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Raised plasma cholesterol precursors in patients with
gut resections
M A FARKKILA, R S TILVIS, AND T A MIETTINEN

From the Second Department of Medicine, University of Helsinki, Helsinki, Finland

SUMMARY Cholesterol synthesis, faecal bile acids and neutral sterols, and plasma squalene and
free and esterified cholesterol precursor sterols concentrations were studied in patients with
previous ileal resection (n=30) or jejunoileal bypass (n=9) to elucidate the responses of different
cholesterol precursors to enhanced cholesterol synthesis induced by cholesterol and bile acid
malabsorption. A subgroup of seven resection patients without fat and bile acid malabsorption
served as controls. Of the resection patients, eight had a pure bile acid malabsorption and 15 a
combination of fat, bile acid, and modest cholesterol malabsorption. In the patients with
jejunoileal bypass, cholesterol and fat absorption was greatly decreased in addition to bile acid
malabsorption. The overall cholesterol synthesis was associated with proportionately increased
plasma contents of free (and, less consistently, esterified) methyl sterols, the most marked
increase, up to 18 times, being recorded for free and esterified lathosterols. The concentrations of
the precursor sterols were similarly increased in the subjects with bile acid and cholesterol
malabsorption, the two lathosterols showing the highest correlations with the overall cholesterol
synthesis (r=0.820-0941). In the subjects with jejunoileal bypass cholesterol malabsorption
effectively regulated cholesterol synthesis and the precursor levels. Gut exclusions large enough to
cause cholesterol and/or bile acid malabsorption activate cholesterol synthesis leading to a

proportional elevation in the plasma concentrations of cholesterol precursors, especially in those of
lathosterols and free methyl sterols. Determination of the plasma concentration of total lathosterol
by a single gas-chromatographic run is a suitable method for rapid screening of clinically significant
cholesterol and bile acid malabsorption.

Resection of the small bowel, especially that of the
terminal ileum, results in interruption of the entero-
hepatic circulation of bile acids'" which, in turn, is
associated with low plasma cholesterol concentra-
tions and activated cholesterol synthesis. The overall
cholesterol synthesis has been studied in patients
with bile acid malabsorption,j which in severe cases
also leads to cholesterol and fat malabsorption. The
effect of cholesterol malabsorption on cholesterol
metabolism has been studied mainly in drug treated
subjects, however,"''4 less so in patients with in-
testinal diseases.'5 Cholesterol malabsorption is
more effective in reducing plasma cholesterol con-
centrations and may increase cholesterol synthesis
less than does bile acid malabsorption. 4 16
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The activation of cholesterol synthesis is reflected
by an increased release of free methylated cholesterol
precursor sterols in plasma probably from the liver.
Measurement of these precursor sterols offers a
convenient way to assess acute and chronic changes
in cholesterol synthesis even in non-steady state of
cholesterol metabolism.""I' Plasma squalene fluctu-
ates in a manner parallel to the diurnal variation in
cholesterol synthesis,2 but it was not a good marker
for detecting prolonged changes in cholesterol
synthesis""72' because the cyclisation of squalene to
lanosterol is only weakly rate limiting and, further,
may be an adaptive step. The responses of esterified
plasma methyl sterols and the later precursors in the
synthetic pathway of Figure 1 - that is, demethylated
precursor sterols such as lathosterols and desmos-
terol, to enhanced cholesterol synthesis have not
been fully studied, and only preliminary results are
available about patients with ileal dysfunction and
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Fig. I Proposed conversion ofsqualene to cholesterol in
man. Majorpathways as indicated by high plasma precursor
contents illustrated with continuous lines, the minor and
hypothetical ones with broken line arrows.

cholesterol malabsorption>' It is interesting to note
that plasma lathosterols are only weakly increased by
squalene feeding induced activation of cholesterol
synthesis even though the methylsterol concentra-
tions are markedly increased.'9 In the present study
we measured the overall cholesterol synthesis by the
sterol balance technique and quantified free and
esterified cholesterol precursors in plasma of patients
with jejunoileal bypass and different lengths of ileal
resection. Our aim was to answer the following
questions: (1) Are the responses of the free methyl-
ated and demethylated cholesterol precursor sterols
similar to enhanced cholesterol synthesis? (2) Are
the responses of esterified precursor sterols com-

parable with those of the free ones? (3) Are the
changes in cholesterol synthesis, evaluated with
either the sterol balance technique or by plasma
precursor levels, similar in cholesterol and bile acid
malabsorption?

Methods

PATI ENTS
Thirty nine patients who underwent an ileal resection
or bypass were selected from the patient register of
the University Hospital of Helsinki (Table 1). Nine
patients had undergone jejunoileal bypass (JIB) for
intractable obesity four to 10 years ago and had the
function of 20 cm of the proximal jejunum and 25 cm
of the distal ileum. All of them were still obese [BMI
103 6 (28.3) kg m-2]. Fifteen patients were operated
for Crohn's disease, eight for ileal obstruction, and
two patients had had embolism in the superior

mesenteric artery. The remaining five patients under-
went surgery for diverticulum Meckeli, peritonitis as

a result of appendicitis, ovarian endometriosis, intra-
abdominal herniation and sarcoma of the caecum.

The duration since operation varied from three
months to 30 years. The length of the small intestine
still functioning was estimated on the basis of
measurements taken by the surgeon at the operation.

EXPERIMENTAL PROCEDURES
The patients visited the outpatient clinic and were

instructed to maintain their customary home diet and
to keep a complete record of food and beverage
intake for seven days. These food consumption data
were used to determine the mean daily intake of
nutrients.92 Fractional cholesterol absorption was

measured by the method of Crouse and Grundy."4
For the determination of faecal fat, faecal neutral
sterols and the degree of bile acid and cholesterol
malabsorption the patients undertook a three day
stool collection at the end of the seven day dietary
recall. For this purpose the patients took a capsule
containing 0.11 tCi '4C-cholesterol, 014 [tCi 3H-
beta-sitosterol and 200 mg chromic oxide three times
a day with each major meal for the seven days. The
fractional cholesterol absorption was calculated by

Table 1 Clinical data ofthe patients

Variables IR IRBM IRFBM JIB

Number 7 8 15 9
Women/men 6/1 4/4 9/6 6/3
Age, years 52-0 (6-5) 47-0 (8-5) 47-5 (3-6) 36-1 (3-2)1
Time from operation, years 9-2 (2-2) 7.9 (3-4) 5-4 (1-1) 8-1 (0-7)
BMI, kg/m2 23.1 (1-2) 21-7 (1-6) 22-1 (1-3) 35-7 (2.3)§
Weight, kg 64.6 (2-3) 62.1 (5-9) 62-4 (4-4) 103-7 (9-4)§
Dietary fat, g/kg/day 1-32 (0-17) 1-64 (0-25) 1-61 (0-13) 1-02 (0-11)
Dietary chol, mg/kg/day 6(1(0 ((0.90) 6-82 (0-91) 7-00 (0-60) 4-86 (0-46)
Terminal ileum excluded, cm* 49-3 (12-7) 82-1 (7 7)t 77-3 (6.7)t 75-6 (I-0)t
Small bowel left, cm 193-3 (26-7) 306-7 (23-3)t 182-0 (20-0) 45-5 (0-6)§

Mean (SE). *Either proximal, middle or distal part of the last 100 cm of the terminal ileum; tp<0-05; Tp<O-01; §p<0-001.
IR=ileal resection without fat or bile acid malabsorption; IRBM=ileal resection with bile acid malabsorption; IRFBM=ileal resection with
both bile acid and fat malabsorption; JIB= jejunoileal bypass.
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dividing the faecal '4C/3H ratio by the dietary '4C/PH
ratio.

FAECAL LIPIDS
Faecal fat was determined by the method of van de
Kamer et al.29 Chromic oxide, used to correct the
faecal flow," was measured by the method of Bolin.7
Faecal bile acids and neutral sterols were determined
by the gas liquid chromatography (GLC) proce-
dure,2 29 omitting the thin layer chromatography
(TLC), and using a capillary column. " The results are

calculated in relation to chromic oxide excretion.
Cholesterol synthesis was obtained as the difference
between the faecal output of steroids of cholesterol
origin (acidic and neutral) and the dietary intake of
cholesterol.

After an overnight fast blood samples were drawn
into heparinised 10 ml tubes. After sedimentation of
red cells at 125 g plasma cholesterol and triglycerides
were determined with standard hospital laboratory
methods.3' 32 Plasma squalene, free sterols, and
esterified sterols were separated by the TLC and
determined by the GLC-method.'52'22 Because the
concentration of the lipoproteins transporting chol-
esterol precursors varied markedly the values are

expressed in terms of rig/mg cholesterol. Liver
function was assessed by plasma prothrombin and
plasma albumin concentrations.

STATISTICAL ANALYSIS

The differences in the data between the groups were

tested with the analysis of variance (ANOVA). The
correlations and stepwise regression analysis of dif-
ferent variables were calculated with a Honeywell
Bull computer using BMDP software.33

Results

CHARACTERISTICS OF SUBGROUPS

The study population of 39 subjects was divided into

four subgroups according to the type of operation
and fat and bile acid malabsorption (Table 1). Group
1 with an ileal resection had faecal fat and bile acid
values within the normal limits and served as a

control group. About half of the distal 100 cm of the
terminal ileum was still functioning. Group 2 had
only 18 cm of the terminal ileum in function after the
resection and had bile acid malabsorption but no

steatorrhea mainly because most of the remaining
small intestine was functioning. Group 3 had both
bile acid malabsorption and steatorrhea because the
remaining terminal ileum and whole small gut were

short. Group 4 had jejunoileal bypass with only 45 cm
of the small intestine in function. This group had
severe fat malabsorption in addition to bile acid
malabsorption. Plasma prothrombin concentrations
did not differ between the groups but plasma albumin
was lowered in group 3.

DIETARY INTAKES

No significant differences were found in the daily
calorie, fat and cholesterol intakes among the differ-
ent groups when expressed per kg of body weight
(Table 1).

PLASMA LIPIDS

The concentrations of plasma cholesterol were signi-
ficantly lower in the three groups with bile acid
malabsorption than in the control group (Table 2).
On the other hand, the plasma triglyceride concen-

trations tended to be lower in the controls than in the
other groups.

CHOLESTEROL ABSORPTION AND SYNTHESIS

The parameters of cholesterol metabolism are pre-

sented in Table 2. Fractional cholesterol absorption
was similar in the control group (41%) and in the
group with bile acid malabsorption (46%) but was

impaired somewhat in group 3 (20%) with both bile
acid and fat malabsorption and especially in group 4

Table 2 Laboratory data ofthe patients

Variables IR IRBM IRFBM JIB

P1-cholesterol, mmol/l 5-9 (0.4) 4-2 (0 3)* 4-1 (0-3)t 3-7 (0 3)t
P1-triglycerides, mmoUlI 088 (0.08) 1-05 (0.18) 150 (0-12)t 151 (0.71)
P1-albumin, g/l 41-1 (0.8) 42-3 (0.7) 36-5 (1-5)* 39-3 (1.1)
Prothrombin time, % 94-0 (12.0) 99 0 (8-0) 102-0 (4-0) 101 0 (6-0)

Faecal fat, g/day 5-3 (0.6) 5-3 (0.7) 26-8 (5.7)* 62 9 (13-5)t
Faecal neutral sterols, mg/kg/d 108- (1 1) 9-0 (0-8) 13-7 (1.3) 17 2 (2 0)*
Faecal bile acids, mg/kg/d 6-0 (0.8) 36-7 (9-4)t 50 7 (6 7): 25 3 (3-2)i:
Fractionalcholabs, % 41 3 (4-0) 46-4 (2.4) 20 4 (4-1)t 8 1 (3.1) T
Cholesterolsynthesis, mg/kg/day 10-8 (1.9) 42-2 (10-0)t 57-4 (7.2): 37.7 (4.5)4

*p<0.05; tp<0 01; fp<0.001.
For abbreviations see Table 1.
Conversion factor for cholesterol (mg/dl) is 38-7 and for triglycerides (mg/dl) 88-5.
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Fig. 2 Plasmafree and esterified cholesterolprecursors and
cholesterol synthesis in patients with pure bile acid
malabsorption (IRBM), combination ofboth (IRFBM), or
mainly cholesterol malabsorption (JIB) divided by those of
operated controls. Freeprecursors areshown by continuous
columns, esterified by shaded ones. All thefree sterol
precursor ratios were significantly increased in IRBM,
IRFBM andJIB as compared with controls. Statistics are
shownfor the esterprecursor ratios. *p<0-05. Sq=squalene;
Metho=methosterol; Lano=lanosterol; A8Latho=
A8lathosterol; A8'24DMS= A8'24dimethyl (4a4p) sterol;
Latho=lathosterol; A8DMS= A8dimethyl (4a40) sterol;
Desmo=desmosterol; A8MMS= A8monomethyl (4a) sterol;
Chol=cholesterol.

with jejunoileal bypass (8%). In the latter two groups
the faecal neutral sterol excretion was also increased,
and the absolute absorption of dietary cholesterol
was clearly lower (1.4 and 04 mg/kg/day) than in
other groups (2.6-3.1 mg/kg/day). When compared
with the controls, the overall cholesterol synthesis
was increased by a factor of three to five in groups 2
and 4, however, most significantly in group 3 although
with reduced plasma albumin concentrations. Despite
the markedly short functioning small gut, continuing
obesity, and marked cholesterol malabsorption of
the jejunoileal bypass patients, their cholesterol
synthesis was increased less (p<0-05) than in re-
section group 3 with a combination of bile acid, fat,
and moderate cholesterol malabsorption.

FREE CHOLESTEROL PRECURSORS IN PLASMA
The contents of plasma squalene and free and
esterified methyl sterols, demethylated C-27 pre-

cursor sterols and cholesterol are presented in
relation to the operated control group, in Figure 2.
The concentration of plasma squalene was signifi-
cantly increased only in group 3. The free precursor
sterol contents were 3-18, 2-7 and 1-4-6 times higher
in groups 3, 2 and 4, respectively, than in the
operated controls. The increases in the precursor
sterol concentrations were mainly related to the
respective increases in overall cholesterol synthesis
no matter whether the synthesis was stimulated by
pure bile acid malabsorption alone (group 2) or
combined with cholesterol malabsorption (groups 3
and 4). The highest relative rise (Fig. 2) was found for
free A8-lathosterol, followed by lathosterol, A8-
methostenol and A/8.24 dimethylsterols (6-18, 4-6,
3-5 and 2-3 times, respectively). Desmosterol and
methostenol were increased only moderately. In
absolute terms the highest increases were found for
lathosterol (from 235 to 1460 102. [tmol/mmol) and
A8-lathosterol (from 10 to 186 102. [Lmol/mmol).

ESTERIFIED PRECURSOR STEROLS
The responses of the esterified A8-dimethyl and
A8-monomethyl sterols and lathosterols levels were
similar to the respective free sterols so that the
esterification percentage was unchanged (Fig. 2).
Esterified lanosterol, A8'24 dimethylsterol, metho-
stenol and desmosterol, however, responded poorly
and inconsistently to the enhanced cholesterol
synthesis.

FACTORS DETERMINING PRECURSOR
CONCENTRATIONS
Table 3 shows that all the free plasma cholesterol
precursors, except squalene, were significantly cor-
related with cholesterol synthesis when the data of
all operated subjects were plotted together. The
correlations were less significant for the esterified
methyl sterols and negative for the esterification
percentages. The highest correlations (r=0-820-
0.941) were found for the free, esterified and total
values of the two lathosterols. Factors possibly
associated with the plasma concentrations of chol-
esterol precursors were further studied using step-
wise regression analysis of eight variables separately
for jejunoileal bypass and for patients with ileal
resections. The results are shown for total A%-
lathosterol only (Table 4). In jejunoileal bypass A8-
lathosterol correlated strongly negatively with chol-
esterol absorption (both fractional and absolute) and
positively with bile acid output. When cholesterol
absorption entered the stepwise regression analysis
no further significant correlations were found with
A8-lathosterol (step 1), suggesting that cholesterol
malabsorption was the major factor which stimulated
cholesterol synthesis and subsequently increased the
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Table 3 Correlations ofplasma cholesterol and its precursors (tg/llOO mg cholesterol) with cholesterol synthesis
(mglkglday)

Precursor Free Ester Total Esterification %

Squalene 0-178 - 0-178
Lanosterol 0-671: 0-4951 0 6821 -0-273
A8'24dimethyl (4a, 41) sterol 0 7611: 0-123 0-765: -0.350*
A8dimethyl (4a, 41) sterol 0 797: 0-646: 0-799: -0-108
A8monomethyl (4a) sterol 0-7951: 0-610t 0-783t -0-160
Methosterol 0-688: 0-178 0-640: -0.374*
Allathosterol 0-941: 0-820t 0-845: -0-208
Lathosterol 0-824t 0-851t 0-841t -0-156
Desmosterol 0-641t 0(478t 0-640t -0-546t
Cholesterol -0-435 -0-428 -0.444* 0-147

*p<0.05; tp<0 01; tp<o0oo1.

plasma concentrations of the cholesterol precursors
in the patients with jejunoileal bypass.
A similar analysis for the patients with ileal

resections (Table 4) revealed that bile acid mal-
absorption, caused by ileal dysfunction, was the
major factor increasing the plasma precursor con-

centrations through enhanced cholesterol synthesis.
Bile acid malabsorption in the regulation of the
plasma concentrations of the cholesterol precursor

sterols was also identified as playing a decisive role
when group 3 with combined bile acid and cholesterol
malabsorption, and group 2 with pure bile acid
malabsorption were analysed separately (data not
shown).

Discussion

METHYL STEROLS V LATHOSTEROLS
The main factors determining the plasma concentra-
tions of a single cholesterol precursor are the synthesis
rate, the rate of further conversion to cholesterol, and
the release to and removal from plasma. The present

study showed that of the cholesterol precursors the
chronic stimulation of cholesterol synthesis by differ-
ent types of ileal resections or jejunoileal bypass
clearly increased the plasma concentrations of latho-
sterols, especially A*-lathosterol, more effectively
than those of squalene, methylsterols or demosterol.
Short term stimulations of cholesterol synthesis
increase the plasma concentrations of squalene,
lanosterol and A-24 dimethylsterols relatively more

than those of the later methylated precursors"92
whereas more chronic stimulation reverses this rela-
tion, probably as a result of adaptation in further
conversion of squalene and lanosterol.734 The
present findings suggest that the enhanced metab-
olism of the methyl sterols (Fig. 1) leads to accumula-
tion of the later intermediates, A*-methostenol,
A*-lathosterol and lathosterol, and that their further
conversion to cholesterol becomes more rate limiting
during chronically stimulated cholesterol synthesis.
The significance of the high concentrations of these
sterols in the feedback inhibition of cholesterol
synthesis is not known at the moment.

Table 4 Correlation of eight variables with total plasma content of A8-lathosterol in patients with gut exclusions. Stepwise
regression analysis

Step 0 Step 1

JIB hleal resection JIB lleal resection
Variable n=9 n=30

Body mass index, kg m-2 NS NS NS NS
Dietary fat, g/day NS NS NS NS
Fractional cholesterol absorption, % -0-746t -0-521: NS NS
Dietary cholesterol absorbed, mg/day -0-779t NS NS
Plasma cholesterol, mmol/l -0-607* -0-497: NS NS

Fecal bile acids, mg/kg/day 0-632* 0-860: NS
Fecal neutral steroids, mg/kg/day NS 0-413* NS NS
Fecal fat, g/kg/day NS 0-385* NS NS

JIB=jejunoileal bypass; NS=not significant; Step 1=the variable with highest correlation in both groups entered the analysis.
*p<0-05; tp<0 01; tp<0-001.
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Is then, the huge relative increase of A8-lathos-
terol an actual measure of increased cholesterol
synthesis overall or only in some tissue - for example,
in the liver? The current concept implies that bile acid
malabsorption enhances cholesterol conversion to
bile acids in the liver depleting hepatocyte cholesterol
which, in turn, activates hepatic cholesterol synthesis,
upregulates hepatic LDL apoB receptors and sub-
sequently lowers plasma cholesterol through en-
hanced receptor mediated cataboalism of LDL. As
these changes are supposed to take place mainly in
the liver, the increase in overall cholesterol synthesis
and in cholesterol precursor concentrations should
also be mainly of hepatic origin. In fact, the plasma
contents of cholesterol precursors in man exhibit a
high correlation (r-value up to 0.941) with hepatic
hydroxymethyl glutaryl CoA reductase activity,36 the
key enzyme in regulation of cholesterol synthesis.
The relative six to 18-fold increases of A8-lathosterol
in different groups were actually higher than the
respective three to five fold increases in overall
synthesis. Thus, the huge increase in the plasma
concentration of A8-lathosterol may mainly reflect
the actual change in hepatic cholesterol synthesis.
The marked accumulation of A8-lathosterol is
unexpected because at least in the rat liver, the
conversion of A' to A7 by steroid-8-ene isomerase is
10 times more active than methyl sterol oxidase.37

ESTERIFIED PRECURSOR STEROLS
The inconsistent responses of the esterified pre-
cursors sterols to enhanced cholesterol synthesis -
that is, the poor increase of methyl sterols and the
high increase of lathosterols, are mostly explainable
by their different esterification: (1) Methyl sterols are
not esterified in plasma by lecithin cholesterol acyl
transferase (LCAT).38 Thus, an increase in the
plasma concentration of free methyl sterols is not
automatically followed by an increase in that of
esterified methyl sterols. (2) Methyl sterol esters are
formed in tissues most likely in the liver mainly by
acyl-coenzyme A: cholesterol acyl transferase
(ACAT)39" and are apparently secreted in VLDL
into the blood. Only monomethylsterols, not di-
methylsterols, are effectively esterified by this
enzyme." This would explain the low plasma values
for the tri- and dimethylsterols and the clearly higher
baseline values for the two methostenols. Thus, the
plasma concentrations of esterified methylsterols
depend mainly on methyl sterol balance and ACAT
activity in hepatocytes. (3) Demethylated cholesterol
precursors are substrates for both ACAT and
LCAT.4"4' Accordingly, in contrast with the methyl
sterols, an increase in the plasma concentration of
free demethyl sterols results in their esterification by
LCAT and thus in a proportionate increase in the

esterified forms. The findings in Figure 2 are actually
compatible with this consideration.

CHOLESTEROI AND BILE ACID MAI ABSORPTION
The increase in the cholesterol precursor concentra-
tions was proportionately similar to the enhanced
cholesterol elimination caused either by cholesterol
or bile acid malabsorption. In coeliac disease, how-
ever, the pure cholesterol malabsorption increases
cholesterol precursor sterol concentrations relatively
less than does bile acid malabsorption. 6 Similar
results have been obtained with neomycin induced
cholesterol malabsorption when the increase in chol-
esterol synthesis is relatively small, however.4
Stepwise regression analysis in jejunoileal bypass
(Table 4) emphasises the importance of cholesterol
absorption in the regulation of cholesterol metab-
olism, an aspect that has been accorded too little
attention so far. In the resection patients bile acid
malabsorption is, correspondingly, the fundamental
factor in enhanced synthesis and reduced plasma
cholesterol concentrations.

CLINICAL USE OF CHOLESTEROI, PRECURSORS
The high correlation between the total plasma con-
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Fig. 4 Gas chromatographic run of (a) free cholesterol
fraction including peaksfor demethylatedprecursorsterols
and (b) free and (c) esterified methylsterols. The peaks are
identified on the basis oftheir retention times. 1= chol, 2=
A8latho, 3=latho, 4=campesterol, 5=fp-sitosterol, 6=
A8MMS, 7=metho, 8= A'DMS, 9=lano, 10= A8,24DMS.
Forabbreviations see Fig. 2.

tent of lathosterols and cholesterol synthesis induced
either by impaired cholesterol or bile acid absorption
suggests that the determination of plasma lathosterol
can be used to screen patients with diarrhoea for

clinically significant cholesterol or bile acid mal-
absorption. The findings in Figure 3 indicate that
95% of cases with an intestinal exclusion large
enough to enhance cholesterol synthesis had in-
creased plasma lathosterol concentrations. Because
the plasma lathosterol concentration is high enough
to allow accurate measurement, it can be determined
easily and quickly with a single GLC run on a
capillary column directly from non-saponifiable
plasma lipids, Figure 4. Low base line concentrations
of methyl sterols require time consuming preliminary
TLC isolation before GLC quantification.22
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