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Abstract
Objective—To determine precisely the role of parathyroid hormone (PTH) and of phosphatonins
in the genesis of posthepatectomy hypophosphatemia.

Background—Posthepatectomy hypophosphatemia has recently been related to increased renal
fractional excretion of phosphate (FE P). To address the cause of hypophosphatemia, we measured
serum concentrations of PTH, various phosphatonins, and the number of removed hepatic segment
in patients with this disorder.

Methods—Serum phosphate (PO4), ionized calcium (Ca++), , pH and FE P, intact PTH (I-
PTH), carboxyl-terminal fibroblast growth factor 23 (C-FGF-23) and intact fibroblast growth
factor 23 (I-FGF-23), FGF-7, and secreted frizzled related-protein-4 (sFRP-4) were measured
before and on postoperative (po) days 1, 2, 3, 5, and 7, in 18 patients undergoing liver resection.
The number of removed hepatic segments was also assessed.

Results—Serum PO4 concentrations decreased within 24 hours, were lowest (0.66 ± 0.03 mmol/
L; P < 0.001) at 48 hours, and returned to normal within 5 days of the procedure. FE P peaked at
25.07% ± 2.26% on po day 1 (P < 0.05). Decreased ionized calcium concentrations (1.10 ± 0.01
mmol/L; P < 0.01) were observed on po day 1 and were negatively correlated with increased I-
PTH concentrations (8.8 ± 0.9 pmol/L; P < 0.01; correlation: r = −0.062, P = 0.016). FE P was
positively related to I-PTH levels on po day 1 (r = 0.52, P = 0.047) and negatively related to PO4
concentrations (r = −0.56, P = 0.024). Severe hypophosphatemia and increased urinary phosphate
excretion persisted for 72 hours even when I-PTH concentrations had returned to normal. I-
FGF-23 decreased to its nadir of 7.8 ± 6.9 pg/mL (P < 0.001) on po day 3 and was correlated with
PO4 levels on po days 0, 3, 5, and 7 (P < 0.001). C-FGF-23, FGF-7 and sFRP-4 levels could not
be related to either PO4 concentrations or FE P.

Conclusion—Posthepatectomy hypophosphatemia is associated with increased FE P unrelated
to I-FGF-23 or C-FGF-23, FGF-7, or sFRP-4. I-PTH contributes to excessive FE P partially on po
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day 1 but not thereafter. Other yet defined factors should explain post hepatectomy
hypophosphatemia.

Hypophosphatemia frequently occurs after liver resection and has also been reported after
major colorectal and aortic surgeries.1–4 Because of the important role that phosphates play
in normal bone mineralization, signal transduction, nucleotide metabolism, intermediary
energy metabolism, and enzyme regulation,5–9 hypophosphatemia can result in serious
clinical consequences. Manifestations of hypophosphatemia depend on the severity and
rapidity of its occurrence and include confusion, convulsion, coma, cardiac failure, and
diaphragmatic asthenia.10,11 After liver resection, pulmonary complications are serious,
especially, after right hepatectomy.13

For a long time, increased metabolic demands by the regenerating liver were viewed as the
underlying pathologic mechanism of hypophosphatemia. The magnitude of phosphate
uptake by the recovering liver cannot explain the severity of hypophosphatemia.5,14

Therefore, other factors must play a role in the pathogenesis of hypophosphatemia. We, as
well as Salem and Tray, observed an early postoperative (po) increase in the fractional
excretion of phosphate (FE P) posthepatectomy.1,2 To determine the role of known
phosphaturic agents such as parathyroid hormone (PTH) in the pathogenesis of renal
phosphate wasting following hepatectomy, we and others measured PTH concentrations in
such patients. Salem and Tray found normal PTH levels in 2 patients after hepatectomy.2

We reviewed our published data on calcium metabolism in surgical patients1,15 and found
that 9 hepatectomized patients not included in the actual study1,15 showed significant
increases in circulating intact PTH that were associated with hypocalcemia observed
following the procedure. Changes in serum calcium and PTH concentrations, however,
preceded hypophosphatemia and hyperphosphaturia by more than 24 hours, and therefore
were not responsible for the pathogenesis of the hypophosphatemia, which persisted on the
second and third po day.1,15

To further investigate the pathogenesis of hypophosphatemia seen following hepatectomy,
we measured concentrations of “phosphatonins” (circulating phosphaturic peptide factors),
known to play a role in the pathogenesis of disorders such as tumor induced osteomalacia,
X-linked hypophosphatemic rickets, autosomal dominant hypophosphatemic rickets, and
autosomal recessive hypophosphatemic rickets.14 Among phosphatonins, “fibroblast growth
factor-23” (FGF-23) is best characterized.16 FGF-23 inhibits renal phosphate-handling and
represses 1,25(OH)2D3 synthesis by renal 25-hydroxyvitamin D-1 alpha-hydroxylase,
resulting in hypophosphatemia.17 FGF-7, matrix extracellular phosphoglycoprotein (MEPE)
and secreted frizzled-related protein (sFRP)-4 also have phosphatonin activity and suppress
renal phosphate-handling.17 Their role after hepatectomy has not yet been explored. We
designed this prospective study to more precisely explore the role of intact PTH, FGF-23,
FGF-7, and sFRP-4 in hypophosphatemia and hyperphosphaturia observed after liver
resection.

MATERIALS AND METHODS
Patients

Eighteen patients scheduled for partial liver resection accepted to participate in the study,
which was approved by the local human ethics committee. All patients signed informed
consent forms. Exclusion criteria were: known hypophosphatemia of any cause, chronic
renal disease (creatinine >150 mmol/L), hyperparathyroidism, therapy with oral antacids
(aluminum-, calcium- or magnesium-based), and use of diuretics in the week preceding
surgery or during hospital stay. Patients contracting significant respiratory (pCO2 <30 mm
Hg) or metabolic (  >35 mmol/L) alkalosis (pH >7.45) during the study were also
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excluded. Serum samples were collected on the morning of the surgery after overnight
fasting at 7 AM and every morning on po days 1, 2, 3, 5, and 7 at fixed time at 7 AM.

Postsurgical complications were defined as follows: pulmonary infection treated with
antibiotics, wound infection, and biliary leak. For phosphate replacement, 250 to 500 mL of
potassium phosphate (concentration of 60 mmol/L) was administered intravenously over a
4-hour period to maintain a serum phosphate concentration >0.7 mmol/L.

Routine Biochemistry Measurements
Serum sodium, potassium, ionized calcium, , and pH were measured within 30
minutes of sampling with a direct ion-selective electrode (ISE, Bayer RapidLab 865 Blood
Gas System, Siemens Medical Solutions Diagnostics, Tarrytown, NY). Serum creatinine,
total calcium, serum phosphate, albumin, and magnesium concentrations were quantified by
automated colorimetry (Synchron LX20, Beckman-Coulter Inc., Fullerton, CA). Urine was
collected for 12 hours before surgery and for 24 hours on po days 1, 2, 3, 5, and 7. FE P was
estimated according to the following formula; (100 × 24 hours [or 12 hours] urinary
phosphate [mmol/L]/serum phosphate [mmol/L])/(24 hours [or 12 hours] urinary creatinine
[mmol/L]/ serum creatinine [mmol/L]). In FE P estimation, serum phosphate and creatinine
values used were the mean of the measurements obtained at the beginning and end of the
urinary collection. FE P of 10% to 15% was considered normal. Serum aliquots were kept at
−70°C and thawed just before I-PTH (Elecsys, Roche Diagnostics, Laval, Quebec, Canada;
normal = 1.4 and 6.8 pmol/L) and phosphatonins assays. FGF-23 levels were estimated
using 2 different 2-site enzyme-linked immunosorbent assays (ELISAs): (1) a carboxyl-
terminal human FGF-23 ELISA (Alpco Diagnostics, Salem, NH) and (2) an intact human
FGF-23 ELISA (Kainos Laboratories, Tokyo, Japan). The carboxyl-terminal assay uses
polyclonal antiserum and recognizes 2 epitopes on the carboxyl-terminal side of the
proteolytic cleavage site of the full molecule (between aminoacids 176 and 180) and thus
recognizes both full-length and carboxyl-terminal cleavage fragments of FGF-23. The Alpco
Diagnostics carboxyl–terminal FGF-23 (C-FGF-23) assay has an intra-assay coefficient of
variation of 5.0%, an interassay coefficient of variation of 5.0% to 7.3%, and a lower limit
of detection of 3.0 relative units (RU)/mL. Values bellow 100 RU/mL were considered
normal. The Kainos intact FGF-23 (I-FGF-23) assay uses 2 monoclonal antibodies to
epitopes on either side of the cleavage site. The capture antibody recognizes an epitope on
the aminoterminal side of the cleavage site, whereas the detection antibody recognizes an
epitope on the carboxyterminal side; thus, the assay recognizes only the intact molecule. The
Kainos I-FGF-23 assay has a lower limit of detection of 3 pg/mL and intra-assay and
interassay coefficients of variation of less than 5%. Values between 8 and 52 pg/mL are
considered normal. FGF-7 levels were measured using a human FGF-7 ELISA assay (R and
D Systems, Minneapolis, MN). This assay uses monoclonal antibodies prepared against E.
coli-expressed recombinant human keratinocyte growth factor. The assay was performed
based on the manufacturer’s procedure. The FGF-7 ELISA assay has an intra-assay
coefficient of variation <5.0%, an interassay coefficient of variation of 5.2% to 7.7%, and a
lower limit of detection of 15 pg/mL. Values between 21 and 53 pg/mL are considered
normal. sFRP-4 levels were estimated with an sFRP-4 ELISA, based on the use of a
monoclonal mouse anti-FRP4 antibody clone bound to well plates.18 sFRP-4 ELISA assay
has an intra-assay coefficient of variation of 10%, an interassay coefficient of variation of
18%, and a lower limit of detection of 5 ng/mL. Values bellow 1750 ng/mL are normal.

Statistical Analyses
Statistical analyses were performed using Sigma (GraphPad Software Inc., San Diego, CA)
and SAS 9.0 (SAS Institute Inc, Cary, NC). Data were tested for normality and the results
are expressed as mean ± SEM. Analysis of variance for repeated measures followed by
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Tukey’s test for multiple comparisons was used to evaluate significant relations. To identify
determining factors of serum phosphate and FE P, Pearson correlation was performed with
the number of removed hepatic segments and FGF-23, FGF-7, sFRP-4, and PTH levels for
each po day. General correlations were grouped with a Generalized Least Squares mixed
procedure. Differences were considered significant when the P value was <0.05.

RESULTS
Eighteen patients (10 women and 8 men) with a mean age of 58 ± 2 (range: 29–73) years,
underwent hepatectomy for colorectal cancer metastases (n = 13), biliary tree trauma (n = 2),
duodenal adenocarcinoma metastases (n = 1), hepatic cystadenoma (n = 1), or gallbladder
adenocarcinoma (n = 1). The mean number of resected hepatic segments was 3.2 ± 0.2,
clamping duration was 5.4 ± 1.9 minutes in the 5 patients who had this procedure, and
intraoperative bleeding was 636 ± 126 mL. All patients were extubated in the recovery room
and only half of them were admitted to intensive care unit for 24 hours except for 2 patients
who stayed for 2 days. Six patients required phosphate replacement to maintain serum
phosphate above 0.7 mmol/L. Apart from the lower serum phosphate, these patients behave
similarly to the others. Three patients (16%) required an average of 1.3 U of red blood cells
transfusion. The complication rate was 38 ± 11%, including spontaneously resolved biliary
leak (n = 2), respiratory infection (n = 2), and wound infection (n = 2).

Serum phosphate was significantly lower on po day 1, 2, and 3. It decreased from 1.18 ±
0.03 to a minimum value of 0.66 ± 0.03 mmol/L (P < 0.001) on po day 2 (Fig. 1A). Serum
phosphate at the nadir was nearly correlated with the number of resected liver segments (P =
0.08). FE P increased significantly from 15.3 ± 0.9 to 25 ± 2.2% (P < 0.01) on po day 1
(Fig. 1A), and was not correlated with the number of resected segments (P = 0.54).
Phosphate replacement was required to maintain serum phosphate >0.70 mmol/L in 6
patients.  and pH monitoring showed slight acidemia (pH: 7.32 ± 0.01) on po day 1,
which spontaneously resolved on po day 2 without alkalemia (Fig. 1B). Serum ionized
calcium fell from 1.16 ± 0.02 to 1.10 ± 0.01 mmol/L (P < 0.01) and I-PTH increased from
4.5 ± 0.3 to 8.8 ± 0.9 pmol/L (P < 0.01) on po day 1 (Fig. 1C). Serum calcium
concentrations were inversely correlated to concentrations of I-PTH (r = −0.62, P = 0.016).
FE P correlated positively with I-PTH (r = 0.52: P = 0.047) and negatively with phosphate
levels (r = −0.56: P = 0.024) on po day 1 (Fig. 2).

Levels of I-FGF-23 decreased significantly on po day 1, 2, 3, and 5. It fell from 37.9 ± 9 to
7.8 ± 6.9 pg/mL (nadir) on po day 3 (P < 0.001) (Fig. 1D). I-FGF-23 decrease (P = 0.03)
was associated with serum phosphate decrease. Carboxyl-terminal FGF-23 increased from
19.4 ± 7.4 to 70.1 ± 28.8 RU/mL on po day 2, without reaching significance because of a
large standard error (Fig. 1D). I- and C-FGF-23 varied inversely but remained
nonsignificantly correlated for all po days. FGF-7 increased continually from 28.1 ± 1.11 to
52.4 ± 8.91 pg/mL (not significant) on po day 7. Secreted FRP-4 increased from 83.9 ± 14.2
to 104.8 ± 17.4 ng/mL (not significant) on po day 1 then decreased gradually to presurgical
levels on po day 7 (Fig. 1E).

Correlations of serum phosphate and FE P with the potential phosphaturic factors were
calculated for each po day. Serum phosphate determining factors in all po days estimated
with the Generalized Least Square mixed procedure showed significant association (P <
0.001) with I-FGF-23 decrease (Fig. 1D) but not with C-FGF-23, FGF-7 or sFRP-4.
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DISCUSSION
Hypophosphatemia is a frequent disorder after partial hepatectomy. Several hypotheses have
been postulated to account for the pathogenesis of hypophosphatemia. It is now believed
that increased metabolic demands by regenerating liver, the original hypothesis do not
account for the occurrence of hypophosphatemia. We and others have shown that
posthepatectomy hypophosphatemia is associated with increased urinary phosphate losses
due to increased FE P by the kidney.1,2 The pathogenesis of increased FE P is not clear, and
to ascertain factor(s) responsible, we measured the concentration of several phosphaturic
peptides.

pH plays a central role in the control of the phosphate level. Alkalosis induces
hypophosphatemia by an acute intracellular shift of serum phosphate with resulting
intracellular replenishment.5 In our experience, pH increased immediately after the onset of
anesthesia and before surgery start; however, the mean pH remains within the normal range
(7.36–7.45).15 We did not find alkalosis in the present study but transient acidosis on
posthepatectomy day 1. Acute acidosis mobilize intracellular phosphate (depletion) to
restore its plasma concentration despite absence of replacement and continuing urinary
loss.19 Posthepatectomy hypophosphatemia was not related to alkalosis in our patients and
was not corrected by transient acidosis.

PTH is a powerful phosphaturic agent that reduces renal proximal tubular phosphate uptake
resulting in an increased FE P and hypophosphatemia.5 In our study, I-PTH values were
normal except on po day 1 where the level was increased 2-fold and was correlated with FE
P. FE P and I-PTH levels were not correlated on other po days. Experimental models have
shown that FE P increases very rapidly (<20 minutes) in response to PTH with a
simultaneous down-regulation of NPt2a cotransporters.20,21 Surgical monitoring of I-PTH
values in our previous study1,15 showed an early 9-fold increase during the surgical
procedure, which was associated with hypocalcemia. PTH changes preceded the nadir of
hypophosphatemia by 24 hours.1,15 Results of the present study are similar except for the
fact that I-PTH values were the only determining factor of FE P on po day 1. It is important
to note that changes in serum calcium and I-PTH had resolved when hypophosphatemia was
maximal on po days 2 and 3. Therefore, the duration of posthepatectomy hypophosphatemia
has to be explained by other phosphaturic factor than PTH.

Phosphatonins are phosphaturic peptides that decrease renal sodium-dependent cotransport
of phosphate.17 They have been isolated from tumors inducing renal phosphate loss and
osteomalacia. FGF-23, an archetypal phosphatonin is detected in normal plasma and at
elevated concentrations in tumor-induced osteomalacia, X-linked hypophosphatemia, and
autosomic dominant hypophosphatemic rickets.17,22 FGF-23 represses 1,25-dihydroxy
vitamin D synthesis and decreases intestinal phosphate absorption.23 FGF-23 is not
associated, however, with urinary phosphate wasting in tumoral calcinosis and other
malignancies.17,24 Elevated FGF-23 levels may be associated with hypophosphatemia in
some fibrous dysphasia and, controversially, with phosphate retention in end-stage renal
failure. FGF-23 is not associated with serum phosphate in advanced-stage ovarian cancer
patients.17,25 The role of FGF-23 in phosphate homeostasis under normal and surgical
circumstances is unknown and the absence of consensual phosphatonins assays does not
facilitate physiological investigations.17 Published data remain unclear whether they report
I- or C-FGF-23.17 According to a recent report, dietary phosphate was a key regulator of
circulating I-FGF-23 that was also associated with serum phosphate.23 Interestingly, in our
study, serum phosphate was associated with I-FGF-23, but not C-FGF-23 (Fig. 1). Serum
phosphate seemed to act as a negative feedback regulator of I-FGF-23, therefore eliminating
the contribution of this major phosphaturic factor to the already inappropriately high
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phosphate excretion. I-FGF-23 and C-FGF-23 varied inversely (Fig. 1), while the opposite
changes, however, did not reaching statistical significance. Carboxyl-terminal fragments of
FGF-23 could be produced from I-FGF-23 degradation. Both I-FGF-23 and C-FGF-23
levels were not determining factors for FE P after hepatectomy.

FGF-7 or keratinocyte growth factor, a member of the FGF family, is involved in tissue
repair26 and other physiological roles in embryonic development and in adulthood.27 As it is
over-expressed in tumor-induced osteomalacia with renal phosphate wasting, FGF-7 has
become a candidate phosphatonin.28 In renal epithelial cells in culture, FGF-7 inhibits the
sodium-dependant cotransport of phosphate. Our investigation shows that FGF-7 is a
circulating agent without significant po augmentation after partial hepatectomy and does not
contribute to renal phosphate loss.

The possible role of sFRP-4 after hepatic surgery was explored for the first time. sFRP-4
inhibits sodium-dependent phosphate cotransport in renal epithelial cells in culture.29

sFRP-4 activity was dose-dependent and PTH-unrelated in an animal model.18 Also, sFRP-4
decreased serum phosphate and increased FE P without variation of 25-hydroxyvitamine D
1 α-hydroxylase mRNA renal expression.18 In this study, sFRP-4 slightly increased by 20%
on po day 1 but did not show significant variation after hepatectomy or correlations with
serum phosphate or FE P. sFRP-4 was not a phosphaturic factor after liver resection.

The possible role of MEPE and of its biologic active fragment30 acidic serine-aspartate-rich
MEPE-associated motif was not investigated during our study. Acidic serine-aspartate-rich
MEPE-associated motif increases NaPi2 expression and phosphate loss. It remains a
possible candidate phosphatonin in posthepatectomy hypophosphatemia.

Phosphate renal loss was shown to be a more credible cause of hypophosphatemia than
demands from the regenerating liver after hepatectomy.1 The 3 phosphatonins measured in
this study were not responsible for the classic posthepatectomy hypophosphatemia. The
resulting hypophosphatemia contributed to down-regulation of I-FGF-23, possibly by
favoring its degradation into C-FGF-23.
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FIGURE 1.
Evolution of measured biochemical parameters after partial hepatectomy in 18 patients.
Results are means ± SEM. The evolution of serum phosphate (PO4) and FE P (A), of pH and

 (B), of Ca++ and I-PTH (C), of C-FGF-23 and I-FGF-23 (D), and of FGF-7 and
sFRP-4 (E) is illustrated. Changes with time are analyzed with a repeated measurement
analysis of variance followed by a Tukey test using day 0 for comparison; *, P < 0.05; **, P
< 0.01; ***, P < 0.001.
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FIGURE 2.
Relationship between FE P, I-PTH, and PO4 levels on po day 1.
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