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Abstract

Individuals with X-linked hypophosphatemia (XLH) are at greater risk for being overweight or obese. Whether there are underlying metabolic
abnormalities that put patients with XLH at greater risk for excessive weight gain is largely unknown. Lipocalin-2 (LCN2) has recently received
attention as a factor regulating energy consumption and specifically is postulated to be anorexigenic and to improve insulin sensitivity. In a
retrospective study, circulating levels of LCN2, leptin, and insulin were measured in 32 patients with XLH, ages 2-60 years, all of whom were
being treated with burosumab, and 38 control subjects. Control subjects were chosen who were close in age to those with XLH, with a
similar number of participants of each sex. Subjects were analyzed in 3 age cohorts, 2-10 years, 11-18 years, and 20-60 years. In all age
groups LCN2 levels were lower in the patients with XLH than in controls but when adjusted for weight class (normal, overweight, obese) the
differences were not significant. In contrast, serum leptin levels were significantly lower in children with XLH compared to controls in the 2-
10 years age cohort. Serum levels of insulin were also significantly lower in the 2-10-year-old children with XLH when compared with controls.

We conclude that changes in expression of lipocalin-2 in children and adolescents with XLH is unlikely to contribute to their risk for obesity in
adulthood. Itis unclear if lower circulating levels of leptin in these children plays a role in the higher prevalence of obesity among adults with XLH.
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Individuals with X-linked hypophosphatemia (XLH) are at
greater risk for being overweight or obese. It is generally as-
sumed that the primary reason for this is impaired mobility
due to accelerated osteoarthritis, abnormal biomechanics of
ambulation, pseudofractures, and enthesopathy. These
known complications limit the ability of patients with XLH
to engage in regular aerobic exercise [1]. Two published stud-
ies have confirmed that patients with XLH, especially children
between the ages of 11 and 18 years, have a predisposition to
obesity [2, 3]. Evidence suggests that elevated circulating lev-
els of fibroblast growth factor 23 (FGF23) are associated with
an increase in fat mass and dyslipidemia in elderly normal in-
dividuals [4]. Whether the elevated levels of FGF23 in XLH
play a direct pathogenic role in the risk for excessive weight
gain in XLH is unclear. Lipocalin-2 (LCN2) has recently re-
ceived attention as a factor regulating energy consumption
and specifically is postulated to be anorexigenic and to im-
prove insulin sensitivity. Silencing LCN2 in vivo exacerbates
diet-induced obesity in mice while increasing circulating levels
of the hormone improves insulin sensitivity [5, 6]. Leptin is an-
other anorexigenic hormone that has a crucial role in main-
taining body weight. We wondered if there were differences

in circulating levels of LCN2 or leptin in individuals with
XLH, compared with nonaffected individuals, that might con-
tribute to the high prevalence of excessive weight gain and
obesity in that disorder.

Methods

Population and Samples

This study was approved by the Institutional Review Board of
the Yale Human Research Protection Program. We used single
donor serum samples from 32 patients with XLH from the
clinical practices of 2 authors that had been previously used
for measuring vitamin D metabolites and 38 previously ana-
lyzed single donor control samples from individuals chosen
to match as close as possible the age and sex of the individuals
with XLH. Subjects were defined as normal weight, over-
weight, or obese, based on calculated body mass index (BMI)
for adults and BMI z-score for children using pediatric stand-
ards [7]. Samples were de-identified, aliquoted, and stored at
minus 20°C until analyzed. The de-identified samples received
a separate numerical identifier in accordance with Yale
University Human Investigation Committee regulations.
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Assays

Commercially available assays were used to measure lipocalin-2,
leptin, and insulin. The assays used were Human Lipocalin-2/
NGAL: R&D Systems, Inc., Minneapolis, MN, RRID:AB_
2894833 (coefficient of variation (%CV): inter-assay 6.5%,
intra-assay 3.7%); Human Leptin: R&D Systems, Inc.,
Minneapolis, MN, RRID:AB_2783014 (%CV: inter-assay:
4.4%, intra-assay 3.2%); and Insulin ELISA, ALPCO,
Salem, NH, RRID:AB_2801438 (%CV: inter-assay 10.6%,
intra-assay 6.2%).

Statistical Analyses

Descriptive statistics of patient demographics were generated
by genotype (XLH vs Control) and age group. Since the pri-
mary outcome measures (LCN2, leptin, and insulin) were
not normally distributed, all data were log-transformed before
analysis. Univariate models were first created for each log-
transformed outcome with genotype, sex, weight class, and
age as univariate predictors. Interactions among age and
genotype controlling for age class were included in the multi-
variate model. Pairwise differences of least square (LS) means
for each outcome were estimated between age group and
genotype. The comparison between genotype within each
age group was performed and the LS means with 95% Cls
were estimated. For the log-transformed outcomes, their LS
means were back-transformed after being estimated from
the model. LS mean values and their 95% Cls were then plot-
ted for each outcome. P values less than .05 were deemed to be
significantly different. Data analyses were conducted using
SAS version 9.4 (SAS Institute, Cary, NC).

Results

Table 1 summarizes the demographic distribution of age, sex,
and weight category in the 3 age groups (2-10 years, 11-18

Table 1. Demographics
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years, and 20-60 years) separated by genotype. Individuals
were categorized as Healthy Weight, Overweight, and
Obese. Subject weights and BMI z-scores were classified based
on published data for children and adults [7-11].

When the log-transformed data from each of the 3 age
groups were combined and analyzed in the multivariate mod-
el, there was no significant interaction between genotype and
age group, that is, the effect of genotype did not vary signifi-
cantly by age group. Although LCN2 levels were numerically
lower in subjects with XLH in each of the 3 age categories,
these differences were not significant when controlling for
weight class, although the difference in the 11-18 years age
group approached significance (Fig 1A, P =.06).

When the same multivariate analysis was conducted for leptin
(Fig. 1B), LS mean data for XLH subjects were found to be sig-
nificantly lower in the 2-10 years age cohort among the children
with XLH when compared with control subjects (P <.0001).
Similarly, in a univariate sensitivity analysis, leptin levels were
found to be highly significantly lower in the 2-10 age group for
children with XLH compared with controls (P <.0001).

Surprisingly, in the multivariate analysis, serum levels of
insulin were significantly lower in the 2-10 age group for chil-
dren with XLH when compared with controls (Fig. 1C,
P =.008). This difference was also seen in a univariate sensi-
tivity analysis, where insulin was found to be significantly
lower in the 2-10-year-old children with XLH compared
with control children (P =.001).

Discussion

The 2 study cohorts were well matched for age and sex.
Among the adults in the XLH cohort, 86% were either over-
weight or obese (Table 1), consistent with the findings of
Lecoq et al [3], who reported an overweight prevalence of
35.5% and an obesity prevalence of 20.5% among patients
with XLH. Although the mean BMI z-score in both children’s

Children 2-10 years n Sex F/M Mean age, years BMI z-score Weight Category n (%)

Healthy Overweight Obese Missing
XLH 14 5/9 5.5+£0.6 0.8+0.3 8(57) 3(21) 3(21) 0(0)
Control 14 5/9 5.8+0.7 1.1+0.37 12 (86) 0(0) (7) 1(7)
Children 11-18 years n Sex F/M Mean age, years BMI z-score Weight Category n (%)

Healthy Overweight Obese Missing
XLH 11 8/3 14 +0.6 1.0 +0.3° 6 (55) 2(18) 2 (18) 1(9)
Control 13 6/7 14 +0.6 1.0+£0.2 10 (77) 1(8) 2 (15) 0 (0)
Adult 20-60 years n Sex F/M Mean age, years BMI kg/m? Weight Category n (%)

Healthy Overweight Obese Missing
XLH 7 6/1 35+6 34+ 1(14) 2(29) 4(57) 0 (0)
Control 11 10/1 41 + 34 1(9) 2 (18) 8 (73) 0 (0)

Data are mean + SEM. Pediatric age- and sex-specific BMI z-scores were calculated using the Children’s Hospital of Philadelphia calculator, which is based
on the CDC Growth Charts. Pediatric BMI z-score classifications are defined as: Healthy weight —1.6449-1.0364 (5th-85th percentile); Overweight
1.0364-1.6449 (85th-95th percentile); Obese >1.6449. Adult BMI classifications are defined as: Healthy weight 20-24.9; Overweight 30-34.9, Obese >335

[7-11].
“N = 13; data unavailable for calculation for one control subject.
YN = 10; data unavailable for calculation for one XLH subject.
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Figure 1. Back transformed mean values with 95% confidence intervals
(Cl) for LCN2 (A), leptin (B), and insulin (C) in three age categories
separated by genotype. All P values are those generated from the
multivariate model.

age groups with XLH was normal, overweight or obesity was
present in 42% of the 2-10-year-old cohort and in 36% of the
11-18-year-old cohort. Similarly, Zhukouskaya et al [2] found
that almost a third of children with XLH were either over-
weight or obese.

Since Petropoulou and Mosialou reported a high prevalence
of either overweight or obesity among children and adoles-
cents with XLH, the subjects in the current study were sepa-
rated into 3 age categories, children aged 2-10 years,
children aged 11-18 years, and adults 20-60 years of age. In
all these groups, LCN2 was lower in the patients with XLH
than in controls. However, when these data were analyzed us-
ing the multivariate model just described, there was no signifi-
cant difference in any age group based on genotype. Leptin
levels were found to be significantly lower in subjects with
XLH in the 2-10-year-old category. This is surprising, since
more of our subjects with XLH were overweight or obese

compared with controls and generally, cross-sectional studies
have found higher levels of leptin in children who are over-
weight compared with control children with normal weight
[12]. As just noted, the sensitivity analysis demonstrated
that leptin levels were significantly lower in children with
XLH in the group aged 2-10 years.

Although there were a greater number of 2-10-year-old chil-
dren with XLH who were overweight or obese when compared
with controls, levels of insulin were significantly lower in the
former group. Based on our limited data it would appear that
hyperinsulinemia is less likely to be a predisposing factor for
subsequent weight gain in children with XLH.

The relationship between circulating levels of leptin and
the risk for weight gain is unclear and controversial. In one
prospective study, lower baseline levels of leptin in young
adults were associated with greater weight gain over the sub-
sequent 2 years [13]. However, other studies have suggested
that lower leptin levels predict greater weight gain in the
intermediate term (2-3 years) but not over longer time frames
[13-15].

Since all our XLH patients were treated with burosumab, it
is unlikely that excess circulating levels of FGF23 acutely
mediated the observed changes in serum levels of leptin. It
has been postulated that there are endocrine circuits that exist
between fat and bone [16] and whether dysregulation of the
XLH osteoblast or osteocyte underpins the change in leptin
is not addressed by this study.

Another important difference between individuals with
XLH and overweight individuals without the XLH genotype
is that elevated circulating levels of FGF23 are present from
prenatal life in XLH. As noted, elevated levels of FGF23 are
associated with obesity in the general population [17].
Further, recent studies have suggested that XLH is a state of
chronic inflammation which may contribute to a predispos-
ition to obesity [18].

Whether dysregulation of leptin has a pathogenic role in
the predilection to obesity seen in XLH, separate and apart
from the contributions of impaired mobility and other mus-
culoskeletal complications, which likely have prominent
roles in mediating this complication, is unclear. Since leptin
levels were lower in the 2-10-year-old age group of children
with XLH, it is possible that leptin contributes to an abnor-
mal hormonal milieu that increases the likelihood of exces-
sive weight gain in children with this disease.

Our study has several limitations. This was a retrospective
study and, as such, could not account for all potential con-
founders. Further, since XLH is a rare disease, our samples
sizes were perforce small, and as noted above, the data
were not normally distributed. These data do not provide
any insight into whether lifelong elevations in FGF23 play
a role in mediating this change but since all the subjects
with XLH were treated with burosumab for many months,
it is unlikely that elevated FGF23 levels acutely suppress lep-
tin. Leptin levels are generally reported to be elevated in in-
dividuals who are overweight or obese [19], so our finding
that leptin levels are significantly lower in children with
XLH warrants further study in larger numbers of patients
with XLH.
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