould et al., [35].
Thiamine deficiency induced PEM
Gooneratne et al., [36] experimentally developed PEM in
Thiamine deficiency induced PEM has been reported in cattle, sheep by feeding a diet containing 0.63% S, a value 0.23%
sheep, horses, dogs [6], goats [14], camels [15], and cats [16]. higher than the recommended maximum tolerable level
Thiamine deficiency in ruminants has be associated with several (0.4 % DM basis) in cattle diet to prevent PEM (NRC 1986)
factors such as an impairment of microbial thiamine synthesis, [37]. Gould et al., [35] also induced PEM in Holstein steers
thiamine destroying activity of bacterial thiaminase, along by feeding an experimental diet with added sodium sulfate
with other dietary factors involved in thiamine destroying (NaSO4). Case reports of S-induced PEM have been reported
activity in the rumen [17]. Bacterial thiaminase has been feedlots globally [1,11,38-40].
considered the main factor leading to thiamine deficiency
in ruminants. Two types of thiaminase (Type I and II) are Proposed mechanisms of sulfur-induced PEM
produced by different types of ruminant bacteria [18]. Both Although S-induced PEM has been recognized in the last 3
types have a destructive effect on thiamine in the rumen. decades, the role that S plays in PEM remains unclear [7]. It
Thiaminase type I catalyzes the nucleophilic displacement of has been suggested that lesion development is associated
the thiazole moiety of thiamine by another base known as a with the inhalation of eructated H2S from the rumen [5]. When
co-substrate and generates thiamine analogues that inhibit excess S is ingested, a relatively high concentration of sulfide is
thiamine dependent reactions. Thiaminase type I requires a being generated as a result of S reduction by rumen microbes.
co-factor to accomplish its thiamine destroying activity [18]. Some sulfide from the fluid phase is released into the rumen
Some medications such as promazines and levamisole along gas cap as H2S (Figure 1). Formation of H2S from the sulfide ion
with substrates produced during fermentation appear to be is pH dependent. As rumen pH drops, the H2S in the rumen
act as cofactor to thiaminase type I [18]. Thiaminase type I is gas cap increases [5]. Since ruminants inhale 70-80% of the
also present in plants such as bracken fern, horsetail and nar do eructed gas [41], it is proposed that most of the eructed H2S
ferns [4]. Animals exposed to these plants have subsequently gas may be absorbed into the pulmonary blood system via
developed PEM [19,20]. Thiaminase type II splits thiamine by inhalation of eructed gas, and some inhaled H2S may reach
catalyzing the hydrolysis process and thereby may reduce the brain without undergoing hepatic detoxification leading
the amount of thiamine absorbed from rumen [21]. Several to toxic damage [5].
outbreaks of PEM in sheep and cattle with high thiaminase
Sulfide in the brain tissue is converted into sulfate via the
activity in the rumen have been reported [2,22].
mitochondrial sulfide oxidation process [42]. Tissues that have
Amprolium, a potent coccidiostat and thiamine analogue, a high oxygen demand, such as brain, are more sensitive to
is believed to be another major factor associated with PEM. It disruption of oxidative metabolism by sulfide [43], the primary
inhibits the conversion of free-base thiamine to TPP, thereby mechanism for sulfide toxicity. Sulfide oxidation is linked to
depriving tissues (especially brain) of TPP [18,23]. Thornber et the respiratory electron transport chain, at the level of cytoal., [24] induced PEM in lambs by feeding a thiamine free diet chrome c. Mitochondrial sulfide oxidation is inhibited by
with high levels of amprolium (280 mg/kg of BW). As well, oral high sulfide concentrations [44]. When sulfide concentration
administration of amprolium leads to a reduction of blood exceeds a certain level, cytochrome c oxidase, the last enzyme
and tissue thiamine levels and subsequent development of in the respiratory electron transport chain of mitochondria,
PEM in calves [25]. However, clinical and histopathological is inhibited. As a result, ATP production through oxidative
lesions indicative of thiamine deficiency have been produced phosphorylation is blocked [45].
in pre-ruminant lambs by feeding a thiamine free artificial
Monitoring levels of ruminal H2S gas has been proposed as
milk diet [26]. These researchers questioned the hypothesis means of screening animals at potential risk of S-induced PEM.
that the amprolium could be the major factor causing PEM. Gould [46] suggested that rumen gas cap H2S concentrations
Other factors, such as production of inactive or poorly absor- greater than 1000 ppm are potentially toxic and over 2000 ppm
bed forms of thiamine in the rumen, or inhibition of phos- can precede the development of PEM. Sulfur-induced PEM
phorylation and absorption may also contribute to functional affected ruminants have shown a variety H2S concentration
thiamine deficiency (TPP deficiency), subsequently leading ranging from less than 200 ppm (Amat et al., unpublished
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Figure 1. Schematic of sulfur metabolism in ruminants. Dietary sulfur containing molecules are represented in yellow. Accumulation
of H2S in gas phase of the rumen, its eructation and inhalation are indicated with brown color. Sulfide contaminated blood flow to
the brain is represented by red arrow. Sulfate recycling back to the rumen with saliva is represented by black dash line with arrow.
S, elemental sulfur; SO3-2, sulfite; SO4-2, sulfate; H2S, hydrogen sulfide.

observation) up to 25000 ppm [47]. Neville et al., [48] reported
that ruminants exposed to elevated dietary S (0.65% or 0.83%
DM) exhibited relatively high H2S gas ranging from 2000 to
8000 ppm, but did not show clinical signs of PEM. Similarly,
Amat et al., [11] did not observe any clinical or histopathological
changes associated with PEM in beef heifers fed high dietary
S (0.62% S, DM), despite the elevated ruminal H2S level (2296
ppm). However, it has been reported that cattle with clinical
signs of PEM have lower ruminal H2S than those clinically
normal steers (H2S > 2000 ppm) [46]. Loneragan et al., [40]
also reported that lower ruminal H2S (450 ppm) in clinically
PEM affected calves. Contributing to the complexity of the
condition, Richter et al., [47] reported that a yearlings steer that
developed clinical signs of PEM and died due to high dietary
S intake (0.5% S, DM) had 1000 ppm ruminal concentrations
of H2S. It has also been observed that animals with S-induced
PEM show clinical signs with ruminal H2S concentrations ≤
400 ppm, whereas ruminal H2S in clinically normal cattle
was 2000-3600 ppm (Amat et al., unpublished observation).
Taken together, H2S may not be a reliable clinical chemistry
indicator for assessing the risk of PEM.
Incidence of PEM in cattle has been associated with direct
inhalation of H2S from the poison gas wells and manure slurry
pits [49]. However, there is no conclusive evidence to support
the theory that the concentration of inhaled H2S from the
rumen is high enough to induce PEM lesions in the brain of

ruminants. Olkowski [7] argued that the concentration of H2S
generated in the rumen of animals exposed to moderate S
may not be sufficient to exert acute toxic effects to the brain.
In addition, inhalation of eructed H2S is reported to cause
lung tissue damage [41,46]. However, Niles et al., [50] did
not observe any clinical or gross post-mortem signs of lung
damage in calves exposed to high dietary S and had ruminal
H2S concentrations reaching 24,000 ppm. Furthermore, they
performed a breath analysis of expired air on calves in the
same study and measured H2S and fond no detectable amount
of H2S from the expired air of the calves. It is questionable
whether inhalation of H2S generated in the rumen is the direct
causal factor in the pathogenesis of S-induced PEM.
When the physiological and pathophysiological functions
of H2S in the brain are considered, it seems to be unlikely that
inhalation of eructed ruminal H2S can reach an over-dose
threshold in ruminants exposed to low to moderate levels of
excess dietary S. The toxicity of H2S to the nervous system may
only occur under the condition of over-dose of exogenous
H2S (personal communication with Dr. H. Kimura, 2011).
Hydrogen sulfide is endogenously produced by some enzymes
in the mammalian tissues [51] and acts as neuromodulator/
transmitter, and neuro-protector in the brain [51-54]. It plays
an important role in protecting neurons from oxidative stress
by scavenging free radicals and reactive species, recovering
glutathione levels, inhibiting intracellular Ca2+ status [51,55].
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Figure 2. Schematic of thiamine and sulfite effect in some cellular activities. (AMP, adenosine
monophosphate ATP, adenosine triphosphate; ETC, electron transport chain; GDH, glutamate
dehydrogenase; G6P, glucose 6-phosphate; KGDH; α-ketagluterate dehydrogenase; NADH, nicotinamide
adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; PDH, pyruvate
dehydrogenase; PPP, pentose phosphate pathway; R5P, ribose 5-phosphate; S2-, sulfide; SO3-2, sulfite; SO4-2,
sulfate; TCA, citric acid cycle; TK, transketolase; TPPK, thiamine pyrophosphokinase; TPP, thiamine
pyruphosphate).

Hydrogen sulfide is also reported to reduce the generation
of reactive oxygen species (ROS) from mitochondria by inhibiting cytochrome c oxidase and suppressing respiration [51].
Furthermore, H2S may protect neurons from cellular energy
depletion during the stress conditions by serving as substrate
to sustain ATP production [51,56].
Oxidative stress has been implicated in the development
of many diseases including aging process and longevity [57],
including the pathogenesis of Alzheimer’s disease (AD) [58],
Parkinson’s disease (PD) [59] and other neurodegenerative
diseases [60]. Physiological concentrations of H2S gas have
positive impact on protecting the neuronal cells and the
supply of exogenous H2S have shown attenuation effect on
some brain diseases [61,62]. As such, the antioxidant role of
H2S is attracting substantial research attention in addition to

other gaseous messenger molecules such as nitrate monoxide
(NO) and carbon monoxide (CO) [51].

Putative mechanism of sulfur-induced PEM

It has been postulated that sulfite, another toxic intermediate
metabolite of S, may be directly involved in the development
of S-induced PEM [7], with the proposed mechanism depicted
in (Figure 2). Sulfite ion is a strong nucleophile and can react
with wide variety of biologically important compounds to
cause toxicity [63] and the neurotoxic effects of sulfite have
been increasingly recognized [63,64]. One electron sulfite
oxidation is thought to produce sulfite radicals that have been
reported to damage DNA, lipids and proteins [65]. Chiarani
et al., [63] found that sulfite increased lipid peroxidation and
decreased antioxidant enzyme defences in the rat brain. In
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addition, when rat and mouse neuronal cells were exposed
to sulfite in vitro, there was an increase in the production of
ROS and a reduction in intracellular ATP production [65]. The
latter authors also found that glutamate dehydrogenase in
the rat brain was inhibited by sulfites; hypothesizing that this
may result in an energy deficit in the neurons, with secondary
inhibition of the citric acid (TCA) cycle [65]. The destructive
effects of sulfite on thiamine and its functional forms [13,66]
may be another mechanism to induce biochemical lesions
in the brain (Figure 2).
In studies of S on adverse effects of dietary S in ruminants
much attention has been placed on sulfide toxicity. In contrast
to research in ruminants, toxic effects of sulfite have been
extensively investigated in humans and laboratory animals.
A toxic amount of sulfite in both the rumen and tissues due
to sulfate reduction and recycling in the rumen is possible in
addition to sulfide oxidation in the tissue [7]. Other known
mechanisms of sulfite production include: non-enzymatic
conversion from sulfide during oxidative stress [67], neutrophils
produce sulfite from sulfate in response to bacterial lipopolysaccharide [68] or from 3’-phosphoadenosine 5’ phosphosulfate
exposure [69]. In ruminants exposed to excess dietary S,
there is a potential for sustained generation of toxic levels of
sulfite in the tissue that may contribute to the pathogenesis
of S-induced malacic lesions in brain.

Possible role of sulfur-thiamine interaction in the
development of malacic lesions associated with excess
sulfur intake

Thiamine is present in mammalian tissues in four different
forms; free-base thiamine, thiamine monophosphate (TMP),
TPP, and thiamine triphosphate (TTP) [70]. Total body thiamine is the metabolic equilibrium of free-base thiamine
and thiamine phosphate esters. Because the levels of total
thiamine in blood or brain tissue of affected animals appear
to be in the range of normal animals [35], or even elevated
[23,36], it is commonly believed that the pathogenesis of
S-induced PEM lesions is independent of thiamine deficiency
[71]. Interestingly, thiamine therapy has effectively improved
the clinical status of animals affected by S-induced PEM
[11,72]. This suggests an associated metabolic relationship
between excess S intake and thiamine in the development
of malacic lesions. An adverse effect of dietary S on thiamine
balance in ruminants was first reported by [73] Goetsch
and Owens who observed that high dietary S reduced the
amount of thiamine passing from the rumen in dairy steers.
Increased thiamine destroying activity [74] and reduced
thiamine synthesis [74,75] in rumen-like conditions due to
increased dietary sulfate were demonstrated in vitro. These
studies suggest that excess dietary S may have detrimental
effects on the host’s thiamine status and are consistent with
observations that feedlot cattle exposed to excess dietary S
have reduced blood thiamine level [34,76]. The importance
of thiamine in the pathogenesis of S-induced PEM is further
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evidenced by the findings that thiamine supplementation
reduced the incidence of PEM in lambs fed high dietary S
[12]. Furthermore, Amat et al., [11] reported that there was a
potential involvement of altered thiamine metabolism in the
development of S-induced PEM lesions. Elevated TPP levels in
the brains of experimental heifers fed high dietary S (0.62%
S, DM) without subsequent development of brain lesions
was observed. In contrast, cattle that died of S-induced PEM
exhibited 36.5% lower TPP despite 4.9-fold higher free-base
thiamine in the brain tissue [11]. This suggests that excess
dietary S may increase the metabolic demand for TPP in
the brain where some individuals exposed to high levels of
dietary S may fail to generate requisite supply TPP leading to
metabolic insufficiency of TPP and possibly to the development
of PEM lesions.
Although the association between dietary S and thiamine
status can be considered as a risk factor in the pathogenesis
of S-induced PEM, thiamine insufficiency cannot explain all
metabolic events leading to brain lesions. Field experience
with PEM indicates that administration of large doses of
thiamine in early stages of S-induced PEM results in complete
recovery [11,38], or at least in an improvement in clinical
status of some animals [72], but is totally ineffective in others
[11,77]. Paradoxically, elevated blood thiamine in lambs fed
high dietary S that developed PEM at the onset of clinical
signs has been reported [36,72]. These observations indicate
that, although thiamine status appears to play a central role
in the pathogenesis of PEM, the vital biochemical role of this
vitamin may be limited by factors affecting metabolic pathways
converting thiamine to its active metabolites.

Sulfur-thiamine interaction
Mechanism of sulfur-thiamine interaction

The detrimental effects of high S on thiamine may result
from the fact that sulfite can cleave thiamine into biologically
inactive compounds sulfonic acid and thiozole [78]. The rate
of thiamine cleavage is influenced by several factors including
temperature, pH, and concentrations of either thiamine or
sulfite [13]. The thiamine cleavage reaction is most active at
high sulfite concentration, low pH values, or high temperature
[13]. Given the fact that there is potential to maintain a constant
level of sulfite in both rumen and tissue [7], it is possible that
there is sufficient concentration of sulfite that can exert an
adverse effect on thiamine metabolism in the rumen and tissue.

Effects of sulfur on thiamine phosphate esters and
thiamine dependent enzymes

There is a relationship between thiamine and its phosphate
esters. Free-base thiamine is converted to TPP through an
enzymatic phosphorylation process. Thiamine pyrophosphate
is dephosphorylated to TMP and is then hydrolyzed to free-base
thiamine [79,80]. Thiamine pyrophosphate is the metabolically
active form of thiamine, being a cofactor in catalytic reaction of
key enzymes: pyruvate dehydrogenase (PDH), α-ketoglutarate
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Figure 3. Correlation between TPP level and cellular activity
of the brain tissue. Factors affecting TPP level are indicated in
green bars. Drop of cellular activities is indicated in red bars.
(ATP, adenosine triphosphate; PDH, pyruvate dehydrogenase;
KGDH, α-ketagluterate dehydrogenase; SO3-2, sulfite; TPK,
thiamine pyrophosphokinase).

dehydrogenase (α-KGDH) and transketolase (TK). These TPP
dependent enzymes are involved in cerebral glucose and
energy metabolism [81-83].
The detrimental effects of S on thiamine phosphate esters have
been described. Lenz and Holzer [84] reported that free-base
thiamine, TMP and TPP in yeast (saccharomyces cerevisiae)
were cleaved by sulfite. Sulfite could also reduce cellular TPP
by inhibiting the synthesis, enhancing degradation, or both.
Sulfite is reported to be involved in the degradation of TPP as it
is a very active molecule [85]. In addition, sulfite is more likely to
inhibit TPP synthesis from free-base thiamine by inhibiting ATP
production that is required by thiamine pyrophosphokinase
(TPPK). Increased degradation and reduced TPP synthesis
leads to changes in the activity of thiamine dependent
enzymes. Lenz and Holzer [84] reported that α-KGDH and
TK were inactivated by 5 mM sulfite in vitro within one
hour to 58% and 13% of the initial values, respectively. This
enzyme inactivation corresponded with a 36% reduction
in the intracellular TPP. However, the detrimental effects
of high dietary S on thiamine dependent enzyme activity
in ruminant or monogastric animals have not been investigated
in details.

Brain disorders associated with thiamine deficiency

The brain is the most vulnerable organ to thiamine deficiency
as it relies largely on glucose metabolism to meet its energy
requirement [86]. Thiamine dependent enzymes regulate
glucose metabolism. When thiamine is insufficient, brain
glucose metabolism may be impaired. The inhibition of
glucose metabolism in the brain results in a reduction of
amino acid (AA) synthesis, diversion of AA from protein
synthesis to supply energy via the TCA cycle, decreased lipid
synthesis and reduced production of acetylcholine and other
neurotransmitters [87].
Reduced activity of thiamine dependent enzymes is
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primarily caused by a decrease in TPP concentration. This has
been studied experimentally in humans and amongst men
with Wernicke-Korsakoff syndrome (WKS) [88]. The research
conducted to evaluate the relationship between the effects
of thiamine deficiency on thiamine dependent enzyme
activities, and neuronal loss has been particularly focused
on α-KGDH. It has been established that suppressed α-KGDH
due to thiamine deficiency results in neuronal death [88,89],
which is not surprising as α-KGDH is a rate limiting enzyme
in the TCA cycle. These metabolic consequences decreased
pyruvate oxidation and increased levels of alanine and lactate
in the brain [90].
Suppressed thiamine dependent enzyme activity has also
been found to facilitate neuron loss in Alzheimer’s disease
AD [91] and Parkinson disease PD [92]. Decreased level of
TPP and a dramatic reduction of TPPase activity (up to 60%)
were found in brain tissue of AD patients [93,94]. The reduced
α-KGDH activity in the brains of AD patients has been observed
in several studies [95,96]. As well, the activities of PDH [96,97]
and TK were reduced in AD patients [97,98].
Recent studies from our lab suggest the α-KGDH and PDH
activities are decreased in the brain of S-induced PEM affected
cattle (Amat et al., unpublished observation). Considering the
reduced TPP in the brain tissue of S-induced PEM affected
cattle, it can be postulated that thiamine dependent enzyme
activity could be inhibited in the brain tissue of affected cattle.
Inhibition of thiamine dependent enzyme activity would be
one of the major factors leading to the neural death in PEM
brains.

Possible factors causing brain TPP deficiency

Since insufficiency of TPP is a possible factor associated with a
decrease in the activity of thiamine dependent enzymes, it is
of importance to discuss the potential factors involved in TPP
reduction in brain tissue. The causes of insufficiency of TPP in
the brain might be due to: (i) thiamine deficient diet, (ii) poor
absorption and transportation of thiamine, (iii) inhibition of
TPP synthesis, or (iv) enhanced TPP degradation (Figure 3).
Thiamine pyrophosphate may be decreased due to the
inadequate intake of thiamine. Decreased synthesis of TPP
has been reported in cultured rat cerebral cells exposed to
thiamine deficient media [26,99]. Thiamine pyrophosphate
concentration in the brains of sheep fed a thiamine-free
synthetic diet for 4 weeks were reduced by 22%. In contrast,
free-base thiamine and TMP were reduced to a minor extent
relative to TPP reduction [26]. Poor absorption of thiamine
from the gastrointestinal tract and the loss of liver thiamine
stores due to some hepatic disease may also contribute to
TPP deficiency in the brain [88].
Inhibition of TPP synthesis from free-base thiamine could be
a major contributor to TPP insufficiency in the brain. Thiamine
pyrophosphate is synthesised from free-base thiamine. This
phosphorylation process requires adequate level of thiamine,
ATP, Mg2+, as well as normal function of TPPK. The inhibition
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of TPP synthesis occurs when any one of Mg2+, ATP and freebase thiamine is insufficient or the enzyme activity of TPPK is
inhibited. Mastrogiacomo et al., [100] observed that TPP was
significantly reduced by 18-21% while free-base thiamine
and TMP were remained unaltered in the brain of AD patients.
Since ATP levels in the brains of AD patients are reduced, they
proposed that this TPP reduction was due to the reduction
of the TPPK activity as TPPK is an ATP dependent enzyme.
Raghavendra Rao et al., [94] also reported that there was a
60% decrease in TPPK activity in the brain of an AD patient
that had decreased TPP. TPP synthesis cannot be performed
when there is not enough Mg2+. This may result in an apparent
metabolic thiamine deficiency, even when the body has
enough or excess thiamine [101].
Enhanced degradation of TPP could be another major factor
that can cause insufficiency of TPP in the brain. Some factors
such as nitrates and nucleophilic reagents may induce cellular
TPP degradation. Since TPP is a very active molecule, it is more
likely to be readily degraded by sulfite. Hydroxyl free radicals
(OH-) can also degrade TPP [85]. Thiamine pyrophosphate
may also be deactivated by nitrates that can react with the
amino group of the pyrimidine ring of the TPP molecule [85].
It has also been shown in vitro that the Cu, Mo and Fe could
increase the degradation of TPP. Farrer [102] observed the
effect of Cu on the rate of thiamine destruction in phosphate
buffer solutions in vitro. He found that thiamine was destroyed
more rapidly in the presence of Cu than in its absence. Farrer
[102] also suggested that other metals such as Fe and Zn
in phosphate nitrate solutions could accelerate thiamine
degradation, but the effects of these metals on thiamine
degradation have not been studied in vivo. Interestingly, we
observed reduced levels of Cu, Fe and Mo in the brain tissue
of S-induced PEM affected steers relative to the normal cattle
(Amat et al., unpublished data). Since these PEM affected steers
showed also significantly reduced brain TPP in comparison
to normal cattle, so it can be inferred that there may be a link
between reduced Cu, Fe and Mo and the reduced TPP status
in PEM brains. Furthermore, the levels of α-KGDH enzyme are
reduced in the brain of AD patient and the reduction of these
enzymes is postulated to be involved in the decomposition
of TPP. The α-KGDH enzyme is acting as a “sink” to its cofactor
TPP. When this protein is reduced, the affinity of TPP for its
apoenzyme would be diminished; unbound TPP will thereby
be easily converted or hydrolyzed to TMP by TPPase [88,91].
For veterinary practitioners, both thiamine deficiency and
S-induced PEM should be included on a differential list when
patients present with clinical signs or post-mortem findings
consistent with malacic lesions. With the knowledge, cattle
affected by suspected S-induced PEM may respond favourable
to thiamine treatment in early disease stages; despite the
conflicting evidence on its effectiveness in practice. Ensuring
a balanced diet without excess S is also advised. Ruminant
veterinarians and other allied animal health workers are
recommended to stay a breadth of advancing developments
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of biochemical medical advances to ensure a high quality
standard of care is provided to reduce patient morbidity and
mortality, in addition to improving livestock production and
decreasing excess costs of treatment associated with PEM.

Conclusions

Excess S intake in ruminants may affect brain tissue physiology
in many different ways. Sulfur metabolites sulfide and sulfite
may have direct detrimental effects on brain tissue structure.
More specifically, sulfite may disturb the thiamine status and
metabolism systemically and in the brain tissue. Undoubtedly,
these effects would have profound pathophysiological consequences in the brain. Taken together, the direct effects
of S metabolites on brain tissue and diminished thiamine
dependent enzymes activities will inevitably lead to neuronal
death, development of malacic lesions, and eventually to
fulminant PEM. Understanding the potential role of S-thiamine
interaction in the development of malacic lesions is important
step to determine the mechanism of S-induced PEM.
Over the last 3 decades, S-induced PEM evolved to become
a major problem in livestock industry worldwide with significant economic losses, and development of means to
control this disease is urgently required. Although significant
progress has been made in the understanding of S toxicity
pathophysiology in ruminants, more research is needed to
unravel the biochemical and molecular basis of S-induced PEM.
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