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Abstract
Over the past few decades, food fortification and infant 
formula supplementation with high levels of vitamins 
have led to a sharp increase in vitamin intake among 
infants, children and adults. This is followed by a sharp 
increase in the prevalence of obesity and related dis-
eases, with significant disparities among countries and 
different groups within a country. It has long been 
known that B vitamins at doses below their toxicity 
threshold strongly promote body fat gain. Studies have 
demonstrated that formulas, which have very high 
levels of vitamins, significantly promote infant weight 
gain, especially fat mass gain, a known risk factor for 
children developing obesity. Furthermore, ecological 
studies have shown that increased B vitamin con-
sumption is strongly correlated with the prevalence of 
obesity and diabetes. We therefore hypothesize that 
excess vitamins may play a causal role in the increased 
prevalence of obesity. This review will discuss: (1) the 
causes of increased vitamin intake; (2) the non-mono-
tonic effect of excess vitamin intake on weight and fat 
gain; and (3) the role of vitamin fortification in obesity 
disparities among countries and different groups within 
a country.

© 2014 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: B vitamins are a known fat gain promoting 
factor. Food fortification-induced high vitamin con-
sumption is followed by a rapid increase in obesity 
prevalence. Why is the fat gain effect of B vitamins ne-
glected in obesity studies? Why does obesity prevalence 
vary from country to country? Why are the poor in de-
veloped countries but the rich in developing countries 
at high risk of obesity? Why is obesity prevalence high-
er in blacks than whites in the United States? Why does 
formula feeding (which is associated with high energy 
expenditure) increase the risk for obesity? Why is physi-
cal inactivity associated with increased obesity risk? This 
paper reviews the role of excess vitamins in obesity and 
proposes a unified answer to these questions.
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INTRODUCTION
Obesity, a state of  excessive accumulation of  fat in the 
body, is a major risk factor for many diseases, such as 
type 2 diabetes and cardiovascular disease[1,2]. In the 1970s 
and 1980s, a rapid increase in the prevalence of  obe-
sity occurred almost simultaneously in many developed 
countries. Since then, developing countries have also ex-
perienced a rapid increase in obesity rates[3,4]. Nowadays, 
obesity has become a global epidemic[5]. It is worth not-
ing that the prevalence of  obesity differs greatly among 
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countries[3,4,6,7] as well as groups within a country[8-12]. It 
is more prevalent among those with low socioeconomic 
status (SES) in developed countries[6,8-10] but with high 
SES in developing countries, especially at their early stage 
of  development[10-12]. Interestingly, compared with breast-
fed infants, formula-fed infants have higher rather than 
lower levels of  energy expenditure[13,14] and are more at 
risk for obesity in later life[15-17]. Therefore, the rapidly in-
creased prevalence of  obesity cannot be simply explained 
by genetic factors or decreased energy expenditure.

Recently, it has been suggested that changes in the 
global food system may play a role in the increased preva-
lence of  obesity[4]. If  this is the case, the global food 
system must have sharply changed in the 1970s-1980s. 
Notably, in the 1970s and 1980s, the contents of  vita-
mins (organic chemicals affecting the body’s function-
ing) in the food system of  many developed countries 
were sharply increased due to modifications or changes 
in their rules, laws and regulations regarding food for-
tification[18-20]. This led to a nationwide increase in the 
consumption of  many vitamins, especially fat synthesis-
promoting B vitamins[21-24], including B1 (thiamin), B2 (ri-
boflavin), B3 (niacin) and B6, in many countries[18-20]. Thus, 
there is a possibility that the food fortification-induced 
high vitamin intake may be related to the sudden increase 
in the prevalence of  obesity in the 1970s-1980s. Indeed, 
emerging evidence suggests that this food fortification-
induced excess vitamin intake might play a major role in 
the increased prevalence of  obesity[25,26]. In this review, we 
will discuss the cause of  increased vitamin intake and its 
possible role in obesity, as well as the obesity disparities 
among countries and groups within countries.

CAUSES OF EXCESS VITAMIN INTAKE
Until the mid 1930s when the first commercial yeast 
extract vitamin B complex and semi-synthetic vitamin 
C supplement tablets were sold, vitamins were obtained 
solely through natural foods and seasonal changes in diet 
usually greatly altered the types and amounts of  vitamins 
ingested. For example, the intake of  fresh vegetable-de-

rived vitamins might be high in summer but low in win-
ter. However, through evolution, humans have adapted 
to this seasonal variations in vitamin intake by developing 
mechanisms to maintain the vitamin homeostasis. While 
the intake of  vitamins is higher in summer, their elimi-
nation through sweat and sebum[27-30] may also increase 
because the secretion of  sweat and sebum is higher in 
summer than in winter[28,31,32]. Moreover, the body can 
store a certain amount of  vitamins when the supply is ad-
equate, which can be used for some time when the intake 
is inadequate. For example, it will take several months 
before the first symptoms of  vitamin C deficiency appear 
in a vitamin C deprivation condition[33]. From this point 
of  view, it seems unnecessary to take vitamins everyday, 
although estimated daily average requirements (EARs) 
and the recommended dietary allowances are given (Table 
1). Yet over the past several decades, the actual intake of  
vitamins has been significantly higher than the EARs due 
to the following causes.

Increased vitamin intake from vegetable/fruit sources
Over the past several decades, many fresh vegetables and 
fruits with better quality can be obtained year round due 
to widespread out-of-season cultivation. This has not 
only led to an increase in the intake of  vegetable/fruit-
derived vitamins (e.g., vitamin C), but also abolished the 
seasonal vitamin intake variations. Taking the United 
States as an example, the per capita consumption of  veg-
etables and fruits showed an increasing trend in the 1970s 
through the 1990s (Figure 1A), leading to an increase in 
vitamin C intake since the mid-1960s[34].

Increased vitamin intake from animal sources
The consumption of  animal-based foods significantly in-
creased in developed countries in the second half  of  the 
last century. Dietary patterns in developing countries have 
been shifting to a more meat-centric diet over the past 
few decades[5,35]. Such a nutrition transition has increased 
the intake of  vitamins (especially nicotinamide, a form 
of  niacin) from animal-based foods. For example, United 
States per capita consumption of  total meat showed an 
increasing trend between the 1930s and 2000 (Figure 1B), 
which increased the daily intake of  meat-derived nico-
tinamide from 6.8 mg in the 1930s to 11.4 mg in 2000, 
according to the data on meat contribution to daily niacin 
intake[34].

Increased vitamin intake from artificial sources
Besides increased natural vitamin sources, vitamins may 
be obtained from artificial sources, which involves food 
fortification, infant formula fortification, and vitamin-en-
riched drinks. Fortification is the process of  adding syn-
thetic vitamins to foods and infant milk (including breast 
milk or formula) to increase its overall vitamin content[34]. 
Some staple foods (such as flour and maize) are used as 
a vehicle for fortification. Wheat flour fortification with 
synthetic vitamins (B1, B2 and niacin) was started first in 
the United States in the late 1930s, which was soon ad-
opted by many developed countries and then introduced 
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  Vitamin Adult man Adult woman Pregnancy

EAR RDA EAR RDA EAR RDA
  Thiamin 1.0 1.2 0.9 1.1 1.2 1.4
  Riboflavin 1.1 1.3 0.9 1.1 1.2 1.4
  Niacin       12       16       11       14       14       18
  Vitamin B6 1.1 1.3 1.1 1.3 1.6 1.9
  Vitamin C       75       90       60       75       70       90
  Vitamin E       12       15       12       15       12       15

Table 1  The estimated daily average requirements and 
recommended dietary allowances for selected vitamins (mg/d)1

1Data are from the United States Food and Nutrition Board. EAR: Esti-
mated daily average requirement, available from: URL: http://iom.edu/
Activities/Nutrition/SummaryDRIs/~/media/Files/Activity%20Files/
Nutrition/DRIs/EAR%20Table.pdf. RDA: Recommended dietary allow-
ance, available from: URL: http://iom.edu/Activities/Nutrition/Summa-
ryDRIs/~/media/Files/Activity%20Files/Nutrition/DRIs/RDA%20and
%20AIs_Vitamin%20and%20Elements.pdf.



to developing countries[19,20]. Notably, ready-to-eat cere-
als are a major vehicle of  fortification of  B vitamins (B1, 
B2, B6 and niacin). Especially since 1974 when the food 
fortification standards for cereals were updated, ready-
to-eat cereals have become the top food source of  many 
vitamins[20,34]. The levels of  vitamins in fortified ready-to-
eat cereals are so high (Table 2) that consumption of  less 
than a quarter pound of  them (because foods per se also 
contain some amount of  vitamins) meets the daily need 
for these vitamins in an adult. Many sugar-sweetened 
beverages are also supplemented with vitamins[36,37], 
which is also an important cause of  increased vitamin in-
take. Since the 1950s, synthetic vitamins have been added 
to infant formulas[38]. In the 1980s, the governments of  
most countries established minimum nutrient require-
ments for commercial infant formulas[39], resulting in a 
significant increase in the content of  vitamins in formu-
las. The levels of  vitamins in some formulas for prema-
ture infants are more than 20 times higher than that of  
human milk (i.e., about the minimum limit for nutrients) 
(Table 3). This leads to a high vitamin intake in infancy.

As a result of  the combination of  the above factors, 
the intake of  vitamins has been significantly increased 

over the past few decades. As shown in Figure 2, United 
States per capita daily consumption of  vitamin B1, B2 and 
niacin has doubled from the 1930s to 2000, which is sig-
nificantly higher than the EARs.

FOOD FORTIFICATION-RELATED 
DISPARITIES
Food fortification may lead to differential exposure to 
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A Figure 1  Trends in United States per 
capita consumption of vegetables, 
fruits (A) and meats (B). Data are from 
the Economic Research Service of the 
United States Department of Agriculture. 
Available from: URL: http://www.ers.usda.
gov/data-products/food-availability-(per-
capita)-data-system/.aspx.

  Vitamin U.S. RDA (mg/d) 1974-1992 amount 1974-2000 amount

(mg/per pound)1 (mg/per pound)1

  Thiamin 1.5    6   5.7
  Niacin               20  80                   76
  Riboflavin 1.7 6.8   6.4
  Vitamin C               60                240  227
  Vitamin B6                 2    8   7.6

Table 2  Fortification recommendations for ready-to-eat 
cereals

1Data are from Reference 34. RDA: Recommended dietary allowance.

  Nutrient ML1 TF2 TF/ML PF2 PF/ML

  Macronutrients
     Protein (g)     1.8    2.71 1.5     3   1.7
     Fat (g)     3.3    5.27 1.6    5.43   1.7
  Vitamins
    Vitamin B1 (μg) 40 100 2.5 250   6.3
    Vitamin B2 (μg) 60 150 2.5 620 10.3
    Niacin (nicotinamide, μg)    250   1050 4.2   5000 20.0
    Vitamin B6 (μg) 35   60 1.7 250   7.1
    Vitamin B12 (μg)   0.15    0.25 1.7    0.55   3.7
    Vitamin C (mg)   8     9 1.1   37   4.6
    Biotin (μg)     1.5  4.4 2.9   37 24.7
    Pantothenic acid (mg)    300 450 1.5   1900   6.3
    Folic acid (μg)        4   15 3.8   37   9.3
    Vitamin A (IU)     250 300 1.2   1250   5.0
    Vitamin D (IU) 40   60 1.5 150   3.8
    Vitamin E (IU)     0.7  1.5 2.1     4   5.7
    Vitamin K (μg)   4     8 2.0   12   3.0

Table 3  The minimum limit for infant formulas in the 
United States and commercially labeled values of nutrients 
(per 100 kcal)

1The minimum limit for nutrients set by the United States Infant Formula 
Act of 1980[40]; 2Similac formulas (http://abbottnutrition.com/brands/
similac). ML: Minimum limit; TF: A similac formula for term infants (Simi-
lac Expert Care® 24 Cal With Iron); PF: A Similac formula for low-birth-
weight infants and premature infants (Similac® Special Care® 20 With Iron).
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in developed countries[34,47], which may lead to a higher 
intake of  synthetic vitamins in low SES groups than in 
high SES groups in these countries[47,48]. In contrast, in 
developing countries, those who live in urban areas may 
consume more fortified foods than those who live in ru-
ral areas[49,50]. Infant formula milk (Table 3) and children 
foods (e.g., ready-to-eat cereals[34]) are highly fortified with 
vitamins. Thus, infants fed formula milk and children are 
likely to have excess vitamin intake, as reported in the lit-
erature[51-54]; and (3) Different tolerance to fortified foods 
among population groups. Water-soluble vitamins can be 
eliminated through sweat[27,28]. Thus, under the same con-
ditions of  high vitamin intake, people who often sweat 
(e.g., doing physical work and/or living in hot regions) 
may have a lower risk of  excess accumulation of  water-
soluble vitamins in the body than those who rarely sweat 
(e.g., living a sedentary life and/or in cold regions).

VITAMIN FORTIFICATION AND OBESITY 
PREVALENCE
Although there are few studies linking the increased 
prevalence of  obesity to vitamin fortification, existing 
evidence suggests that high-risk populations are those 
who are most likely to have an increased intake of  syn-
thetic vitamins and decreased vitamin elimination, e.g., 
populations in fortified countries[6], individuals with low 
SES in developed countries[6-10] or with high SES in devel-
oping countries[11,12,55], formula-fed infants[15-17], and those 
who live in fortified countries with less rigorous physical 
activity[56-59].

The prevalence of  obesity varies from country to 
country. It seems that this variation may be related to dif-

synthetic vitamins. The major differences include: (1) 
Different vitamin exposure among countries. Food 
fortification has caused significant differences in daily 
synthetic-vitamin consumption among countries due 
to different fortification policies and fortification stan-
dards[19], as shown in Table 4. Nationwide exposure to 
fortified foods in developing countries occurs much later 
than in developed countries[19], e.g., it was not until 1994 
that China began mandatory fortification[41]; (2) Differ-
ent vitamin exposure among groups within countries. 
Wheat flour is fortified with B vitamins. Thus, those who 
use wheat flour products as staple foods possibly con-
sume a higher amount of  synthetic B vitamins. Vitamin-
fortified foods are cheaper than fresh and natural foods 
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  Country Food policy Standard (mg/kg flour, min) Obesity rate 

Niacin Vitamin B1 Vitamin B2 in children
  Canada Mandatory1 52.9 6.4 4 9-104

  United 
  States

Mandatory1 52.9 6.4 4 6.85

  Kuwait Mandatory1 52.9 6.4 4         14.66

  Saudi 
  Arabia

Mandatory1 52.9 6.4 4  6-6.77

  United 
  Kingdom

Mandatory1    16 2.4 0 5.15

  Finland Prohibited2      0        0 0 2.55

  Norway Prohibited2      0        0 0 2.25

  France Prohibited3      0        0 0 1.65

Table 4  Obesity rate in selected countries with different 
wheat flour fortification policies

1Reference 36; 2Reference 19; 3Reference 42; 4Reference 43, children (7-13 
years) in 1996; 5Reference 44, children (10 to 16 years) in 2001-2002; 6Refer-
ence 45, children (10 to 14 years) in 2005-2006; 7Reference 46 Children (1 to 
18 years).
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ferent food fortification policies and standards among 
countries. As shown in Table 4, the ranking of  countries 
according to their prevalence of  child obesity is similar to 
the ranking by the fortification standards of  B vitamins. 
Evidently, flour fortification prohibited countries have a 
low prevalence of  obesity, while countries with high flour 
fortification standard have high rates of  obesity. Over the 
past few decades, food fortification has spread from de-
veloped countries to developing countries[19]. Therefore, 
it is possible that the spread of  obesity from developed 
countries to developing countries may reflect the time se-
quence of  implementing food fortification with vitamins.

Implementation of  a vitamin fortification policy in a 

country will surely cause a sudden nationwide increase in 
vitamin intake in a short period. The initiation of  food 
fortification with B vitamins in the late 1930s-1940s 
and the update of  fortification standards in the 1970s in 
developed countries led to three phases in the consump-
tion of  vitamin B1, B2 and niacin: a rapid increase in the 
1940s, followed by a plateau period between the 1950s 
and the 1960s and a steep increase thereafter, as shown in 
Figure 2. Available evidence has suggested an association 
between these food events and the prevalence of  obesity. 
Two birth cohort studies conducted in Switzerland[60] and 
Denmark[61] showed that there was a significant increase 
in the prevalence of  being overweight and obesity which 
occurred mainly in the cohorts born in the 1930s and 
the 1940s and in the cohorts born in the late 1960s to 
the 1970s. A Fels longitudinal study also showed that the 
child obesity epidemic in the United States is a sudden 
event that started in the 1970s and the 1980s[62]. A similar 
phenomenon is also seen in Saudi Arabia. Saudi Arabia 
started wheat flour fortification in the 1970s[63]. Following 
its food system change, Saudi Arabia experienced a rapid 
increase in obesity rates in the 1980s and the 1990s, and 
its obesity rate in schoolboys sharply increased from 3.4% 
in 1988 to 24.5% in 2005[64]. Our ecological studies clearly 
showed that there are strong lagged correlations between 
United States per capita consumption of  B vitamins (B1, 
B2 and niacin) and the prevalence of  obesity and diabe-
tes[25,26]. Figure 3 clearly shows that both the initiation of  
food fortification in the 1940s and the update of  fortifi-
cation standards in 1974 are followed by a sharp increase 
in diabetes prevalence. The update of  fortification stan-
dards followed a sharp rise in obesity prevalence.

As mentioned above, low SES groups in developed 
countries but high SES groups in developing counties 
may have a high synthetic vitamin intake from fortified 
foods. This may explain the findings that obesity is more 
prevalent in low SES groups in developed countries[6-10] 
but in high SES groups in developing countries[10-12,55]. 
Formula-fed infants have a high vitamin intake. Studies 
have demonstrated that formula-fed infants have a higher 
plasma level of  vitamins compared with human milk-
fed infants[51-53]. It is known that formula feeding[65-67] and 
micronutrient-fortified human milk feeding[68,69] can lead 
to rapid infant weight gain, a known major risk factor for 
children developing obesity[70-72]. Therefore, excess vita-
min intake may mediate the link between formula feeding 
and childhood obesity.

In most developed countries, the energy expenditure 
needed for daily life has decreased since the beginning 
of  the 20th century because of  increasing mechaniza-
tion, urbanization, motorization and computerization[4]. 
However, it is only since the 1970s, when food fortifica-
tion standards were dramatically increased, that obesity 
prevalence has risen substantially. Moreover, although 
formula feeding is associated with an increased risk for 
obesity[15-17], there is no evidence indicating that there is 
a decrease in energy expenditure in formula-fed infants 
compared with breast-fed infants[73,74]. Instead, evidence 
shows that formula-fed infants may have higher total 
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daily energy expenditure[13,14]. These data suggest that 
increased B vitamin intake rather than decreased energy 
expenditure may play a major role in the development of  
obesity. On the other hand, many studies, especially those 
conducted in highly B vitamin fortified countries, such as 
the United States[56], Canada[57], Saudi Arabia[58] and Ku-
wait[59], found that moderate to vigorous physical activity 
is associated with a reduced risk of  obesity. It is proposed 
that this association may involve increased elimination 
of  vitamins through sweat because moderate to vigorous 
physical activity can increase the sweat rate[28]. We have 
demonstrated that excess nicotinamide can be rapidly re-
moved through sweating[75]. Sweat-mediated elimination 
of  nicotinamide may be a crucial factor in preventing nic-
otinamide toxicity because human kidneys hardly excrete 
nicotinamide due to the reabsorption of  renal tubules[76]. 
Therefore, it is conceivable that under the same condi-
tions of  high vitamin intake, those individuals who live a 
life that inhibits the activity of  sweat glands (e.g., physical 
inactivity) may be at greater risk of  obesity. From this 
point of  view, black people should be more sensitive to 
excess vitamins than whites, because the activity of  sweat 
glands of  blacks is lower than that of  whites in the same 
temperature environment[77]. There is evidence show-
ing that black women may have lower levels of  physical 
activity than black men[78]. This may explain why obesity 
prevalence is greater in blacks, especially black women, 
than in whites in the United States[79,80]. Taken together, 
it may be concluded that food fortification-induced high 

intake of  vitamins, especially B vitamins, may be respon-
sible for the increased global prevalence of  obesity.

MECHANISM OF EXCESS VITAMINS-
INDUCED OBESITY
Many vitamins are known to act as coenzymes or as parts 
of  enzymes responsible for essential chemical reactions, 
e.g., the synthesis of  fat and neurotransmitters. Excess 
vitamins may also affect the degradation of  neurotrans-
mitters and one-carbon metabolism. Therefore, excess 
vitamins may trigger obesity through multiple ways, in-
cluding increasing fat synthesis, causing insulin resistance, 
disturbing neurotransmitter metabolism and inducing 
epigenetic changes.

B vitamins enhance fat synthesis
Obesity involves an accumulation of  excess body fat. 
Early studies have already demonstrated that B vitamins 
play a crucial role in fat synthesis and there is a synergis-
tic effect of  B vitamins on fat synthesis. Vitamin B1 and 
B6 are required for the synthesis of  fat from carbohydrate 
and protein[21-23] and their effects on fat synthesis are 
enhanced by the presence of  other B vitamins. Vitamin 
B6 administered together with B1, B2 and B5 (panto-
thenic acid) resulted in a significant increase in body fat 
in rats[22]. Niacin has been found to increase daily feed 
intake, weight gain and percentage of  abdominal fat in 
chicken when increasing supplementation from 0 to 60 
mg nicotinic acid per kilogram diet[24]. It has been found 
that formula feeding leads to more fat gain, which may 
account for increased risk of  later obesity[81,82]. Consider-
ing that formulas contain high levels of  B vitamins (Table 
3) that are a known factor increasing fat synthesis, we 
therefore propose that formula feeding-induced fat gain 
may be due to excess vitamins. Taken together, existing 
evidence suggests that excess vitamins, especially B vita-
mins, may play a role in the development of  obesity.

Excess vitamins cause insulin resistance
Insulin resistance, a characteristic of  obesity and type 
2 diabetes[83], is a condition in which the tissues of  the 
body do not respond appropriately to normal levels of  
insulin. It is known that glycemic and insulin responses 
are related to food. Foods can be classified by their gly-
cemic index (GI, a relative measure of  the incremental 
glucose response per gram of  carbohydrate)[84]. Figure 
4 shows the different glycemic and insulin responses to 
low GI food and high GI food. The typical glycemic re-
sponse to high GI foods is a biphasic response, with an 
initial significantly higher blood glucose and insulin level 
(hyperglycemic phase) followed by significantly lower 
blood glucose level (postprandial reactive hypoglycemic 
phase)[85-87]. Postprandial reactive hypoglycemia stimulates 
appetite and may lead to increased caloric intake[86,88,89]. 
Therefore, it may be particularly important to understand 
how high GI foods induce a biphasic glycemic response.

Grain foods are a major source of  carbohydrates. 
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Figure 4  Typical glycemic responses to ingestion of a high glycemic in-
dex food and a low glycemic index I food. This figure is based on literature 
data[85-87]. GI: Glycemic index.
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Historically, high grain intake was associated with a low 
incidence of  obesity. However, over the past few decades, 
refined (processed) grains became high GI foods[86,90,91]. 
Many processed grains (e.g., white bread) produce even 
higher glycemic responses than simple sugars[86]. It seems 
that the effect of  refined grains is not merely a matter of  
increased rate of  digestion and absorption of  carbohy-
drate, but a matter of  increased insulin resistance. Grain 
foods are used as a vehicle of  B vitamin fortification. 
Therefore, it is possible that the increased GI of  pro-
cessed grains may be due to their increased levels of  B 
vitamins. Among the B vitamins fortified in foods, niacin 
is known to induce insulin resistance and glucose intoler-
ance[92-95]. Nicotinamide is the most common form of  
niacin used in food fortification and infant formula sup-
plementation (e.g., Table 3). A study compared the glyce-
mic and insulin responses of  healthy subjects to glucose 
alone and glucose plus nicotinamide. The result showed 
that glucose plus nicotinamide significantly increased the 
levels of  plasma insulin and hydrogen peroxide [a major 
component of  reactive oxygen species (ROS)], followed 
by reactive hypoglycemia and hunger[26]. This study sug-
gested for the first time that drinking nicotinamide-
containing sugar-sweetened beverages may induce insulin 
resistance and nicotinamide fortification may contribute 
to the increased GI of  refined grains.

It is known that increased ROS levels (i.e., oxidative 
stress) may play a causal role in insulin resistance[96,97]. We 
therefore hypothesize that oxidative stress may mediate 
the effect of  nicotinamide. The mechanism may be as 
follows. After glucose and nicotinamide are absorbed into 

the circulation, increased blood glucose level stimulates 
insulin secretion, while increased nicotinamide level may 
induce oxidative stress due to increased ROS generation 
(as found in Ref  26), leading to a decrease in cell func-
tions, including insulin signaling (i.e., insulin resistance). 
This results in a sharp increase in the level of  blood glu-
cose, which stimulates more insulin release (hyperglycemic 
phase). The clearance of  ROS is more rapid than that of  
insulin. With the rapid clearance of  ROS, cell response to 
insulin recovers quickly and as a result, the uptake of  glu-
cose by tissues (including adipose tissue) increases rapidly 
in response to relatively high insulin, which thus leads to 
a rapid fall in the level of  blood glucose (hypoglycemic 
phase). Hypoglycemia initiates the feeling of  hunger 
and subsequent feeding behavior. As mentioned above, 
B vitamins promote fat synthesis from carbohydrates. 
Thus, the cooperation of  increased glucose uptake in the 
hypoglycemic phase and increased fat synthesis by high 
levels of  B vitamins may induce excess fat storage and 
subsequent obesity (Figure 5). Unfortunately, the insulin 
resistance-inducing and obesity-promoting effects of  B 
vitamins might have long been underestimated because 
traditional laboratory tests (e.g., glucose tolerance test) 
are usually performed under fasting conditions, in which 
most, if  not all, of  increased ROS produced in the deg-
radation of  excess vitamins must have been cleared up 
after overnight fasting. For example, we found that oral 
nicotinamide (300 mg) induced increase in circulating hy-
drogen peroxide had returned to normal at 3 h[26].

It has been demonstrated in rats that the weight/fat 
gain-promoting effect of  B vitamins is more efficient 
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High vitamins
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insulin level

Cell sensitivity
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Cell sensitivity to insulin ↓
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Blood vitamins ↑

RSS
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adipose tissue ↑

Excess fat storage
in the body

Obesity

Figure 5  Proposed mechanism of excess vitamins-induced obesity. The absorption of sugar stimulates the release of insulin, while absorbed excess vitamins (from 
vitamin-fortified foods and drinks) generate ROS, leading to a decrease in the sensitivity of peripheral tissues to insulin (i.e., insulin resistance). To compensate the 
insulin resistance, additional insulin has to be secreted, resulting in a high blood insulin level. Then, the sensitivity of peripheral tissues recovered with the rapid clear-
ance of ROS, consequently, relatively high insulin level causes a rapid decrease in blood glucose due to increased glucose uptake, which may trigger excess energy 
intake. The conversion of glucose to fat in adipose tissue is promoted by high levels of B vitamins. Therefore, long-term consumption of vitamin fortified foods (including 
formulas) and drinks may cause fat accumulation in the body and subsequent obesity. ROS: Reactive oxygen species; RSS: ROS scavenging system.
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when given in successive doses (added to the diet, like 
human food fortification) than in periodic doses[98]. 
This may explain why obesity prevalence significantly 
increased after the implementation of  grain fortification 
with B vitamins. Because consumption of  B vitamins-
fortified foods may increase the burden of  pancreatic 
islet B-cells, it is conceivable that obesity is closely as-
sociated with type 2 diabetes. In addition, other vitamins, 
even those that have antioxidant function (e.g., vitamin 
C and E[99]), when used in large doses can increase ROS 
generation. Thus, high consumption of  other vitamins 
may also contribute to the development of  obesity. The 
relationship between dietary carbohydrates, excess vi-
tamins, oxidative stress, insulin resistance, postprandial 
hypoglycemia, increased appetite and the development of  
obesity is proposed in Figure 5.

From the excess vitamin point of  view, it may be easy 
to understand why the price of  fast food, which deter-
mines the consumption of  synthetic vitamins from fast 
food, may affect the body mass index of  teens with low 
SES[100] and why vitamin-rich formulas[15-17] and sugar-
sweetened beverages may increase the risk for obesity 
and type 2 diabetes[17,37,101,102]. It is interesting that some 
overweight children become overweight adults, while oth-
ers do not[103]. One possible explanation for this may be 
a changing vitamin intake during the lifetime. Whether 
obese infants become obese children and then obese 
adults may to a large degree depends on the intake of  
vitamins after weaning. In theory, infants, even with nor-
mal body weight, may become obese adults if  they always 
consume high vitamin-fortified foods (e.g., refined grains) 
after weaning. We therefore recommend that the role of  
vitamin intake be taken into consideration in the study of  
the relationship between infant obesity and later obesity.

Excess vitamins may disturb neurotransmitter 
metabolism
Food intake is regulated by many neurotransmitters, in-
cluding monoamine neurotransmitters (e.g., dopamine and 
serotonin[104,105]) in the central nervous system. Therefore, 
factors that affect monoamine neurotransmitters may af-
fect feeding behavior. Some vitamins are known to play 
an important role in the synthesis of  monoamine neu-
rotransmitters (serotonin and catecholamines). For ex-
ample, vitamin B6 is a cofactor for aromatic L-amino acid 
decarboxylase that catalyzes the formation of  serotonin 
and dopamine[106]. Vitamin C enhances norepinephrine 
synthesis from dopamine by neuronal cells[107]. L-methyl-
folate, a derivate of  the vitamin folate, also regulates the 
synthesis of  the monoamine neurotransmitters serotonin, 
dopamine and norepinephrine[108].

Although small amount of  vitamins can be directly 
eliminated through the urine, sweat[27,28,75] and sebum (such 
as vitamin E[29,30]), most of  them usually undergo a se-
ries of  phase Ⅰ (oxidation, reduction and hydrolysis) and 
phase Ⅱ (conjugation, including glutathione conjugation, 
sulfation, methylation and glucuronidation) biotransfor-
mation before elimination from the body. As a result, 
vitamin degradation produces many metabolites. For 

example, at least 18 metabolites of  vitamin B1 are identi-
fied in the urine, of  which six are major[109]. Niacin is de-
graded mainly to a number of  methylated metabolites[110]. 
Vitamin C is degraded through sulfation[111] and glutathi-
one conjugation[112]. Vitamin E also undergoes extensive 
metabolism and its conjugated metabolites (including 
sulfated) are also identified[113]. Because vitamins and 
neurotransmitters share the same biotransformation and 
detoxification system in the body[106,114], excess vitamins 
may affect the degradation of  neurotransmitters by com-
peting for the detoxification resources. For example, vi-
tamin C has been known to inhibit the sulfation of  other 
chemicals by competing for limited sulfate[111]. Although 
there are no systematic studies on the effect of  vitamin 
fortification on the degradation of  neurotransmitters, ev-
idence has shown that excess vitamin C[115,116] and nicotin-
amide[117] can inhibit the degradation of  catecholamines 
by depletion of  sulfate and methyl groups, respectively. 
Thus, in theory, the effect of  vitamins on the metabolism 
of  monoamine neurotransmitters may affect the function 
of  the nervous system. It is known that niacin can stimu-
late appetite. Niacin deficiency (i.e., pellagra) is associated 
with a loss of  appetite[118], which might involve changes 
in neurotransmitter metabolism in the brain.

Excess vitamins-induced obesity may involve epigenetic 
changes
Epigenetic changes are biochemical modifications that 
affect gene expression without changing the sequence 
of  DNA. Emerging evidence suggests that epigenetic 
mechanisms may play a role in the development of  obe-
sity[119]. Epigenetic mechanisms involve an environment-
gene interaction[120,121]. Nutrition is a crucial environmen-
tal factor which affects health and disease. Both maternal 
undernutrition and overnutrition can induce persistent 
changes in gene expression and metabolism[120]. Over the 
past few decades, one of  the biggest changes in our food 
system has been the extensive use of  synthetic vitamins. 
Therefore, it is possible that excess vitamin intake may 
contribute to epigenetic changes.

DNA methylation, which occurs at cytosine residues 
in CpG dinucleotides in gene promoters, is one of  sev-
eral epigenetic modifications[122]. The primary function of  
DNA methylation is to suppress gene expression. Global 
DNA hypomethylation increases genomic instability[122]. 
Although the mechanism of  global DNA hypometh-
ylation is not well understood, a lack of  methyl groups 
may play a role in abnormal DNA methylation, because 
an adequate supply of  methyl groups is a prerequisite for 
DNA methylation[123]. The biotransformation of  some vi-
tamins, especially niacin[117], may increase the demand for 
labile methyl groups and therefore, an excess intake of  
these vitamins may disturb DNA methylation by compet-
ing methyl groups. Recently, we tested this possibility by 
investigating the effect of  nicotinamide supplementation 
on DNA methylation in rats and found that long-term 
high nicotinamide exposure led to a decrease in the meth-
yl pool and in the levels of  hepatic DNA methylation as-
sociated with alteration of  gene expression[123]. Moreover, 
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maternal nicotinamide supplementation is also found 
to disturb fetal one-carbon metabolism in rats, includ-
ing decreased global DNA methylation and decreased 
DNA uracil content in the brain and liver[124]. These data 
indicate that excess vitamins may be an important factor 
leading to epigenetic changes. The role of  vitamin fortifi-
cation in the development of  methylation-related diseases 
is an open question.

NON-MONOTONIC EFFECT OF VITAMINS 
ON WEIGHT GAIN
Although it is known that B vitamins promote fat syn-
thesis and vitamin-fortified foods and formulas increase 
the risk for obesity, why is there so little attention to the 
relationship between excess vitamin intake and obesity 
prevalence? A possible reason may be due to ignorance 
of  the fact that the effect of  vitamins on weight gain is 
non-monotonic. While vitamins are an important weight 
gain-promoting factor, at toxic levels they are no longer 
associated with weight gain or even cause weight loss.

It has long been known that many micronutrients 
(vitamins and minerals) are essential for life at low con-
centrations but become toxic at high concentrations. This 
phenomenon is termed Bertrand’s rule[125]. The effect of  
vitamins on weight gain also follows this Bertrand’s rule. 
We may take the weight-gain effect of  niacin as an ex-
ample. Jiang and colleagues[24] investigated the effects of  
dietary supplemental nicotinic acid at different doses (0, 
30, 60 and 120 mg/kg diet) on the growth performance 
of  chicken. They found that increasing supplementation 
from 0 to 60 mg nicotinic acid/kg tended to increase 
the average daily feed intake, weight gain and fat gain, 
i.e., the maximum weight and fat gain was achieved at 60 
mg/kg diet. Ivers and Veum found that among the doses 
used (6, 10, 14, 18, 22 and 44 mg/kg diet with adequate 
Trp), 14 mg of  niacin/kg produced maximum weight 
gain in growing pigs[126]. Shibata et al[127] studied the ef-
fect of  nicotinamide at doses of  0, 60, 1000 and 5000 
mg/kg diet on rat weight gain. Their result showed that 
nicotinamide increased the food intake of  rats, especially 
in the groups fed diet containing 60 and 1000 mg/kg of  
nicotinamide. The highest weight gain was observed at 
60 mg/kg, while high-dose nicotinamide (5000 mg/kg 
diet) led to an inhibition of  weight gain at the early stage 
of  exposure due to its toxicity. These animal studies sug-
gest that the supplemental dose for niacin to achieve 
maximum weight-gain effect may be around or less than 
60 mg/kg diet. This dose is similar to that used in wheat 
flour fortification in some countries, e.g., the United 
States, Canada, Saudi Arabia and Kuwait (Table 4). Thus, 
food fortification with niacin in these countries might 
have induced a maximum weight gain effect. In this case, 
further supplementation with niacin or niacin-containing 
multivitamin may offset the weight gain effect due to 
increased toxic effects, such as hepatotoxicity[128-131] and 
oxidative tissue damage[123]. This may account for the ob-
servations that further multivitamin supplementation in 
the United States[132] and Canada[133] or large-dose niacin 

treatment for dyslipidemia (1-3 g/d)[134,135] does not show 
weight gain.

Some other vitamins at high doses may also have toxic 
effects, including death. Davis et al[136] found that sudden 
infant death syndrome (a sudden and unexplained infant 
death) was association with high serum thiamin levels. A 
randomized controlled trial on vitamin C supplementa-
tion in very preterm infants showed that the infants who 
died in the trial were those who had significantly higher 
level of  plasma vitamin C before randomization than sur-
viving infants[137]. A systematic review and meta-analysis 
showed that long-term supplementation with beta caro-
tene, vitamin A and vitamin E may increase mortality[138]. 
Therefore, it is not surprising that multivitamin supple-
mentation in those who live in high-dose vitamin-forti-
fied countries, e.g., the United States[132] and Canada[133], 
may be associated with a slight weight loss. A similar phe-
nomenon has been also observed in formula-fed infants. 
It has been found that formula feeding can lead to a 
more rapid weight gain, especially fat gain[81,82], compared 
to human milk feeding[17,65,67]. However, when formulas 
were further enriched with vitamins, their weight-gain ef-
fect was decreased rather than increased, compared with 
the standard formulas[139]. It seems clear that the weight-
gain effect of  vitamins has already been saturated at forti-
fication doses used in infant formulas, children and adult 
foods, while further increasing the doses (i.e., fortification 
plus additional supplementation) may induce a weight-
loss effect due to the toxic effect. Considering that high 
vitamin intake which may cause hepatotoxicity (e.g., nia-
cin, as mentioned above) is very popular nowadays, we 
suggest that high vitamin intake may contribute to non-
alcoholic fatty liver disease, the most frequent chronic 
liver disease in developed countries[140].

CONCLUSION
Since the late 1930s, when synthetic vitamins were 
first used, the human being has experienced the largest 
growth in vitamin intake in human history. It is possible 
that excess vitamins, especially B vitamins, may contrib-
ute to the development of  obesity. Vitamin-rich formulas 
and food fortification with vitamins may, to a large ex-
tent, be responsible for the increased prevalence of  obe-
sity over the past several decades. Different fortification 
policies and standards may account for the differences 
in the prevalence between countries, while disparities in 
the consumption of  fortified foods may contribute to the 
disparities in obesity between population groups within 
a country. Staple food fortification may be of  great harm 
because it leads to a sustained high vitamin intake. There-
fore, given that there has been a significant increase in 
vitamin supply from natural sources, it is necessary and 
urgent to review and modify the standards of  vitamin 
fortification.
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