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Background. Bile acid (BA) synthesis is regulated by
BA signalling in the liver and by fibroblast growth
factor 19 (FGF19), synthesized and released from
the intestine. In morbid obesity, faecal excretion
and hepatic synthesis of BAs and cholesterol are
strongly induced and caloric restriction reduces
their faecal excretion considerably. We hypothesized that the high intestinal food mass in
morbidly
obese
subjects
promotes
faecal
excretion of BAs and cholesterol, thereby creating
a shortage of both BAs and cholesterol in the
liver.
Methods. Ten morbidly obese women (BMI 42 
2.6 kg m 2) were monitored on days 0, 3, 7, 14
and 28 after beginning a low-calorie diet (800–
1100 kcal day 1). Serum was collected and liver
size and fat content determined. Synthesis of BAs
and cholesterol was evaluated from serum markers,
and the serum levels of lipoproteins, BAs, propro-

Introduction
The prevalence of obesity is increasing globally to
reach epidemic levels. Although the causes for this
increase are multifactorial, a key factor is excessive
food intake [1]. Bile acids (BAs) facilitate fat
absorption. Their synthesis is regulated by negative feedback [2] from BAs interacting with farnesoid X receptors (FXRs) in the liver and intestines;
the latter induces fibroblast growth factor 19
(FGF19) [3] that suppresses the gene expression
of CYP7A1 encoding the rate-limiting enzyme in BA
synthesis, cholesterol 7-alpha hydroxylase [2].

tein convertase subtilisin/kexin type 9 (PCSK9),
insulin, glucose and FGF19 were monitored. Fiftyfour nonobese women (BMI <25 kg m 2) served as
controls.
Results. At baseline, synthesis of both BAs and
cholesterol and serum levels of BAs and PCSK9
were elevated in the obese group compared to
controls. Already after 3 days on a low-calorie
diet, BA and cholesterol synthesis and serum BA
and PCSK9 levels normalized, whereas LDL
cholesterol increased. FGF19 and triglyceride
levels were unchanged, and liver volume was
reduced by 10%.
Conclusions. The results suggest that hepatic BAs and
cholesterol are deficient in morbid obesity. Caloric
restriction rapidly counteracts these deficiencies,
normalizing BA and cholesterol synthesis and
circulating PCSK9 levels, indicating that overproduction of cholesterol in enlarged peripheral tissues cannot explain this phenotype. We propose
that excessive food intake promotes faecal loss of
BAs and cholesterol contributing to their hepatic
deficiencies.
Keywords: bile
acid
synthesis,
cholesterol
synthesis, proprotein convertase subtilisin/kexin
type 9.
Intestinal food contents bind BAs, promoting their
faecal loss, which in turn is compensated for
through induced BA synthesis.
The synthesis of BAs and the synthesis of cholesterol both correlate with body mass index (BMI) [4–
6], and studies using different techniques have
established that they are both considerably
increased in morbid obesity [5–11], as is the
clearance of LDL from blood, despite the fact that
the hepatic synthesis of the LDL precursor very
low-density lipoprotein is increased [7, 12]. Importantly, it has long been established that the faecal
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result of a decrease in hepatic Na+-dependent
taurocholate co-transporting polypeptide (NTCP)
expression [5].

excretion of cholesterol and particularly of BAs is
increased in morbid obesity by ~1.5-fold [6–8, 10,
13]. Also of note, studies have consistently established that long-term weight reduction (13–70 kg)
from caloric restriction results in normalized levels
of faecal excretion of BAs and cholesterol [6, 14].
Further, and fundamental for the present study, it
has also been established that acute caloric restriction (300 kcal day 1) very rapidly reduces faecal
BA excretion by about 40% as measured in pooled
stool collections already from the first 2 to 3 days
on a low-calorie diet (LCD) [13]. The faecal excretion of cholesterol is also reduced but to a lower
extent and more slowly [13, 14]. Recently, plasma
BAs were reported to be elevated in morbidly obese
individuals [5, 15], suggested to be due to reduced
active uptake of BAs from plasma to the liver as a

(a)

Together, the above observations strongly suggest
that BAs and cholesterol are deficient in the liver in
morbid obesity (for overview, see Fig. 1). To the
best of our knowledge, the underlying mechanism
for the development of this phenotype amongst
morbidly obese individuals has not been
addressed. However, it has been suggested that
the elevated synthesis of both cholesterol and BAs
in obesity is due to overproduction of cholesterol in
large peripheral fat tissues, as the reduction or
normalization of BMI results in reduced or normalized total synthesis of cholesterol in the body
[6, 14]. In the liver, the presumably abundant
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Fig. 1 Schematic overview of the metabolic situation in nonobese control subjects (a), morbidly obese women (b) and
morbidly obese women on a low-calorie diet (LCD) for 3 days (c).
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cholesterol should control the level of BA synthesis
via a feed-forward mechanism [6, 7, 11]. Further, it
has been suggested that the pronounced reduction
in faecal excretion of BAs that presents following
caloric restriction may be due to the reduced
synthesis of BAs that occur in parallel [13],
although why BA synthesis is indeed reduced
following caloric restriction has not been
addressed.
We reasoned that the described phenotype regarding cholesterol and BA metabolism may arise from
a common factor amongst morbidly obese individuals that is strongly related to BMI. We hypothesized that such a factor could be the higher food
intake in these individuals that will increase the
intestinal food mass which in turn will promote the
faecal excretion of BAs and cholesterol, thereby
creating a state of BA and cholesterol deficiency in
the liver. The deficiency of BAs in turn will induce
the expression of CYP7A1 to produce more BAs,
which further depletes cholesterol in the liver,
contributing to the transcriptional induction of
steroid regulatory element-binding protein-2-driven genes such as those encoding HMGCoA reductase (cholesterol synthesis) and proprotein
convertase subtilisin/kexin type 9 (PCSK9), a

protein that promotes degradation of LDL receptors
[16, 17].
To test this hypothesis, we analysed material from
a study in which morbidly obese individuals were
monitored for 4 weeks after switching to an LCD
[18]. The primary aim of that study was to evaluate
the time required to reduce liver volume prior to
laparoscopic gastric bypass surgery. Because
changing to a liquid LCD will essentially empty
the intestines of formed contents within 72 h [19],
we considered the study suitable to test our
hypothesis. If correct, several of the established
morbid obesity-related changes in BA and cholesterol metabolism should normalize within a few
days on an LCD.
Materials and methods
Participants and study design
The study design has been described elsewhere
[18]. Briefly, 10 morbidly obese women awaiting
laparoscopic gastric bypass surgery were recruited
for a prospective observational study during
4 weeks of LCD treatment. Their baseline data
are shown in Table 1. The study was approved by
the regional ethical review board in Uppsala, and

Table 1 Clinical and laboratory data from 10 morbidly obese and 54 nonobese women at baseline derived from a previous
cohort [4]

Age (years)
Body weight (kg)
BMI (kg m

2

Nonobese womena,b

(n = 10) Mean  SEM

(n = 54) Mean  SD
38.3  7.2

0.093

114.4  3.8

62.1  6.3

<0.0001
<0.0001

41.7  0.82

22.3  1.67

4.9  0.27

4.9  0.84

)

1

P value

42.7  2.8

)

)

Total cholesterol (mmol L

Obese womena

0.843

LDL cholesterol (mmol L

1

)

3.1  0.23

2.8  0.79

0.289

HDL cholesterol (mmol L

1

1.1  0.08

1.7  0.32

<0.0001

0.9  0.35

<0.0001

Total TG (mmol L
C4 (ng mL

1

2.0  0.43

1

)

28.5  9.4

)

C4/c (mg mol

1

5.6  1.63

)

Total BAs (ng mL
Insulin (mU L

1

784  140

1

)

22  9.4

)

Lathosterol (ng mL

1

)

Lathosterol/c (mg mol

1

)

12.6  9.9
2.6  1.87

0.002
0.001

457  263

0.002

4.2  2.0

<0.0001

1615  201

1213  411

0.012

327  39

248  72

0.007

PCSK9 (ng mL

1

)

349  26

268  104

0.023

FGF19 (pg mL

1

)

101  24

120  51

0.320

All women <50 years of age; bBMI <25 kg m 2. TG, triglycerides; C4, 7a-hydroxy-4-cholesten-3-one; C4c, C4 corrected
for total cholesterol; lathosterol/c, lathosterol corrected for total cholesterol; BA, bile acid; PCSK9, proprotein convertase
subtilisin/kexin type 9; FGF19, fibroblast growth factor 19.
a
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written informed consent was obtained from all
participants. The study was registered at www.
ClinicalTrials.gov (#NCT01842425). A liquid LCD
was given (Modifast; Impolin AB, Stockholm, Sweden), and four or five sachets were provided daily,
amounting to a total energy content of 800–
1100 kcal day 1 (52% carbohydrates, 25% protein, 21% fat). Body composition was determined
by bioimpedance analysis, and liver volume and
intrahepatic fat were determined using magnetic
resonance imaging in the mornings of days 0, 3, 7,
14 and 28. Fluid consumption was restricted to a
total of 500 mL water during the 12 h before each
examination to facilitate comparisons between
measurements. Overnight fasting blood was collected at these time-points and isolated serum
stored at 80 °C. Fifty-four healthy women, with a
BMI <25 kg m 2, from a previously described
cohort [4] were included in the study as the control
group.
Serum levels of proteins, lipids, lipoproteins, glucose and insulin
Levels of total cholesterol, LDL cholesterol, HDL
cholesterol, triglycerides, glucose and insulin in
obese subjects were measured using standardized
routine methods at Uppsala University Hospital;
all these variables were measured in the nonobese
control subjects at Karolinska University Hospital
using routine techniques, except serum insulin
which was determined using an ultrasensitive
enzyme-linked immunosorbent assay (ELISA;
Cat. No. 10-1132-01; Mercodia, Uppsala, Sweden). Serum PCSK9 and FGF19 levels were determined by ELISA (Cat. No. CY-8079; CircuLex,
Cyclex Co., Ltd, Nagano, Japan and Cat. No.
DF1900; R&D Systems Minneapolis, MN, USA,
respectively) according to the manufacturers’
instructions.
Serum markers of the synthesis of BAs and total body cholesterol
Serum levels of 7a-hydroxy-4-cholesten-3-one
(C4), an established marker of BA synthesis [20–
23], were measured as described [22]. Unesterified
lathosterol, a serum marker of total body cholesterol synthesis [24], was determined by gas chromatography–mass spectrometry [25]. C4 and
lathosterol levels were corrected for total serum
and total cholesterol (C4c and lathosterol/c),
respectively, as described previously [24, 26].
Serum BAs were determined by liquid chromatography–tandem mass spectrometry using
deuterium-labelled BA standards.
510

Statistical analysis
Unpaired Student’s t-test was used to assess
differences between baseline data from the 10
morbidly obese patients and from the 54 normal
healthy women. A P value <0.05 was considered
statistically significant. Responses after 3 days on
the LCD were analysed by paired Student’s t-test
versus baseline values at day 0 using GraphPad
Prism version 6.01 for Windows (GraphPad Software, La Jolla, CA, USA). Unless otherwise stated,
values are presented as mean  SD.
Results
Baseline measures in morbidly obese women and nonobese control
subjects
Clinical and laboratory data from 10 morbidly obese
women and 54 healthy nonobese women (BMI
<25 kg m 2) are compared in Table 1. Total and
LDL cholesterol levels were similar in both groups,
whereas HDL cholesterol was 35% lower in obese
(P < 0.0001) than in nonobese women, in line with
previous findings [7, 11, 27]. Serum total triglyceride levels in obese women were elevated by 122%
(P < 0.0001) [11, 27, 28]. Next, we evaluated BA
synthesis and cholesterol synthesis using the serum
markers C4c [22, 26] and lathosterol/c [4, 24],
respectively. As expected from previous findings [5–
7, 11, 29], BA synthesis (2-fold increase; P = 0.001),
total cholesterol synthesis (31% increase;
P = 0.007) and total serum BAs (62% increase;
P = 0.002) were all higher in obese women [5, 15].
Then, we analysed the circulating levels of PCSK9,
a posttranscriptional regulator of LDL receptors
produced and secreted by the liver, and regulated
by sterol regulatory element-binding protein-2 [17].
PCSK9 expression may increase in situations in
which cholesterol is deficient in the liver, such as
during statin treatment [17]. In line with previous
investigations of this protein and BMI [30, 31], we
found that, similar to lathosterol/c, circulating
PCSK9 was increased in morbidly obese women by
30% (P = 0.023). The finding that both lathosterol/
c and PCSK9 were increased supports the view that
cholesterol is deficient in the liver in morbid
obesity. Serum levels of FGF19, a suppressor of
BA synthesis [32], were unaltered (P = 0.32).
Serum insulin levels were higher in obese than in
nonobese women.
Thus, the baseline metabolic profiles of these 10
morbidly obese women were consistent with those
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previously reported for this patient population and,
in addition, circulating PCSK9 was found to be
increased, also consistent with this phenotype.

Serum C4c (mg mol–1)

7

Responses to caloric restriction in morbidly obese women

Circulating levels of the BA synthesis suppressor
FGF19 were not altered on day 3 (P = 0.68) and
remained unaltered for the entire dietary period
(Fig. 2c), indicating that circulating FGF19 was not
likely to be the cause of the decrease in BA synthesis.
In addition, the induced synthesis of cholesterol
(lathosterol/c) in the obese women normalized at
this time-point (P = 0.0047) (Fig. 4a), as did serum
PCSK9 levels (P = 0.0059) (Fig. 4b). Serum LDL
cholesterol
increased
transiently
by
9%
(P = 0.0062) after 3 days on the diet (Fig. 4c),
whereas plasma total triglycerides did not change
at this time-point (P = 0.42) (Fig. 5a). The initial
fasting serum insulin levels, at the higher end of the
normal range (22 mU L 1), were reduced by 22%
(P = 0.028) on day 3 (Fig. 5b), and remained reduced
throughout the dietary period, whilst blood glucose
was stable (Fig. 5c), as previously reported [18].
Discussion
A long series of previous studies have identified
consistent metabolic changes in cholesterol and BA
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6
5
4
3
2
1
0
0

3

*

Total serum BAs (ng mL–1)

(b) 1000

7

14

28

Serum bile acids

800
600
400
200
0
0

3

7

(c) 200

Serum FGF19 (pg mL–1)

To test our hypothesis, we monitored the responses
obtained after switching to an LCD. We anticipated
that the confirmed phenotype of these morbidly obese
women, except for hypertriglyceridaemia, should
approximately normalize within a few days on the
diet. Thus, our primary focus was to evaluate
the changes observed after 3 days on the LCD, the
shortest time-point in the study. At this early timepoint, body weight was reduced by an average of
1.9 kg, mainly due to drainage of water-rich glycogen
from liver and muscle, whereas large peripheral fat
depots remained essentially intact [18]. Liver volume
was reduced by 10% [18], whilst BA synthesis,
doubled in the obese group compared to controls,
was reduced by 46% (P = 0.024) and thus normalized
(Fig. 2a). Total BAs in serum were reduced by 50%
(P = 0.016), but returned towards initial elevated
levels with time (Fig. 2b); in particular, glycineconjugated forms of BAs returned towards baseline
levels after the initial reduction; however, the unconjugated forms of cholic acid, chenodeoxycholic acid
and ursodeoxycholic acid remained reduced throughout the dietary period (Fig. 3).

*

(a) 8

150

14

28

Serum FGF19

P = 0.68

100

50

0
0

3

7

14

28

Days on LCD
Fig. 2 Effects of a low-calorie diet (LCD) in 10 morbidly
obese women on BA synthesis (C4c) (a), serum total BAs (b)
and circulating FGF19 (c). Overnight fasting blood samples
were taken on day 0, and then participants were given the
LCD for 28 days. Overnight fasting blood samples were
drawn on the indicated days. Data show meanSEM.
*P < 0.05. In all panels, dashed horizontal lines indicate
mean baseline levels in nonobese women (see Table 1).

metabolism in obese humans. A key requisite for
performing the current investigation was the fact
that the synthesis of both BAs and cholesterol is
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Fig. 3 Effects of a low-calorie diet (LCD) in 10 morbidly obese women on taurine and glycine-conjugated and unconjugated
serum bile acids (BAs). CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; UDCA, ursodeoxycholic acid;
LCA, lithocholic acid; g, glycine; t, taurine. Data show meanSEM. *P < 0.05; **P < 0.01; n.s. not significant.
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Fig. 4 Effects of a low-calorie diet (LCD) in 10 morbidly
obese women on cholesterol synthesis [lathosterol corrected for total cholesterol (lathosterol/c)] (a), circulating
proprotein convertase subtilisin/kexin type 9 (PCSK9) (b)
and serum LDL cholesterol (c). Data show mean  SEM.
**P < 0.01. In all panels, dashed horizontal lines indicate
mean baseline levels in healthy women (see Table 1).

known to be strongly induced in morbid obesity [5–
11] and that their faecal excretion is increased in
proportion [6–8, 10, 13]. Another precondition was

Fig. 5 Effects of a low-calorie diet (LCD) in 10 morbidly
obese women on serum total triglycerides (TGs) (a), serum
insulin (b) and serum glucose (c). Data show mean  SEM.
*P < 0.05. In panels a and b, dashed horizontal lines
indicate the mean baseline levels in healthy women (see
Table 1).

that consistent data have established that caloric
restriction or fasting rapidly reduces the faecal loss
of BAs in particular and also of cholesterol [13]. In
humans, faecal excretion is essentially the only
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way to eliminate BAs, and therefore, at steady
state, the level of faecal excretion of BAs changes in
proportion to BA synthesis and vice versa. Therefore, the fact that we could confirm that synthesis
of both BAs and cholesterol was clearly induced at
baseline in the 10 morbidly obese participants
strongly suggests that their faecal excretion of BAs
was induced at baseline.
We hypothesized that the excessive intake of food
in morbidly obese subjects increases the intestinal
food mass that in turn, due to its increased BA and
cholesterol binding capacity, will promote the faecal excretion of BAs and cholesterol. If correct, a
prompt and severe reduction in food intake should
rapidly normalize the above-described phenotype
before any major weight reduction presents
(Fig. 1). Accordingly, a series of responses should
quickly occur after switching to a liquid LCD: (i)
faecal loss of BAs decreases, as has previously
been clearly established [13, 14]; (ii) more BAs will
thus return to the liver and, through hepatic FXR
signalling, BA synthesis should be suppressed,
which in turn will increase liver cholesterol. This is
supported by the finding of unaltered FGF19 levels
in serum, suggesting that mechanisms other than
FGF19 pathway are involved in the regulation of BA
synthesis in this situation, presumably directly
through FXRs within the liver; (iii) the 10% reduction in liver volume [18] will consequently likewise
increase hepatic cholesterol and BA concentrations; (iv) the increase in hepatic cholesterol will
suppress transcription of LDL receptors, serving to
reduce the induced plasma clearance of LDL [7,
12], thereby leading to an increase in plasma LDL
cholesterol (Fig. 4c); and (v) also due to the
increased liver cholesterol, circulating PCSK9,
regulated by steroid regulatory element-binding
protein-2, will be reduced thereby serving to
increase LDL receptor half-life, which will somewhat dampen the effect of reduced production of
LDL receptors. Several of these predicted
responses were observed in the current study,
and, importantly, they presented as anticipated
after 3 days of the LCD, a time-point when body
weight loss was merely 1.9 kg and essentially due
to the loss of carbohydrates and water [18].
Based on both the current and previous results, we
propose that the induced BA synthesis in obese
individuals is a response to compensate for hepatic
BA deficiency. Further, in the current study, we
observed normalization of the induced synthesis of
BAs and cholesterol and of the elevated PCSK9
514

levels in the morbidly obese group after 3 days on
the LCD, when BMI and fat depots were essentially
unchanged [18]. These findings do not support the
view that this phenotype is caused by the overproduction of cholesterol in large peripheral fat tissue
depots.
Our hypothesis could explain why this phenotype
appears in morbidly obese subjects and is in line
with previous studies that consistently show that
fasting or caloric restriction reduces the faecal loss
of BAs in balance with the reduction in BA
synthesis [13, 33]. The strong correlation between
cholesterol synthesis and BMI [6, 10] is interesting
as BMI is an indicator of the amount of food
ingested over time. In addition, synthesis of BAs
correlates with BMI [4, 5, 34]. In morbid obesity,
the high food intake may indeed create BA and
cholesterol deficiencies leading to compensatory
induction of their syntheses. These findings are in
line with results from studies in which the synthesis of both BAs and cholesterol was determined
using different methods [6, 11].
However, the reason why serum BAs decreased
after 3 days on the LCD is likely to be related to
the reason why serum BAs are increased in
morbid obesity [5, 15]. A mechanism that may
explain the former is an increased active hepatic
uptake of BAs from the blood. It was recently
suggested that NTCP-mediated hepatic uptake of
conjugated BAs is induced by insulin [5]. Therefore, reduced insulin sensitivity may explain why
serum BAs are increased in morbid obesity, as
insulin insensitivity is common in such individuals. After 3 days on the LCD, insulin signalling
improved as reflected by slightly but significantly
reduced serum insulin levels. LCD-induced
improvement in insulin signalling may therefore
shift BAs from serum to liver to directly suppress
BA synthesis. However, considering that the concentration of BAs in human plasma is about 1/60
of that in liver [35], a reduction of total plasma
BAs by 400 ng mL 1 (from day 0 to day 3, Fig. 2b)
should increase hepatic BA levels by about 5% if
all these BAs are directed into the liver. We also
observed that the reduction in conjugated serum
BAs on day 3 was temporary, whereas unconjugated BAs (Fig. 3) as well as serum insulin levels
(Fig. 5b) remained reduced throughout the dietary
period.
A role of insulin in BA homeostasis was previously
suggested from 4 weeks of insulin treatment in
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obese Indians with uncontrolled diabetes during
an adapted diet to maintain body weight. The BA
pool was reduced by 35% and faecal excretion of
BAs was reduced by 36%, whilst cholesterol balance revealed that total cholesterol synthesis was
reduced by 19%. Interestingly, to maintain body
weight constant, caloric intake had to be lowered
by as much as 40%, making it impossible in this
elegant study to determine whether the insulin
treatment or the reduced food intake, or both, was
responsible for the reduced faecal excretion of BAs
[36].
The described phenotype of morbidly obese individuals may explain why serum cholesterol levels
are frequently paradoxically normal in this increasing population of patients [27]. Further, they are at
very high risk of developing cholesterol gallstones
[37, 38] indicating that BMI may be the strongest of
all risk factors for gallstone disease. A similar
phenotype with consistent increases in the synthesis of BAs and cholesterol has been reported by
several groups for patients with cholesterol gallstones [39–42]. It was concluded that increased
faecal loss of BAs through dietary factors may serve
as the driving force for this phenotype [39]. It is
therefore of interest that this phenotype may
actually be a consequence of the level of food
intake amongst morbidly obese individuals. It is
noteworthy that BMI, which correlates with BA
synthesis [4, 5, 34], has been identified as a causal
factor for symptomatic gallstone disease in a Mendelian randomization study in which the fat mass
and obesity-associated gene (FTO) rs9939609 polymorphism was used as marker for BMI [43]. The
rs9939609 polymorphism has been shown to be
linked to 7–16% increased intake of energy from
food without any changes in energy expenditure
[44–46]. Considering the robust link between food
intake and BMI, it remains to be determined
whether the level of food intake was an important
cause for why BMI was concluded to be the cause
for gallstone disease.
The current study has several limitations. First,
there were only 10 obese participants in the study.
However, this was compensated for by the fact that
individual variations could be minimized through
pairwise comparisons. Secondly, it could be considered that faecal excretion of BA and cholesterol
should have been measured in the present study.
However, as mentioned above, there are extensive
and highly consistent data on faecal excretion of BAs

in obesity and following dietary manipulations,
which have already outlined certain basal metabolic
conditions in obesity [6, 14, 47]. Reconfirmation of
such data will not add any further information to
determine the extent to which intestinal food contents specifically contribute to induce faecal excretion of BAs and cholesterol in morbid obesity.
Conclusions
In the current study, we found that elevated
synthesis of BAs and cholesterol and circulating
PCSK9 levels in morbidly obese women all normalize after 3 days on an LCD. These findings,
together with previously established metabolic
characteristics of morbid obesity, strongly suggest
that higher intestinal contents in morbidly obese
individuals, due to excessive food intake, are likely
to promote faecal loss of BAs and cholesterol. The
subsequent shortage of cholesterol and particularly of BAs therefore characterizes a metabolic
phenotype amongst morbidly obese individuals
that is quickly and largely normalized when the
excessive food intake is rapidly reduced.
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