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Pathophysiology, prevention, and treatment of beriberi after

gastric surgery

Robert Beaumont Wilson

Beriberi is a nutritional complication of gastric surgery, caused by deficiency of
vitamin B;, or thiamine. Thiamine deficiency leads to impaired glucose metabolism,
decreased delivery of oxygen by red blood cells, cardiac dysfunction, failure of neuro-
transmission, and neuronal death. This review describes the history and pathophysiol-
ogy of beriberi as well as the relationship between beriberi and nutritional deficiencies
dfter gastric surgery. A literature review of the history and pathophysiology of beriberi
and the risk factors for thiamine deficiency, particularly after gastric resection or bar-
iatric surgery, was performed. Recommendations for nutritional follow-up post gastric
surgery are based on current national guidelines. Patients may have subclinical thia-
mine deficiency after upper gastrointestinal surgery, and thus beriberi may be precipi-
tated by acute illness such as sepsis or poor dietary intake. This may occur very soon
or many years after gastrectomy or bariatric surgery, even in apparently well-
nourished patients. Prompt recognition and administration of supplemental thiamine
can decrease morbidity and mortality in patients with beriberi. Dietary education post
surgery and long-term follow-up to determine nutritional status, including vitamin
and mineral assessment, is recommended for patients who undergo gastric surgery.

INTRODUCTION

Gastric resection for malignancy and bariatric surgery
for morbid obesity are associated with deficiencies of
both macro- and micronutrients, including thiamine
(vitamin B,).}"!° Gastrectomy alters the dietary behav-
ior of patients with regard to appetite, food selection,
and satiety.” Achlorhydria, vagotomy, functional pan-
creatic exocrine insufficiency, and removal of the pylo-
rus all contribute to disruption of the normal
neuroendocrine regulation of food digestion and ab-
sorption. Postgastrectomy malabsorption, dumping,
and diarrhea are particularly associated with total gas-
trectomy or Billroth II partial gastrectomy.™ This is re-
lated, in part, to diversion of chyme from the
duodenum to the jejunum. The rate of thiamine

absorption is highest in the duodenum."” Up to 30% of
patients who have had upper gastrointestinal resectional
or bypass surgery may have subclinical thiamine defi-
ciency, even when such patients appear well
nourished."

Thiamine is a cofactor necessary for normal glu-
cose and substrate metabolism, which involves enzymes
such as transketolase in erythrocytes and pyruvate de-
hydrogenase and a-ketoglutarate dehydrogenase in mi-
tochondria (Figure113). Thiamine is required for the
production of ribose, RNA, DNA, nicotinamide ade-
nine dinucleotide (NAD), and adenosine triphosphate
(ATP). It is particularly important in tissues that are
highly metabolically active, including neurons, cardiac
myocytes, and erythrocytes, all of which rely on glucose
as a main energy substrate. Thiamine triphosphate is
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Figure 1 Thiamine pyrophosphate and the Krebs cycle. Thiamine pyrophosphate (TPP) is required to feed pyruvate, a-ketoglutarate, and
branched-chain amino acids into the Krebs cycle for production of adenosine triphosphate (ATP)."®

required for normal function of neurotransmission,
high-conductance chloride channels, and neuromuscu-
lar acetylcholine receptors. Thus, thiamine deficiency is
the basis for Wernicke encephalopathy, Korsakoff psy-
chosis, mixed sensory and motor neuropathy (dry beri-
beri), hypotension, cyanosis, edema, arrhythmias, and
cardiac failure (wet Dberiberi) seen in thiamine
deficiency.

Thiamine, a water-soluble vitamin, cannot be
stored in appreciable amounts. Thiamine requirements
are increased by surgery, fasting, strenuous activity, fe-
ver, sepsis, pregnancy, breast feeding, adolescent
growth, and anorexia. Koike et al'* described thiamine-
deficient polyneuropathy after gastrectomy in Japanese
patients in 2012, distinguished it from alcoholic neu-
ropathy in 2003,'* and suggested it to be identical to
beriberi neuropathy in 2004."> Increased requirement
for thiamine or decreased consumption of thiamine fol-
lowing gastrectomy can result in acute or fulminant
beriberi, with aging patients being more susceptible.
Beriberi may occur many years after gastrectomy and
may not be recognized by treating physicians, resulting
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in delayed treatment. Early recognition and treatment
of beriberi, as well as prompt exclusion of other differ-
ential diagnoses, is crucial.

GASTRIC SURGERY AND NUTRITIONAL DISORDERS

Gastric surgery is associated with numerous nutritional
disorders, including pernicious anemia," iron deficiency
anemia, bone mineral disease,” postvagotomy syn-
drome, early and late dumping syndromes, hyperinsuli-
nemic hypoglycemia, malnutrition, malabsorption, and
functional ~ pancreatic  exocrine  insufficiency.>*
Deficiencies of fat-soluble vitamins (A, D, E, K) and
water-soluble vitamins (B group, C) can be related to
inadequate intakes, aversion to particular foods,” diar-
rhea, small intestinal bacterial overgrowth, or malab-
sorption. Malabsorption of iron, copper, zinc,
magnesium, or calcium can be caused by postgastrec-
tomy achlorhydria, decreased solubility of dietary salts
or trace elements, or inadequate contact of minerals
with the absorptive surface of the duodenum after by-
pass surgery.”’ Peripheral neuropathy after gastric
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surgery can result from deficiency in vitamin B, (thia-
mine), vitamin B, (riboflavin), vitamin Bs (pyridoxine),
vitamin B;, (cobalamin), folate, zinc, copper, or
vitamin E  (a-tocopherol). Deficiencies of multiple
B group vitamins may coexist after gastric surgery and
can contribute to nutritional polyneuropathy, which
manifests with numbness, paresthesia, neuritic pain,
sensory loss, gait disturbance, muscle weakness, muscle
wasting, or loss of reflexes."®'*

HISTORY OF BERIBERI

Thiamine deficiency causes edema, breathlessness, mus-
cle weakness, and a sheep-like pattern of gait, known as
beriberi. One of the earliest written descriptions of beri-
beri appears in the ancient Chinese medical treatise, the
Huangdi Neijing (Yellow Emperor’s Inner Canon), com-
piled between the fifth and third centuries Bce. The
entymology of the term beriberi is obscure. It is said to
be derived from the Singhalese word Bharyee, meaning
“weak movement,” the Hindustani word beri for sheep,
or the Arabic words buhr, meaning “asthma,” and
bahri, meaning “sailor” (“Sailor’s asthma”). Beriberi is
known in Japan as Kak’ke, derived from 2 Chinese
words, kiaku, meaning “legs,” and ke, meaning
“disease.” The earliest Western reference to beriberi was
made by Dr Jacobus Brontius, the Dutch East India
Company physician in Batavia in 1627. Brontius
reported that the high-stepping gait, shaking knees,
tremor, loss of sensation, and partial paralysis of (thia-
mine-deficient) neuropathy was referred to as biri-biri
by the native population, which meant “sheep.” The ex-
act cause of biri-biri, however, was not known until af-
ter 1889. Christian Eijkman, a Dutch military doctor,
had been sent to Batavia in 1886 to find the cause of
beriberi in the Dutch troops. He serendipitously discov-
ered that chickens fed the leftovers of the polished white
rice from the officer’s table in the military hospital de-
veloped stargazing (opisthotonos), staggering, and poly-
neuropathy. A new cook had disapproved of the
“civilian” chickens being fed the “military grade” proc-
essed white rice and resumed feeding them the local
unmilled red rice. Once the chickens were fed the whole
rice diet, they promptly recovered.'* >

Other researchers, including Gerrit Grijns, Richard
Pearson Strong, and Richard Fletcher subsequently pro-
posed that beriberi was a disease of deficiency related to
white rice consumption rather than an infectious dis-
ease or a response to a neurotoxin in the rice endo-
sperm. In the 1880s, Dr Kanehiro Takaki also
independently observed that white rice consumption
was associated with beriberi. He demonstrated that
replacing the predominantly white rice diet of sailors in
the Japanese Navy with a high-protein Western diet of
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meat, milk, vegetables, and barley prevented beriberi.
However, he erroneously concluded that the Japanese
low-protein diet was to blame. In 1912, Frederick
Gowland Hopkins proposed that minute amounts of es-
sential “accessory food factors” were required, together
with macronutrients, for normal growth and survival of
rats.”’ Casimir Funk first used the term vitamine (“vital
amine”) in 1911 for the antineuritic substance in
unmilled rice. The antineuritic factor was eventually
isolated and crystallized from rice polishings and
named aneurine by Dutch chemists Barend Jansen and
Willem Donath in 1926 in the Dutch East Indies. The
chemical structure of thiamine was elucidated in 1934,
and thiamine was synthesized in the laboratory by
Robert Runnels Williams’s group in 1935. Different
forms of beriberi include neuropsychiatric or Wernicke
encephalopathy-Korsakoff ~ syndrome  (Wernicke-
Korsakoff syndrome), wet beriberi, dry beriberi, gastro-
intestinal beriberi, fulminant or Shoshin beriberi, and
subtypes of infantile beriberi.'***

POLYNEUROPATHY INDUCED BY THIAMINE
DEFICIENCY

Polyneuropathy due to thiamine deficiency has been de-
scribed 2months to 39years after gastrectomy.'> The
clinical syndrome is quite distinct from alcoholic neu-
ropathy'® but is identical to beriberi.'* It includes neu-
ropathic symptoms, clinical progression, cranial nerve
palsy, urinary retention, anorexia, dysphagia, severe
constipation, ileus, orthostatic hypotension, cardiac ar-
rhythmia and coexistence of heart failure and Wernicke
encephalopathy. A symmetric polyneuropathy with
more marked involvement of the lower limbs than the
upper limbs is typical. Nerve conduction studies typi-
cally show markedly decreased amplitude of compound
motor action potentials and sensory nerve action poten-
tials, especially in the lower limbs.'? Sural nerve biopsies
show axonal degeneration, loss of myelinated fiber den-
sity, and subperineural edema with minimal demyelin-
ation.12,15—17

In their series of 17 gastrectomy patients with post-
surgical thiamine-deficiency polyneuropathy, Koike et
al'? reported the initial symptoms to be limb weakness
or burning paresthesia in the feet. Symptoms pro-
gressed over an interval of 3days to 8years. Most
patients (9 of 17) progressed to loss of ambulation
within 1 month of the start of symptoms.'” The pattern
of rapidly progressive ascending motor loss can be simi-
lar to, and initially mistaken for, Guillain-Barré syn-
drome in some patients.'® Most patients presented
many years after total or subtotal gastrectomy, many
with acute symptoms despite apparent normal dietary
intake.
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Table 1 Dietary sources of thiamine, ex?ressed as milli-
grams of thiamine per 100 g of food>% '

Type of food Thiamine content
(mg/100 g)
Cereals
Rice bran (crude) 2.75
Whole wheat flour 0.55
Brown rice 0.33
Wheat crackers 0.28
White rice (unfortified) 0.08
Fish
Bream (steamed) 0.06
Salmon (canned) 0.04
Meat
Pork chop 0.50
Chicken (steamed) 0.06
Beef sirloin 0.05
Vegetables
Black beans (raw) 0.90
Cabbage (raw) 0.12
Eggplant 0.04
Lentils 0.10
Onion (boiled) 0.02
Peas green (raw) 0.27
Potato (baked) 0.07
Pumpkin 0.04
Sweet corn (on cob) 0.13
Tomato (raw) 0.04
Nuts and seeds
Cashew nuts (raw) 0.42
Chia seeds (dried) 0.62
Hazelnuts 0.64
Flaxseed 1.64
Hemp seed (hulled) 1.27
Sesame seed 0.79
Sunflower seeds (dried) 1.48
Yeast preparations
Vegemite, Marmite 11.0
Brewer’s yeast 4.0
Milk
Cow'’s milk (3.25% fat) 0.044
Cow’s milk (2% fat) 0.039
Cow’s milk (1% fat) 0.02
Fruit
Tamarind (raw) 0.43
Orange juice (frozen concentrate, undiluted) 0.28
Orange (raw) 0.10
Cantaloupe (raw) 0.04
Banana (raw) 0.03
Strawberries (raw) 0.02
Apple (raw with skin) 0.02

PHYSIOLOGY OF THIAMINE

Thiamine (vitamin B;) is a water-soluble vitamin that,
unlike the fat-soluble vitamins, cannot be readily stored
in the body. It is an aminopyrimidine attached to a thia-
zole ring by a methylene linkage. Thiamine is an essen-
tial nutrient that is manufactured by plants, yeasts, and
prokaryotes, but not eukaryotic animals.'”** Animals,
including humans, rely mainly on dietary thiamine
sources such as pork, fish, whole grain cereals, yeast,
nuts, green vegetables, and legumes. The thiamine
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content of dairy products and fruit is minimal
(Table 1%). Thiamine is degraded by ultraviolet light as
well as by preservation, storage, drying, thawing,
gamma irradiation, and pasteurization or prolonged
cooking (temperature > 120°C) of foods. It is removed
by milling of grains or by alkaline limewater treatment
of maize. Milling or polishing removes the kernel of
whole grains, particularly the scutellum and the germ,
which are much richer in thiamine than the remaining
white starchy endosperm. The Recommended Dietary
Intake of thiamine for adults is 1.1 to 1.4 mg. Because
there is no reported toxicity from administration of ex-
cess thiamine, there is no upper level of intake. The
Recommended Dietary Intake of thiamine is influenced
by muscle mass, physical activity, body weight, age, sex,
pregnancy, and lactation. The Recommended Dietary
Intake is set by assuming a coefficient of variation of
10% for the Estimated Average Requirement'>'?>%797%
(Table 21219-303233)

ABSORPTION OF THIAMINE

The rate of thiamine absorption is highest in the duode-
num and proximal jejunum, which is why patients un-
dergoing Roux-en-Y gastric bypass, Billroth II partial
gastrectomy, or total gastrectomy are particularly at risk
of developing thiamine deficiency.'*'>*'"*® Most thia-
mine is ingested as thiamine pyrophosphate (TPP) and
then converted to free thiamine by brush border ecto-
phosphatases. Small intestinal absorption of free thia-
mine at high luminal concentrations occurs via passive
diffusion, or through active transport by carrier-
mediated transporters, ie, thiamine transporter 1 and
thiamine transporter 2. Active intestinal transport of
thiamine becomes vital when dietary intake is inade-
quate or marginal.”*** Colonic microbiota manufacture
thiamine in 2 forms—free thiamine and TPP—and pro-
vide a nondietary source of thiamine in animals.
Colonocytes absorb the bacterial-derived free thiamine
via active transport and the TPP by a high-aftinity TPP
transporter not found in the small intestine.”® Once
absorbed, intracellular free thiamine is converted to
TPP by thiamine pyrophosphokinase 1 via a process
that drives cellular uptake. Thiamine is then delivered
to the liver by the mesenteric portal venous system.
Raising free thiamine levels in the bloodstream does not
necessarily lead to a substantial increase in thiamine
transport across the blood-brain barrier, as thiamine is
not lipophilic and requires a slow, carrier-mediated
transporter. Allithiamine (thiamine allyl disulfide) is a
lipid-soluble form of thiamine found in allium vegeta-
bles, including leeks, garlic, chives, and onions. It read-
ily diffuses across cell membranes and has better
bioavailability than water-soluble thiamine. After the
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Table 2 Estimated Average Requirement (EAR) and Recommended Dietary Intake (RDI) for thiamine

12,19-30,32,33

Population Thiamine EAR (mg) Thiamine RDI (mg)
Children (9-13y) 0.7 0.9
Children (14-18 y)

Male 1.0 1.2

Female 0.9 1.1
Adults

Male 1.0 1.2

Female 0.9 1.1
Lactating or pregnant women 1.2 14

Postoperative bariatric surgery patients
Good health, no vomiting
Vomiting, poor oral intake, paresthesia
Neurological signs/WE/WKS

12-50 mg orally, twice daily, in vitamin B complex/MV form
500 mg IV or IM, twice daily
500 mg IV, 3 times daily

Abbreviations: IV, intravenous; IM, intramuscular; MV, multivitamin; WE, Wernicke encephalopathy; WKS, Wernicke-Korsakoff syndrome.

discovery of allithiamine, 2 synthetic lipophilic disulfide
versions of thiamine (fursultiamine and sulbutiamine)
and a water-soluble, more bioavailable S-acyl thiamine
derivative (benfotiamine) were developed, mainly in
Japan, for the treatment of beriberi.’”*®

MEASUREMENT OF THIAMINE LEVELS

Thiamine pyrophosphate is the magnesium-dependent,
active cofactor for the enzymes pyruvate dehydroge-
nase, o-ketoglutarate dehydrogenase, branched-chain o-
ketoacid dehydrogenase, and transketolase. These
enzymes are vital for normal cellular metabolism
(Figure 1). Other intracellular phosphorylated forms of
thiamine include thiamine monophosphate, thiamine
triphosphate, and adenosine thiamine triphosphate.
Thiamine pyrophosphate is dephosphorylated to thia-
mine monophosphate by thiamine pyrophosphatase.
Thiamine monophosphate can be converted back to
free thiamine by thiamine monophosphatase.”” In the
past, thiamine levels were determined by serum thia-
mine concentrations, erythrocyte TPP levels, or the
TPP effect. The TPP effect measures the activity of
erythrocyte transketolase when extra thiamine is added
in vitro and is reported as a percentage increase in ac-
tivity over baseline. (normal activity, 0%-15%; marginal
deficiency, 15% to 24%; and severe deficiency, > 25%).
The TPP effect represents the functional intracellular
level of thiamine: the higher the TPP effect, the greater
the thiamine deficiency. Serum thiamine is not a reli-
able indicator of overall thiamine levels in the body, as
only 0.8% of thiamine in the body is found in the
blood.** Today, TPP is more commonly measured di-
rectly in whole blood using high-performance liquid
chromatography, with the normal clinical reference
range being 74 to 222 nmol/L. Not all patients with
beriberi will have abnormally low levels of TPP in whole
blood (< 70 nmol/L).*
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RISK FACTORS FOR THIAMINE DEFICIENCY

Thiamine deficiency may result from inadequate dietary
intake, administration of total parenteral nutrition
without adequate vitamin replacement, impaired intes-
tinal absorption, small intestinal bacterial over-
growth,*>*! genetic metabolic diseases,*> increased
losses of thiamine or increased physiological require-
ments, or consumption of antithiamine factors, ant-
acids, sulfites, or sodium bicarbonate food
preservatives.”> The maximum body store of thiamine
is 30 mg, which is rapidly depleted within 2 weeks of be-
ginning a thiamine-deficient diet. Risk factors for de-
creased thiamine intake include protracted vomiting,
bariatric or gastrointestinal surgery, malnutrition,
hyperemesis gravidarum, anorexia, and alcoholism.**
Examples of foods that can lead to inadequate thia-
mine intake upon prolonged consumption include
sago, cassava flour, unfortified white bread, or highly
refined cereals such as polished white rice. The con-
sumption of a diet composed mainly of refined carbo-
hydrates or one that includes high alcohol intake also
reduces body thiamine stores. To attain maximal eryth-
rocyte transketolase activity, at least 0.6 mg of thiamine
per 1000 kcal of carbohydrate is required. Most humans
will develop symptoms of thiamine deficiency when in-
take is below 0.2 mg of thiamine per 1000 kcal. Whole
wheat flour contains 0.55mg of thiamine per 100 g,
brown rice 0.33 mg per 100 g, and highly milled white
rice only 0.08 mg per 100 g. Adding baking powder (so-
dium bicarbonate) to wholemeal flour when baking
bread reduces the thiamine content. Washing white rice
in water prior to cooking reduces the thiamine content
by half. Thiamine is heat labile, chlorine sensitive, and
water soluble, so discarding the rice water after cooking
or using chlorinated water for cooking or washing rice
contributes to thiamine loss from the diet.*” Parboiling
of rice was originally developed in India but is not prac-
ticed in Southeast Asia or Japan, where milled white
rice is preferred. Rice parboiling distributes the
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thiamine content from the bran and aluerone layer to
the endosperm prior to milling. This is why beriberi is
rare in India, where parboiled rice is the primary form
of rice consumed.

After 1878, mechanical roller milling of wheat and
polishing of rice became widespread. Consumption of
mass-produced, polished white rice as the staple diet in
East Asian countries led to epidemics of beriberi (poly-
neuritis endemica) in the 1800s and 1900s.2!** Polished
rice and milled wheat were also popular because re-
moval of the oil-rich bran layer from rice or the wheat
bran from wheat grains prolonged storage times, mini-
mized rancidity, and reduced the susceptibility to wee-
vils. Mandatory fortification of wheat flour with the
thiamine mononitrate vitamer was introduced in
Australia in 1991. Since then, Wernicke-Korsakoff syn-
drome has become very uncommon in Australia. The
thiamine mononitrate vitamer is used because it is non-
hygroscopic and more stable than thiamine hydrochlo-
ride.*> Mandatory fortification of bread with iodine and
folate was commenced in Australia in 2009. Folate defi-
ciency may indirectly contribute to thiamine deficiency,
as folate is required for the regeneration of reduced nic-
otinamide adenine dinucleotide (NADH) by dihydrofo-
late reductase. NADH is necessary for the regeneration
of TPP.** Vitamin C may protect against the develop-
ment of symptoms of thiamine deficiency.”?

ANTITHIAMINE FACTORS AND BERIBERI

Antithiamine factors include thiaminases, mycotoxins,
thiamine antagonists, and hemin. These factors can pre-
cipitate a thiamine deficiency crisis in susceptible indi-
viduals. Ingestion of foods containing antithiamine
factors (particularly thiaminase I) is associated with
mass mortality in fish and birds, cerebrocortical necro-
sis in ruminants, equine encephalomyelitis (blind stag-
gers) in horses, and acute beriberi in humans.
Thiaminases, which are structurally similar to hemin,
split thiamine at the methylene linkage.*” Type I thiami-
nases are found in raw or fermented fish (paa dek),*®
crustaceans, mussels, and shellfish; rhizomes of
Christmas fern (Polystichum acrostichoides) and
bracken fern (Pteridium aquilinum); Australian nardoo
sporocarps (Marsilea drummondii)” and rock fern
(Cheilanthes sieberi); and some anaerobic intestinal bac-
teria (Clostridium sporogenes, Clostridium botulinum,
Paenibacillus thiaminolyticus). The type I thiaminases
in fish, shellfish, and crustaceans are thought to be pro-
duced by the intestinal and visceral bacteria of these
animals, rather than by the primary host’s tissues.
Similarly, the source of thiaminase I ingested by herbi-
vores is thought to be bacteria in fern rhizomes. Both el-
evated thiaminase I activity and associated Bacillus

1020

thiaminolyticus have been found in the feces of patients
with beriberi.** Type II thiaminases are produced by
Bacillus  subtilis,  Aneurinibacillus  aneurinilyticus,
Candida spp, Helicobacter pylori, Staphylococcus aureus,
Staphylococcus epidermidis, and Sulfolobus solfatari-
cus.* " The disulfide and S-acyl synthetic derivatives
of thiamine are less susceptible than the parent thia-
mine to degradation by thiaminases.”

Thiamine antagonists are found in tea and betel
nuts (tannic acid), coffee (chlorogenic acid, caffeic
acid), bracken fern (caffeic acid), and pigmented
polyphenol-containing foods such as red cabbage, blue-
berries, red currants, and red beets. These cause oxida-
tion of the thiazole ring of thiamine, forming
nonabsorbable thiamine disulfide.’> For example, con-
sumption of 1 g of dry tea leaves boiled in 100 mL of
water for 5 minutes caused thiamine loss of 0.21 mg per
hour.” Vitamin C and cysteine can protect thiamine
from degradation caused by organic acids and polyphe-
nols.>* Outbreaks of beriberi in the wet season in some
countries may be related to low availability of food, im-
portation of poor-quality rice or milled white rice, sea-
sonal variations in plant tannin levels, or the mycotoxin
citreoviridin, produced by rice mold.”>">’

FOOD ADDITIVES AND THIAMINE

Thiamine is unstable under alkaline conditions pro-
duced by food additives such as preservatives and ant-
acids (eg, sodium bicarbonate), which cause disruption
of the thiamine methylene bridge. Sulfite-type food
preservatives include sulfur dioxide, sodium sulfite, so-
dium and potassium bisulfite, and sodium and potas-
sium metabisulfite. These are used extensively in the
production and preservation of foods and beverages, in-
cluding dried fruit, ready-to-eat salad vegetables, frozen
fried potatoes, wine, beer, soft drinks, packaged fruit
juices, shellfish, and pickled and pureed foods. Sulfites
possess antioxidant and antimicrobial activities, which
inhibit the enzymatic and nonenzymatic (browning)
spoiling of food. This preserves the color, freshness, fla-
vor, and crispness of food but substantially reduces the
available thiamine. For example, respective thiamine
loss from cabbage blanched with sulfite-treated water
versus untreated water was 45% vs 15%.>> The use of
sulfiting agents in foods recognized as important sour-
ces of thiamine is prohibited by the US Food and Drug
Administration®® (Figure 23258,

INCREASED LOSSES CAUSED BY THIAMINE-DRUG
INTERACTIONS

Increased losses of ingested thiamine can be caused by
drug-related polyuria or diarrhea, drug interactions, or
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Figure 2 Sulfite disruption of the methylene bridge of thiamine.>”

chronic excessive alcohol consumption. Thiamine is a
polar, water-soluble vitamin and is not protein bound,
which allows it to be easily dialyzed or filtered in the
glomerulus. Increased urine flow, loop diuretics, or di-
alysis can all cause thiamine deficiency. Thiamine defi-
ciency is associated with drugs such as omeprazole,
phenytoin, 5-fluorouracil, metformin, alcohol, antibiot-
ics, furosemide, and thiazide diuretics.”* Because of its
azole analogue molecular structure, omeprazole may
cause inactivation of pyruvate decarboxylase and hu-
man erythrocyte transketolase, resulting in antagonism
of thiamine.” Omeprazole may inhibit gastric proton
pumps by competing with thiamine for binding to hy-
drogen/potassium  adenosine triphosphatase.*>’
Proton pump inhibitor drugs®® or Roux-en-Y gastric
bypass surgery may also worsen subclinical thiamine
deficiency by promoting small intestinal bacterial over-
growth, which alters luminal thiamine levels.*!
Hypomagnesemia induced by proton pump inhibitors
can contribute to functional thiamine deficiency, as
magnesium is a required cofactor for the formation of
TPP and acetyl coenzyme A.%° 5-Fluorouracil decreases
hepatic thiamine levels and thiamine-dependent trans-
ketolase activity. This is associated with an increase in
the TPP effect in vitro and in whole blood.”" 5-
Fluorouracil is catabolized to fluoroacetate, which
blocks the Krebs cycle and ATP production, leading to
neurotoxicity, ammonia formation, and encephalopa-
thy.®*"®* Metformin, a substrate and inhibitor of the hu-
man thiamine transporter 2, reduces both intestinal
absorption of thiamine and levels of thiamine in tissues
and liver.®> " Alcohol decreases carrier-mediated thia-
mine transport in the brush border and basolateral
membrane of enterocytes in the jejunum (thiamine
transporter 1) and potentially decreases thiamine pro-
duction by intestinal flora in the lumen.*®

Small intestinal bacterial overgrowth can be treated
specifically with certain oral antibiotics such as rifaxi-
min, neomycin, and metronidazole, which can improve
postoperative thiamine deficiency in Roux-en-y gastric
bypass patients.*”*"** The use of broad-spectrum
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antibiotics (penicillins, cephalosporins, aminoglyco-
sides, tetracyclines, fluoroquinolones, sulfonamides, tri-
methoprim), however, can potentially cause thiamine
deficit in some patients by reducing counts of normal
intestinal bacteria that produce thiamine (eg,
Escherichia coli, bifidobacteria, Lactobacillus spp) and
by promoting the growth of pathogenic flora such as
Clostridium spp, which produce thiaminases.**”’
Metronidazole, a thiazole, has been shown to be a sub-
strate for thiaminase I. Formation of thiamine antime-
tabolites from metronidazole, which can occur
particularly with high cumulative doses or prolonged
use of metronidazole, can inhibit thiamine pyrophos-
phokinase, leading to irreversible, painful, peripheral
neuropathy.>

Patients with congestive heart failure who receive
chronic therapy with furosemide or thiazide diuretics
can also develop thiamine deficiency. The prevalence of
thiamine deficiency in this patient population varies
from 21% to 98%. Supplementation with thiamine has
been shown to improve left ventricular ejection fraction
by 22%, New York Heart Association Functional
Classification, and TPP effect (from 11.7% to 5.4%) in
these patients.”' Mechanisms for exacerbation of heart
failure by diuretics include increased thiamine loss in
urine, furosemide-related inhibition of cardiac myocyte
thiamine uptake, furosemide-induced anorexia, furose-
mide inhibition of intestinal absorption or cellular up-
take  of  thiamine, and  hypomagnesemia.**
Unrecognized thiamine deficiency in heart failure
patients treated with long-term diuretic therapy may re-
sult in Shoshin beriberi’* (Table 3°%3%41,3439.6168,71)

INCREASED REQUIREMENTS FOR THIAMINE

Thiamine requirements increase in rapidly dividing or
metabolically active cells or during the mobilization of
energy substrates. This occurs during infancy, adoles-
cent growth, pregnancy, lactation, hyperthyroidism, fe-
ver, sepsis, strenuous exercise, major surgery, refeeding
syndrome, or rapid growth of cancers.'>"*"*>>>”> Fever
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Table 3 Effects of drugs and antithiamine agents on thiamine

32,34,41,54,59,61,68,71

Drug family/antithiamine agent Drug Effect on thiamine

Alcohol Ethanol Decreased intestinal thiamine transport

Antibiotic Metronidazole Production of thiamine antimetabolites

Antibiotics p-lactams, aminoglycosides, Decreased production of thiamine by intestinal microbiota
trimethoprim, quinolones

Chemotherapy 5-fluorouracil Decreased production of hepatic thiamine, decreased TKT activity

Polyphenols (coffee, tea) Caffeic acid, tannic acid Oxidation of thiazole ring

Diuretics Furosemide, thiazides Increased renal excretion, decreased intestinal absorption

Flavonoids Quercetin, rutin Oxidation to thiamine disulfide

Food preservatives Sulfites Disruption of thiamine methylene bridge

Oral hypoglycemics (biguanide)  Metformin THTR2 inhibitor, prevents active transport of thiamine

Proton pump inhibitors Omeprazole Inactivation of PDH, erythrocyte transketolase, and H/K ATPase

Abbreviations: H/K ATPase, hydrogen/potassium adenosine triphosphatase; PDH, pyruvate dehydrogenase; TKT, transketolase; THTR2,

thiamine transporter 2.

can critically increase the requirement for thiamine, as
a rise in core body temperature of 1°C will increase the
basal metabolic rate by 10%.”* Consumption of a high-
fat or a high-carbohydrate diet results in increased met-
abolic consumption of thiamine.** This is particularly
relevant in individuals with preexisting thiamine defi-
ciency, such as refugees, prisoners of war, persons with
alcoholism, oncology patients, and postoperative bariat-
ric surgery or gastrectomy patients. Administering oral,
enteral, or parenteral nutrition to these patients without
concomitant thiamine supplementation can result in
fulminant beriberi or acute refeeding syndrome.”>”>”°

THIAMINE PYROPHOSPHATE AND ACETYL
COENZYME A

Thiamine is a vital cofactor for the production of energy
in cells. Both NADH and flavin adenine dinucleotide
are produced in cells during cytosolic glycolysis and in
mitochondria via the Krebs cycle. These are strong re-
ducing agents that are oxidized in mitochondria to gen-
erate ATP. NADH transport from the cytosol to the
mitochondria is mediated by the malate—aspartate and
glycerol phosphate shuttles.*® During strenuous, intense
exercise, there is limited oxygen in muscles for the oxi-
dation of pyruvate and NADH. NAD™" is regenerated
from NADH via the reduction of pyruvate to lactate
(anaerobic glycolysis). The lactate then diffuses out of
the muscle and is transported to the liver, where it is
converted back to pyruvate by lactate dehydrogenase
and glucose by gluconeogenesis (Cori cycle). Oxidative
phosphorylation is more efficient than anaerobic glycol-
ysis, producing a net yield of 34 molecules of ATP
per molecule of glucose compared with a net yield of
2 molecules of ATP from 1 molecule of glucose.®™®'
However, the production of lactate from glucose occurs
10 to 100 times faster than the complete oxidation of
glucose via mitochondrial respiration. Therefore, over a
given time period, the net amount of ATP generated
may be comparable when either fermentation or
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oxidative phosphorylation of glucose is utilized. The fer-
mentation of glucose to lactate, even in the presence of
adequate oxygen, is used by cancer cells for prolifera-
tion, a process known as the Warburg effect.®”

The active form of thiamine is TPP, also known as
thiamine diphosphate. The synthesis of TPP from thia-
mine requires magnesium, ATP, and thiamine pyro-
phosphokinase. Hypomagnesemia may exacerbate
thiamine deficiency, particularly in patients with beri-
beri or refeeding syndrome. For example, concomitant
administration of intravenous magnesium sulfate and
thiamine in alcoholic patients significantly improved
erythrocyte transketolase activity compared with intra-
venous thiamine alone.*” Thiamine pyrophosphate,
NAD, pantothenic acid (vitamin Bs), and magnesium
are required for the oxidative decarboxylation of pyru-
vate by pyruvate dehydrogenase to produce active ace-
tate and acetyl coenzyme A. Pyruvate dehydrogenase
links cytosolic glycolysis to mitochondrial aerobic me-
tabolism during oxidative phosphorylation and ATP
production. Pyruvate cannot be utilized in the Krebs cy-
cle in thiamine deficiency and is converted to lactate by
lactate dehydrogenase. Lactic acidosis, depletion of cel-
lular ATP, and venous hyperoxia ensues. This may
manifest in abdominal pain, nausea, and vomiting,
known as gastrointestinal beriberi.** Similarly, TPP is a
cofactor in the oxidative decarboxylation of a-keto
acids, during which o-ketoglutarate dehydrogenase cat-
alyzes the conversion of a-ketoglutaric acid to succinyl-
coenzyme A. In addition, TPP is a cofactor for the
branched-chain «-ketoacid dehydrogenase, acting on
the 2 ketocarboxylates produced from the branched-
chain amino acids L-leucine, L-isoleucine, and L-valine.

The production of mitochondrial ATP by oxidative
phosphorylation in the Krebs cycle is necessary for
maintenance of transmembrane electrochemical
gradients, sodium-potassium pumps, myosin-actin
interactions, and cellular metabolism. The inability to
feed pyruvate, keto acids, or amino acids into the
Krebs cycle in thiamine deficiency leads to failure of
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energy-dependent cells, particularly neurons, myocytes,
and myocardial cells® (Figure 1). The neurotransmitter
acetylcholine is produced from choline and acetyl
coenzyme A. Impaired synthesis of acetylcholine and
y-amino butyric acid (GABA) in thiamine deficiency
can also cause neuronal dysfunction, manifested by
numbness, paresthesia, and muscle cramps.*® Thiamine
pyrophosphate is also thought to be a cofactor for
2-hydroxyacyl-coenzyme A lyase, required for the
production of neural myelin and cerebroside from
2-hydroxy carboxyl substrates.®”

THIAMINE AND TRANSKETOLASE

Red blood cells lack mitochondria and cannot store gly-
cogen. They are entirely dependent on facilitated diffu-
sion of glucose and anaerobic glycolysis for their energy
needs. Erythrocyte metabolism of glucose occurs
through the hexokinase glycolysis pathway, the hexose
monophosphate shunt or pentose phosphate pathway,
and the Rappaport-Luebering glycolytic shunt.
Thiamine pyrophosphate is a coenzyme for the transke-
tolase reaction, which has an essential function in the
pentose phosphate pathway. The oxidative branch of
the pentose phosphate pathway converts 1 molecule of
glucose 6-phosphate to ribulose 5-phosphate and pro-
duces 2 molecules of nicotinamide adenine dinucleotide
phosphate (NADPH). Because mammalian erythrocytes
lose their mitochondria during the third phase of eryth-
ropoiesis, they have no other way of producing
NADPH apart from the pentose phosphate pathway.
NADPH is required for the reduction of glutathione,
which preserves the erythrocyte cytoskeleton and cell
membrane structure and maintains hemoglobin in the
ferrous state. This is necessary for successful delivery of
oxygen by erythrocytes to the body. Under conditions
of erythrocyte oxidative stress, up to 90% of glucose is
utilized via the pentose phosphate pathway, which
increases erythrocyte requirements for TPP.*® When
erythrocyte transketolase is inactivated in thiamine defi-
ciency, failure of delivery of oxygen may exacerbate lac-
tic acidosis and tissue hypoxia, contributing to
fulminant organ failure, Shoshin beriberi, or Wernicke-
Korsakoff syndrome.

BERIBERI AND THE PENTOSE PHOSPHATE PATHWAY

NADPH produced from the TPP/transketolase-depen-
dent oxidative branch of the pentose phosphate path-
way is used for the synthesis of fatty acids and
cholesterol as well as for the production of ribose for
synthesis of nucleic acids and nucleotides. The pentose
phosphate pathway also provides a large reserve of
NADPH in synaptosomes to prevent oxidative stress
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and to remove hydrogen peroxide produced by the ac-
tion of monoamine oxidase on neurotransmitters re-
leased at neuronal synapses.”” The reversible
nonoxidative branch of the pentose phosphate pathway
produces glycolytic intermediates such as fructose 6-
phosphate and glyceraldehyde 3-phosphate, which can
be converted into pentose phosphates for DNA synthe-
sis or directed back to glucose 6-phosphate for NADPH
production.”® Neurons are more susceptible to mito-
chondrial dysfunction and oxidative stress than astro-
cytes. This is possibly due to neuronal dependence on
the pentose phosphate pathway-based use of glucose
and neuronal inability to sustain prolonged glycolysis.
Neurons are also dependent on reduced glutathione,
produced by astrocytes, for redox homeostasis and re-
moval of reactive oxygen species.

Lactate produced by astrocyte glycolysis and lactate
dehydrogenase 1 is shuttled to neurons (the astrocyte-
neuron lactate shuttle) to provide the substrate for pro-
duction of oxidative mitochondrial energy. Neurons
take up this lactate via monocarboxylate transporter 2
and convert it back to pyruvate with lactate dehydroge-
nase 5, which spares neuronal glucose to be directed
into the pentose phosphate pathway.***>! Rapidly di-
viding cells, including hematological and epithelial can-
cers, require purines from the nonoxidative branch of
the pentose phosphate pathway for RNA and DNA syn-
thesis.”” Non-oxidative glucose is also utilized via the
pentose phosphate pathway to produce nucleotides for
synaptic remodeling and neuronal plasticity during
brain and nerve development or repair.*®

While TPP is essential for utilization of normal en-
ergy substrates, thiamine triphosphate is required for
neurotransmission and normal function of high-
conductance chloride channels and neuromuscular ace-
tylcholine receptors in excitable tissues. Thiamine defi-
ciency thus causes neuronal loss, neuromuscular
dysfunction, and oxidative stress, which can lead to
muscle weakness, areflexia, and progressive sensorimo-
tor neuropathy (dry beriberi), along with confusion,
nystagmus, ataxia, and ophthalmoplegia (Wernicke en-
cephalopathy). Failure of rapid thiamine administration
in Wernicke encephalopathy leads to irreversible dam-
age to the thalamus, mammillary bodies, basal fore-
brain, and cerebellum, characterized by anterograde
and retrograde amnesia, confabulation, cognitive im-
pairment, and memory deficits (Korsakoff psychosis).
Cardiovascular manifestations of thiamine deficiency
include high-output cardiac failure, peripheral vasodila-
tion, arteriovenous shunting of blood, activation of the
renin-angiotensin-aldosterone system, dyspnea, edema,
and dysrhythmias (wet beriberi).'>*® The fulminant
Shoshin form of wet beriberi is characterized by a low
cardiac ejection fraction, peripheral vasoconstriction,
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cold periphery, severe lactic acidosis, profound hypo-
tension, Torsades des Pointes, cyanosis, biventricular
heart failure, refractory cardiovascular collapse, and
death within hours if not treated immediately with par-
enteral thiamine.”

NEUROPATHY AND STATIN DRUGS

Severe sensorimotor polyneuropathy has also been de-
scribed in patients who receive long-term treatment for
hypercholesterolemia with statin drugs, including lova-
statin, simvastatin, pravastatin, and atorvastatin.”*™”
This should be considered in patients who present with
an acute illness suggesting dry beriberi but do not re-
spond quickly to thiamine rescue.'® Guillain-Barré syn-
drome can occur soon after initiation of statin therapy,
though rarely within 24 hours. Potential mechanisms
include  inhibition = of  hydroxylmethylglutaryl-
coenzyme A reductase or mitochondrial dysfunction
caused by decreased concentration or transport of ubi-
quinone. Ubiquinone, or coenzyme Q10, is a key redox
molecule in the mitochondrial respiratory chain re-
quired for neuronal function. Other drugs that can
cause the typical demyelination in Guillain-Barré syn-
drome include allopurinol, arsenic, amitriptyline, and
cisplatin.®*"®”  Thiamine deficiency may exacerbate
heavy metal toxicity, as both arsenic trioxide and mer-
cury can inhibit the pyruvate dehydrogenase complex,
leading to irreversible axonal neuropathy.”®

POSTGASTRECTOMY BERIBERI

Up to 30% of patients will have evidence of thiamine
deficiency after surgery involving the upper gastrointes-
tinal tract, including partial gastrectomy, total gastrec-
tomy, and Roux-en-Y gastric bypass.'>** Thiamine
deficiency in these patients may be multifactorial, in-
volving behavioral, dietary, neurohormonal, absorptive,
and anatomical changes that occur after surgery.
Gastric surgery alters the dietary behavior of patients
with regard to appetite, food selection, and satiety.”
Acquired aversion to fat-containing foods such as meat
and dairy products is common. Pylorus resection, va-
gotomy, achlorhydria, functional pancreatic exocrine
insufficiency, and postcibal asynchrony all contribute to
disruption of the normal neuroendocrine regulation of
food digestion and absorption. Malabsorption, dump-
ing, and diarrhea post gastrectomy are particularly asso-
ciated with total gastrectomy or Billroth II partial
gastrectomy.™* This is related to defunctioned small in-
testinal segments, diversion of chyme from the duode-
num to the jejunum, and impaired release of
cholecystokinin-pancreozymin and secretin following
Roux-en-Y reconstructions.™ For example, in a series
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of postoperative Roux-en-Y gastric bypass patients, 27
of 151 (18%) had thiamine deficiency at a mean of
5 years (range, 0.16-9 years) of follow-up.*' Of these 27
patients, 14 showed evidence of neuropsychiatric
(Wernicke-Korsakoff syndrome) beriberi, 18 wet beri-
beri, 3 dry beriberi, and 11 gastrointestinal beriberi.
Different subtypes of beriberi coexisted.*’ Some Roux-
en-Y gastric bypass patients with symptoms of thiamine
deficiency do not respond to oral thiamine supplemen-
tation. This can be caused by small intestinal bacterial
overgrowth, which can be diagnosed by glucose-
hydrogen breath testing and treated by rotating oral
antibiotics with thiamine replacement.*’

WORSENING OF THIAMINE DEFICIENCY

Because thiamine is not stored in appreciable amounts,
patients with subclinical thiamine deficiency after gas-
tric surgery may develop acute symptoms of thiamine
deficiency during times of physical stress. Refeeding
syndrome related to thiamine deficiency may occur im-
mediately after surgery, particularly if the patient expe-
rienced substantial preoperative weight loss or received
neoadjuvant chemotherapy or radiotherapy. Such
patients also require simultaneous administration of
magnesium, potassium, and phosphate.””””*** Beriberi
may occur in the subsequent weeks to months after sur-
gery if the patient has persistent vomiting, poor nutri-
tion, or poor compliance with vitamin intake, or it may
manifest many years later, when other risk factors may
contribute. This is why daily thiamine replacement after
gastric surgery with a good-quality oral multivitamin
supplement has been advocated by national bariatric
and gastrointestinal surgical societies and is recom-
mended in multiple nutritional guidelines.'>*”**~%
Thiamine requirements increase with surgery, ag-
ing, sepsis, fever, anorexia, physical exertion, and
broad-spectrum antibiotic treatment.'>**’* Worsening
of subclinical thiamine deficiency can also occur with
aging. This may explain the lag time of development of
neuropathic symptoms after gastrectomy in some older
patients.'>*” The required ratio of thiamine to caloric
intake may be higher in older persons than in younger
individuals, particularly those who are physically ac-
tive.”> Weight loss and anorexia can be caused directly
by thiamine deficiency, which inhibits hypothalamic
adenosine monophosphate-activated protein kinase
and upregulates brown fat uncoupling protein 1. This
reduces food intake by up to 75%, increases resting en-
ergy expenditure by 9-fold, and reduces body weight by
17% to 24% in murine models.'”’ Thiamine supplemen-
tation with oral benfotiamine rapidly restores lean body
mass, but with slower return of fat mass.'® The initial
apathy, weight loss, and anorexia of thiamine deficiency
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may contribute to a fulminant presentation of
beriberi.*”

EARLY RECOGNITION OF BERIBERI

The early recognition and rapid administration of par-
enteral thiamine in suspected beriberi is crucial to pre-
vent progression from Wernicke encephalopathy to
Wernicke-Korsakoff syndrome and to minimize perma-
nent neurological damage. Only 16% to 54% of patients
with Wernicke encephalopathy present with all 3 fea-
tures of the classic triad (ataxia, altered mental state,
nystagmus/ophthalmoplegia). Patients may initially pre-
sent with nonspecific symptoms such as lethargy, som-
nolence, depression, irritability, fatigue, headaches, or
restlessness. Peripheral neuropathy may manifest with
burning feet, paresthesia, muscle tenderness, or calf
cramps. Other symptoms may include anorexia, vomit-
ing, dysphagia, abdominal pain, and constipation (gas-
trointestinal beriberi).'°*'””  Thiamine replacement
therapy in individuals at risk should not be delayed
while waiting for the results of blood TPP assays to be-
come available.” Guidelines for treatment of patients
with acute beriberi presentations include 500 mg of in-
travenous thiamine, 3 times daily for 3 to 5 days, fol-
lowed by intravenous thiamine, 250 mg/d for 3 to 5 days
or until the symptoms disappear, and then further treat-
ment with oral thiamine, 100 mg/d. Because multiple vi-
tamin deficiencies coexist in acute beriberi, other
B group vitamins should also be administered (50 mg
vitamin B¢ IV, 4 mg riboflavin IV, 150 mg niacin IV; 3
times daily) along with vitamin C (500 mg/d IV), for
3 days, followed by oral supplementation.”” The ratio-
nale for using thrice-daily dosing of intravenous thia-
mine in acute presentations is based on the short half-
life of intravenous thiamine (96 minutes) and the slow,
carrier mediated process of thiamine transport across
the blood-brain barrier. A single intravenous dose of
thiamine is less likely to achieve sufficient brain tissue
levels, and the bioavailability of oral thiamine hydro-
chloride is only 3.7% to 5.3%.”

Subclinical thiamine deficiency can develop after
both malabsorptive (Roux-en-Y gastric bypass, bilio-
pancreatic diversion) and restrictive (laparoscopic ad-
justable gastric band, laparoscopic sleeve gastrectomy)
types of bariatric surgery. It can be prevented by ensur-
ing that 100% to 200% of the Recommended Dietary
Intake of thiamine is included in the routine daily mul-
tivitamin supplement. Among individuals who undergo
bariatric surgery and subsequently present with
Wernicke encephalopathy, noncompliance with oral vi-
tamin  supplementation is common  (10.3%).
Noncompliance may be exacerbated by the impaired
cognition, the apathy, or the progressive
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encephalopathy associated with chronic or acute thia-
mine deficiency.'® The incidence of thiamine defi-
ciency is increased after surgical complications,
prolonged vomiting, or inadequate food intake. This
can be related to a poorly adjusted laparoscopic adjust-
able gastric band, marginal ulcer or gastrojejunal anas-
tomotic stricture, gastric volvulus, intra-abdominal
abscess, hiatal hernia, or sleeve stenosis after laparo-
scopic sleeve gastrectomy.'*>'%*''* Such patients re-
quire rapid intervention, including administration of
high-dose empirical thiamine (500 mg IV, 3 times daily)
and the use of alternative routes of nutrition and hydra-
tion (eg, total parenteral nutrition, nasojejunal tube,
gastrostomy feeding tube). This is important from both
a clinical and a medicolegal perspective.''!

For example, in a systematic review of patients who
developed Wernicke encephalopathy after bariatric sur-
gery, 49% (40 of 84) had persistent cognitive impair-
ment despite thiamine repletion treatment. Types of
bariatric surgery included gastric bypass in 43 of 84
(51%), various restrictive procedures in 37 of 84 (44%),
and biliopancreatic diversion in 4 of 84 (5%). The time
from surgery to Wernicke encephalopathy presentation
was less than 6 months in 79 of 84 cases (range, 3 weeks
to 18 months). The median age was 32 years (range, 14—
55 years), and 68 of 84 (82%) were women. The primary
risk factor for Wernicke encephalopathy in this review
was protracted vomiting in 76 of 84 patients (90%). In
the remaining 8 patients (10%) without vomiting, risk
factors included rapid weight loss, loss of appetite, eat-
ing avoidance, or noncompliance with vitamin supple-
mentation. In 15 of 84 patients (18%), intravenous
dextrose had been administered without prior thiamine
repletion. Peripheral neuropathy occurred in 64 of 84
patients (76%) and was more frequent in the lower
limbs than in the upper limbs (61 of 84 vs 30 of 84
patients).'”’A 2018 review of 118 patients who devel-
oped Wernicke encephalopathy after bariatric surgery
(Roux-en-Y gastric bypass, 52%; laparoscopic sleeve
gastrectomy, 21%; gastroplasty, 9%; laparoscopic adjust-
able gastric band, 5%; biliopancreatic diversion, 3%)
found that the dose of parenteral thiamine rescue ther-
apy was inadequate (< 500 mg/d) in 44 of 57 patients
(77%). Clinical progression of initial symptoms of
Wernicke encephalopathy to chronic Korsakoff syn-
drome occurred in 31.6% of patients and was associated
with delayed diagnosis or inadequate thiamine
replacement.'*®

Micronutrient deficiencies also occur preopera-
tively in patients undergoing bariatric surgery. This
consistent finding from academic bariatric units in dif-
ferent countries is related to poor-quality, high-calorie
diets with low micronutrient intake.''* In a Dutch study
conducted in 200 morbidly obese patients prior to
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Box 7 Summary of thiamine for prevention and treatment of beriberi after gastric surgery

Thiamine (vitamin B,) is a water-soluble vitamin that, unlike fat-soluble vitamins (vitamins A, D, E, K), cannot be stored in the
body.

Thiamine is essential for the function and survival of excitable cells (neurons, skeletal/cardiac/smooth muscle cells) and cells that
rely exclusively on glucose (erythrocytes).

The Recommended Dietary Intake (RDI) of oral thiamine for men and women is 1.2 mg and 1.1 mg, respectively, and the daily
Estimated Average Requirement (EAR) is 1.0 mg and 0.9 mg, respectively.*?

Thiamine deficiency results in sensorimotor peripheral neuropathy; Wernicke encephalopathy; Korsakoff psychosis (dry beriberi);
and cardiac failure, edema, and arrhythmia (wet beriberi).

Bariatric surgery results in changes in food choices, disruption in absorption of thiamine, and decreased thiamine intake.

The incidence of peripheral neuropathy related to deficiency of B-complex vitamins (B;, B,, Bg, By;) after bariatric surgery (includ-
ing Roux-en-Y gastric bypass, laparoscopic sleeve gastrectomy, and biliopancreatic diversion) is 0.7%."%

Risk factors for thiamine deficiency include poor oral intake, dysphagia, nausea, anorexia, prolonged vomiting, female gender, sep-
sis, aging, consumption of highly processed carbohydrates, alcohol consumption, and use of antithiamine agents.*?

Postoperative bariatric surgery patients should receive thiamine supplementation as part of routine multivitamin therapy (12—
50 mg orally, twice daily).”®

Postoperative bariatric surgery or gastrectomy patients with prolonged vomiting or neurological symptoms suggestive of beriberi
should receive immediate high-dose parenteral thiamine (500 mg IV, 3 times daily) as well as other B-complex vitamins (50 mg
of vitamin Bg IV, 4mg of riboflavin IV, and 150 mg of niacin IV, all 3 times daily) and vitamin C (500 mg IV daily) for 3 days.”*'?’

Preoperative micronutrient deficiency (including vitamin D, thiamine, magnesium, and vitamin C) in morbidly obese patients is
common. Bariatric surgery patients should receive preoperative supplementation with a good-quality multivitamin to prevent
postoperative complications, including beriberi and scurvy.”®

Thiamine mononitrate is a more stable form of thiamine than thiamine hydrochoride in sterile solutions, compressed tablets, multi-

vitamin capsules, and dry-filled capsules.'®

Postoperative thiamine testing in symptomatic or high-risk groups should be performed at least once during the first 6 months af-
ter bariatric surgery and then every 3 to 6 months until symptoms resolve.”
Long-term nutritional follow-up of both gastric and bariatric surgery patients is recommended.

laparoscopic sleeve gastrectomy, respective levels of
vitamin D, iron, folic acid, thiamine, and vitamin B;,
were abnormally low in 81%, 38%, 24%, 5.5%, and
11.5% of patients.'"> Twelve months after laparoscopic
sleeve gastrectomy, which resulted in an average of 70%
excess weight loss, pre-existing micronutrient deficien-
cies persisted (vitamin D in 36%, iron in 18.5%, folic
acid in 12.4%, thiamine in 9%, vitamin B, in 11.5%) or
were found de novo (vitamin D in 15%, iron in 7.5%,
folic acid in 6%, thiamine in 8%, vitamin B}, in 7%) in
a significant proportion of patients. This was despite
postoperative vitamin supplementation.''” In a German
study of 43 patients prior to laparoscopic sleeve gastrec-
tomy, 84% had vitamin D levels below 50 nmol/L, 33%
had vitamin C levels below 28 umol/L, 100% had f-car-
otene levels below 9 umol/L, and 5% had retinol levels
below 7 umol/L."** The incidence of preoperative hypo-
magnesemia varies between studies (0%-19%).' 147116
Magnesium deficiency may exacerbate subclinical thia-
mine deficiency and contribute to an acute
presentation.®>'"”

In a 2005 US study of thiamine levels in 303
patients prior to Roux-en-Y gastric bypass or laparo-
scopic adjustable gastric banding, 47 (15.5%) were thia-
mine deficient. This is an important finding, as
perioperative diets are very low in carbohydrates, low in
meat, and often based on dairy or fruit products, which
may exacerbate a preexisting thiamine deficiency
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(Table 1). Female patients were found to have lower
mean preoperative thiamine levels (71.1 nmol/L) than
male patients (94.9 nmol/L)."'® Micronutrient screening
(including that for thiamine) is recommended for all
patients prior to weight loss surgery, with administra-
tion of early preoperative vitamin and mineral replace-
ment based on laboratory assessment, in order to
prevent postoperative complications such as beriberi
and scurvy.””'%” Thiamine levels after bariatric surgery
should also be determined in patients at high risk of thi-
amine deficiency, ie, women; African Americans;
patients not attending nutritional clinic follow-up;
diabetic patients treated with biguanides, diuretics, or
statins; and patients with comorbidities such as cardiac
failure/furosemide treatment, small intestinal bacterial

overgrowth, or recurrent gastrointestinal symp-
,119-122
toms.””!"”

CONCLUSION

Beriberi is a nutritional complication of gastric surgery
with devastating clinical consequences. Thiamine is
absorbed in the duodenum and proximal jejunum,
which therefore places patients who undergo total gas-
trectomy, Billroth II gastrectomy, or Roux-en-Y diver-
sion at particular risk. Beriberi has also been described
after restrictive procedures such as laparoscopic sleeve
gastrectomy, gastroplasty, and laparoscopic adjustable
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gastric banding. Patients often have subclinical thia-
mine deficiency after upper gastrointestinal surgery.
Thiamine deficiency leads to impaired glucose metabo-
lism, decreased delivery of oxygen by red blood cells,
cardiac dysfunction, axonopathy, failure of neurotrans-
mission, and neuronal death. Beriberi may also be pre-
cipitated by acute illness such as sepsis or poor dietary
intake. This may occur very soon or many years after
gastric surgery, even in apparently well-nourished
patients. Other contributing factors include anorexia,
vomiting or food avoidance, malabsorption, drug inter-
actions, increased thiamine requirements, thiamine
losses, ingestion of antithiamine agents, and consump-
tion of alcohol or highly processed carbohydrates. The
diagnosis of beriberi relies on treating physicians and
dietitians being aware of not only the association be-
tween gastric surgery and thiamine deficiency but also
the variable clinical presentations of beriberi. Long-
term follow-up of nutritional status in gastrectomy and
bariatric surgical patients, including vitamin and min-
eral assessment, is recommended (Box 1).
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