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ABSTRACT
Matrix Gla protein (MGP) is a potent inhibitor of vascular calciﬁcation. The ability of
MGP to inhibit calciﬁcation requires the activity of a vitamin K–dependent enzyme,
which mediates MGP carboxylation. We investigated how MGP carboxylation inﬂuences the risk of calciphylaxis in adult patients receiving dialysis and examined the
effects of vitamin K deﬁciency on MGP carboxylation. Our study included 20 patients
receiving hemodialysis with calciphylaxis (cases) and 20 patients receiving hemodialysis
without calciphylaxis (controls) matched for age, sex, race, and warfarin use. Cases had
higher plasma levels of uncarboxylated MGP (ucMGP) and carboxylated MGP (cMGP)
than controls. However, the fraction of total MGP that was carboxylated (relative cMGP
concentration = cMGP/[cMGP + uncarboxylated MGP]) was lower in cases than in
controls (0.5860.02 versus 0.6960.03, respectively; P=0.003). In patients not taking
warfarin, cases had a similarly lower relative cMGP concentration. Each 0.1 unit reduction in relative cMGP concentration associated with a more than two-fold increase in
calciphylaxis risk. Vitamin K deﬁciency associated with lower relative cMGP concentration in multivariable adjusted analyses (b=28.99; P=0.04). In conclusion, vitamin K
deﬁciency–mediated reduction in relative cMGP concentration may have a role in the
pathogenesis of calciphylaxis. Whether vitamin K supplementation can prevent and/
or treat calciphylaxis requires further study.
J Am Soc Nephrol 28: 1717–1722, 2017. doi: https://doi.org/10.1681/ASN.2016060651

Matrix Gla protein (MGP) is a potent
inhibitor of vascular calciﬁcation. Mice
that lack MGP develop spontaneous arterial calciﬁcation at an early age and human polymorphisms in the MGP gene
have been associated with progression
of coronary artery calciﬁcation.1,2 The
biologic activity of MGP depends on
g-glutamylcarboxylase, an enzyme that
converts inactive, uncarboxylated MGP
(ucMGP) to active, carboxylated MGP
(cMGP).3,4 Vitamin K serves as an essential cofactor for MGP carboxylation,
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similar to its role as a cofactor for carboxylation of coagulation cascade proteins. Warfarin prevents carboxylation
of vitamin K–dependent proteins by depleting vitamin K reserves via competitive inhibition of enzymes involved in
the vitamin K cycle. 5 We and others
have recently reported that treatment
with warfarin is a risk factor for
calciphylaxis, a rare but frequently fatal
vascular calciﬁcation disorder in patients receiving dialysis.6–11 There are
also case reports of calciphylaxis in

patients who have conditions that predispose to vitamin K deﬁciency such as
Crohn disease, alcoholic cirrhosis, and
history of gastric bypass surgery.12–15
We conducted this study to consider
the effect of vitamin K–dependent
MGP carboxylation on the risk of calciphylaxis. We compared the prevalence of vitamin K deﬁciency in
patients receiving dialysis with and
without calciphylaxis and investigated
the effects of vitamin K deﬁciency on
MGP carboxylation.
In this matched case-control study, we
included 20 adult (age.18 years) patients receiving hemodialysis with newly
diagnosed skin biopsy–conﬁrmed calciphylaxis (cases) and 20 patients receiving hemodialysis without calciphylaxis
(controls). All patients in this study
were identiﬁed using the Partners
Healthcare biobank. 16 Controls were
matched to cases for age (65 years),
sex, race, and warfarin therapy.
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We measured plasma cMGP and
ucMGP using a sandwich dual-antibody
ELISA.17 Relative cMGP concentration
was calculated using the following
equation:
Relative cMGP concentration
¼ ðcMGP=½cMGP þ ucMGPÞ
We measured plasma levels of circulating uncarboxylated prothrombin precursor, also known as protein induced by
vitamin K absence or antagonist II
(PIVKA-II), as a measure of vitamin K
status and deﬁned vitamin K deﬁciency
as a plasma PIVKA-II level of $2 ng/ml,
as in previous studies.18,19
We compared cMGP, ucMGP, and relative cMGP concentration between all
cases and controls and between cases
and controls who were not taking warfarin. Unadjusted and adjusted conditional
logistic regression models (adjusted for
possible confounders: diabetes mellitus,
body mass index, serum phosphorous,
25-hydroxyvitamin D, vitamin D–binding
protein, and parathyroid hormone
[PTH]) were used to examine a potential
association between relative cMGP
concentration and calciphylaxis risk.
Prevalence of vitamin K deﬁciency was
compared between all cases and controls
and between cases and controls who were
not taking warfarin. To test how vitamin K
deﬁciency inﬂuences MGP carboxylation
in patients receiving hemodialysis, we
compared cMGP, ucMGP, and relative
cMGP concentration between patients
with and without vitamin K deﬁciency
and conducted unadjusted and adjusted
linear regression analyses (adjusted for
known possible confounders: diabetes
mellitus, body mass index, and serum
triglycerides) to examine the effects of
vitamin K deﬁciency on relative cMGP
concentration.20
Clinical characteristics of the patients
in this study are summarized in Table 1.
The average age of calciphylaxis cases
and controls was 58 and 62 years, respectively; 35% were women, 90% were
white, and 30% were taking warfarin.
Patients who were on warfarin (six cases
and six controls) were taking this medication for at least 6 months before study
1718

enrollment. Indications for warfarin included atrial ﬁbrillation (n=8) and venous thromboembolic disease (n=4).
International normalized ratios were
similar between cases and controls. The
frequencies of use of phosphate binder
(40% versus 40%, P..99), active vitamin D (40% versus 40%, P..99), and
cinacalcet (20% versus 15%, P=0.68)
were comparable between calciphylaxis
cases and controls. The use of calciumcontaining (10% versus 17%, P=0.38)
and noncalcium-containing phosphate
binder (35% versus 30%, P=0.74) was
also comparable between calciphylaxis
cases and controls. There was a trend toward lower use of nutritional vitamin D
in cases compared with controls (10% versus
35%, P=0.07). Serum 25-hydroxyvitamin
D levels were lower in cases compared
with controls likely due to the lower use
of nutritional vitamin D and lower vitamin D–binding protein levels in cases
compared with controls (260621 mg/ml
versus 345620 mg/ml, P=0.01). No statistically signiﬁcant differences were
noted for bioavailable vitamin D (2.06
0.3 ng/ml versus 2.660.4, P=0.30) and
for serum calcium, phosphate, and albumin. Seventy percent of calciphylaxis
patients had ulcerated lesions. The mean
total surface area of calciphylaxis lesions
(number of lesions multiplied by surface
area for each lesion) was 7369 cm2. Sixmonth mortality in calciphylaxis patients was 30%.
Plasma levels of both ucMGP (30766
289 pM versus 14856436, P,0.001)
and cMGP (30756 289 pM versus
26886314 pM, P=0.002) were higher
in calciphylaxis cases compared with
controls; however, relative cMGP concentration was lower in cases compared
with controls (0.5860.02 versus 0.696
0.03, P=0.003; Figure 1A). Similarly, in
analyses restricted to patients not taking
warfarin (n=28; 14 cases and 14 controls), plasma levels of ucMGP (30426
385 pM versus 10996172 pM, P,0.001)
and cMGP (39896 277 pM versus
30246312 pM, P=0.03) were higher in
calciphylaxis cases compared with controls; however, relative cMGP concentration was lower in cases (0.5860.03
versus 0.756 0.02, P,0.001; Figure
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1B). In univariate conditional logistic regression analyses, every 0.1 point reduction in relative cMGP concentration was
associated with a .2-fold increase in the
odds of calciphylaxis (odds ratio, 2.25;
95% conﬁdence interval (95% CI), 1.20
to 4.21; P=0.01). In conditional logistic
regression analyses adjusted for diabetes
mellitus, body mass index, serum phosphorous, 25-hydroxyvitamin D, vitamin
D–binding protein, and PTH, every 0.1point reduction in relative cMGP
concentration was associated with a
similar .2-fold increase in the odds of
calciphylaxis (odds ratio, 2.66; 95% CI,
1.05 to 6.59; P=0.04).
To obtain insights into the biologic relevance of absolute and relative cMGP concentrations in calciphylaxis, we separately
examined the associations between absolute or relative cMGP concentrations with
the severity and outcome of calciphylaxis.
Relative cMGP concentration was signiﬁcantly lower in patients with ulcerated
lesions compared with patients with nonulcerated lesions (0.5360.06 versus 0.696
0.04, P=0.03), whereas absolute cMGP
concentration was comparable (39116
273 pM versus 45976404 pM, P=0.18).
Relative cMGP concentration had a significant negative correlation with lesion
surface area (r=20.54, P=0.01), whereas
absolute cMGP concentration did not
correlate with lesion surface area
(r=20.03, P=0.89). There was a trend toward lower relative cMGP concentration
in calciphylaxis patients who died by 6
months compared with patients who
were alive (0.5060.04 versus 0.6160.02,
P=0.09), whereas absolute cMGP concentrations were comparable (40696321 pM
versus 42286225 pM, P=0.76). Our results suggest that relative cMGP concentration is a better predictor of clinical
disease severity than absolute cMGP
concentration.
The prevalence of vitamin K deﬁciency was higher (90% versus 50%,
P=0.01) in calciphylaxis cases compared
with controls (Figure 2A), corresponding to higher PIVKA-II levels (1636
37 ng/ml versus 98635, P=0.03). In analyses restricted to patients not taking
warfarin, a higher prevalence of vitamin
K deﬁciency (85% versus 35%, P=0.01)
J Am Soc Nephrol 28: 1717–1722, 2017
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Table 1. Comparison of clinical characteristics between calciphylaxis cases and
matched controls
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Figure 1. Relative cMGP concentration is reduced in calciphylaxis. (A) Reduced relative
cMGP concentration is observed in calciphylaxis cases compared with matched controls. (B)
This reduction in relative cMGP concentration was also observed in calciphylaxis cases who
were not taking warfarin compared with controls who were not taking warfarin.

reduced relative cMGP concentration
(b=211.32; 95% CI, 219.36 to 23.28;
P=0.01). In analyses that were adjusted
for diabetes mellitus, body mass index,
and serum triglycerides, vitamin K deﬁciency remained associated with reduced
relative cMGP concentration (b=28.99;
95% CI, 217.53 to 20.46; P=0.04).
In receiver operating characteristic
analyses conducted to examine whether
vitamin K deﬁciency predicts relative
cMGP concentration status (dichotomized at the median level of 0.63), we
noted a c-statistic of 0.77 (60.08) in univariate and 0.84 (60.06) in multivariable
analyses adjusted for diabetes mellitus,
body mass index, and serum triglyceride
levels. The optimal cut-off for relative
cMGP concentration that maximized sensitivity and speciﬁcity was 0.6, as this cutoff provided a c-statistic of 0.81 (60.07)
in univariate and 0.85 (60.06) in multivariable analyses adjusted for diabetes
mellitus, body mass index, and serum triglyceride levels.
The carboxylated fraction of total MGP
plays a critical role in determining the biologic activity of MGP.21,22 In our study,
patients with calciphylaxis had reduced
relative cMGP concentration and a high
prevalence of vitamin K deﬁciency relative
to matched controls. In a previous study
describing semiquantitative immunohistochemical analysis of skin tissue from patients with calciphylaxis compared with
controls (n=7 each), both ucMGP and
cMGP protein expression levels were increased in the skin from patients with calciphylaxis.23 This previous study noted
that the increase in ucMGP in the skin
from patients with calciphylaxis was
more than the increase in cMGP. These
tissue data are consistent with the observations in our study: both plasma ucMGP
and cMGP levels were higher in patients
with calciphylaxis; however, the increase
in ucMGP was greater than the increase
in cMGP resulting in lower relative cMGP
concentration. Furthermore, the difference in relative cMGP concentration between calciphylaxis cases and controls that
we observed is similar to that observed in
human dermal ﬁbroblasts isolated from
patients with pseudoxanthoma elasticum
(another calciﬁcation disorder) and
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Characteristic

Calciphylaxis
Cases (n=20)

Controls
(n=20)

Age, yr
5864
6263
Women, %
35
35
White, %
90
90
Warfarin, %
30
30
Diabetes mellitus, %
50
75
Body mass index, kg/m2
29.962.0
31.761.5
Coronary artery disease, %
40
40
Hemodialysis vintage, mo
61634
58631
Serum calcium (albumin-corrected), mg/dl
9.360.2
9.360.2
Serum phosphorous, mg/dl
4.460.23
4.160.22
Serum PTH, pg/ml
275677
230642
Serum alkaline phosphatase, U/L
133616
116612
Serum 25-hydroxyvitamin D, ng/ml
18.062.5
32.462.9
Serum triglycerides, mg/dl
179629
155618
Serum albumin, g/dl
3.560.5
3.860.5
International normalized ratio (not taking warfarin) 1.260.2 (n=14) 1.160.2 (n=14)
International normalized ratio (taking warfarin)
2.160.4 (n=6) 2.260.4 (n=6)
Single pool, Kt/V
1.660.6
1.660.5
Phosphate binder treatment, %
40
40
Active vitamin D treatment, %
40
40
Nutritional vitamin D treatment, %
10
35
Cinacalcet treatment, %
20
15

P Value
0.90
1.00
1.00
1.00
0.10
0.47
1.00
0.12
0.83
0.26
0.17
0.33
0.001
0.68
0.14
0.42
0.53
0.44
1.00
1.00
0.07
0.68

Mean6SEM values are reported for continuous variables and % frequency values are reported for categoric variables.

was noted in calciphylaxis cases compared with controls (Figure 2B). Plasma
levels of ucMGP (26396376 pM versus
14446280, P=0.03) were higher in patients with vitamin K deﬁciency compared with patients without vitamin K
deﬁciency. There was no difference in
cMGP levels in patients with vitamin K
deﬁciency compared with patients

without vitamin K deﬁciency (35116
289 pM versus 31486326 pM, P=0.26).
However, relative cMGP concentration
was lower in patients with vitamin K deﬁciency compared with patients without vitamin K deﬁciency (0.606
0.02 versus 0.7160.03, P=0.01). In unadjusted linear regression models, vitamin K deﬁciency was associated with
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Figure 2. Vitamin K deﬁciency is more prevalent in calciphylaxis cases compared with
matched controls. Vitamin K deﬁciency was deﬁned as a plasma PIVKA-II of $2 ng/ml. (A) A
comparison of the prevalence of vitamin K deﬁciency in all calciphylaxis cases and controls.
(B) A comparison of the prevalence of vitamin K deﬁciency in cases and controls who were
not taking warfarin.

controls.24 The similar ﬁndings in two independent calciﬁcation disorders are suggestive of a pathophysiologic signiﬁcance
of relative cMGP concentration.
Previous studies showed that patients
receiving hemodialysis have subclinical vitamin K deﬁciency, possibly a result of
overall low dietary intake or poor intake
of vitamin K–rich foods.18,25,26 Demonstration of lower relative cMGP concentration in nonwarfarin-treated patients
with calciphylaxis compared with controls
implicates nonwarfarin-mediated mechanisms of vitamin K deﬁciency in the pathogenesis of calciphylaxis. We do not have
information concerning the diets of the
patients in this study, but three of the
nonwarfarin-exposed patients had conditions known to cause vitamin K deﬁciency
(two patients had cirrhosis and one had a
history of gastric bypass surgery). These
three patients corresponded to lower relative cMGP concentration among the
nonwarfarin-exposed cases. None of the
nonwarfarin-exposed control patients
had clinical predispositions like hepatobiliary disease, inﬂammatory bowel disease, gastric bypass, or antibiotic exposure
to explain the vitamin K deﬁciency.13,14
Future studies will be needed to better understand nonwarfarin-mediated causes of
vitamin K deﬁciency (including nutritional deﬁcits, alterations in gastrointestinal microbiome, malabsorption, and
hepatic disorders) and the activity of
1720

g-glutamylcarboxylase in patients with
calciphylaxis.
Considering the limited sample size of
this study, conﬁrmation of our novel ﬁndings inlargercase-controlstudies isneeded.
Methodologic differences may account for
differences in characteristics such as warfarin use and PTH level between this study
and a previous report by our group.6 In this
study, data were collected at the time of
calciphylaxis diagnosis, whereas in a previous report by our group data were collected at the time that dialysis was initiated,
and median duration between dialysis initiation and subsequent calciphylaxis development was 925 days (interquartile range,
273–2185 days).6 Despite limited sample
size, a number of clinical characteristics of
our patients with calciphylaxis are representative of previously described calciphylaxis cohorts and thus are generalizable.6,9
The exact reasons for the relatively
lower levels of serum phosphorous and
PTH at the time of calciphylaxis diagnosis, although described in previous
studies, remain unclear and need future
investigation.9,27
Wearealsolimited by thecross-sectional
assessment of exposure and outcomes
and acknowledge the need for future longitudinal studies and clinical trials targeting MGP carboxylation to further deﬁne
the biologic relevance of relative cMGP
concentration in the pathogenesis of
calciphylaxis. We recently started a proof-

Journal of the American Society of Nephrology

of-concept randomized, placebo-controlled
clinical trial to examine whether vitamin
K supplementation can increase relative
cMGP concentration in calciphylaxis patients (CT.gov: NCT02278692).28 Future
studies are needed to examine the effects
of vitamin K supplementation on clinical
outcomes related to calciphylaxis prevention and treatment. Reduced activity of the
g-glutamylcarboxylase enzyme has been
reported in a uremic animal model of calciﬁcation and could further accentuate reduction in relative vitamin K–dependent
MGP carboxylation.29 We did not speciﬁcally measure this enzyme activity; however, dialysis adequacy as measured by
single pool Kt/V was comparable between
cases and controls, suggesting similar uremic burden. Although our data on circulating MGP are consistent with a previous
study that reported tissue MGP expression, studies to provide further insights
into the relationship between the tissue
and circulating MGP in calciphylaxis and
to address mechanisms of circulating
MGP elevation in calciphylaxis are
needed.23
In conclusion, vitamin K deﬁciency–
mediated reduction in relative cMGP
concentration may play a role in the
pathogenesis of calciphylaxis. Our novel
ﬁndings motivate examination of vitamin K supplementation to optimize
MGP carboxylation as a potential preventive and/or therapeutic approach
for calciphylaxis.

CONCISE METHODS
Our Institutional Review Board approved the
study protocol. All procedures performed in
this study were conducted in accordance with
the Good Clinical Practice principles and
Declaration of Helsinki ethical standards.
Written informed consent was obtained
from all patients included in this study.

Study Patients and Data
Calciphylaxis Research Initiative of Partners
Healthcare biobank is a prospective registry of
patients with calciphylaxis designed to collect
clinical data and biospecimens from patients
with calciphylaxis.16 For this study, we identiﬁed 20 adult (age.18 years) patients
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receiving hemodialysis with newly diagnosed
biopsy-conﬁrmed calciphylaxis that were
enrolled into the Calciphylaxis Research Initiative of our institute’s biobank between January of 2013 and December of 2014.These
cases were matched for age (65 years), sex,
race, and warfarin therapy to 20 patients receiving hemodialysis without calciphylaxis
that were enrolled over the contemporaneous
period into our institute’s biobank (controls). Data on demographics, body weight,
height, comorbidities (diabetes mellitus, coronary artery disease, indications for warfarin
therapy, liver disease, malabsorption disorders, gastric bypass surgery), medications,
and laboratory parameters were collected.
For patients with calciphylaxis, data on calciphylaxis lesion characteristics (ulcerated versus nonulcerated, surface area, and number
of lesions) and 6-month mortality were also
collected. Total surface area of calciphylaxis
lesions for each case was calculated by multiplying the number of lesions by the surface
area of each lesion. Nonfasting blood samples
were drawn predialysis at the time of study
enrollment. For cases, the time of enrollment
coincided with the time of new diagnosis of
calciphylaxis. Serum calcium levels were corrected for albumin using the following formula: albumin-corrected serum calcium =
measured serum calcium + 0.8 3 (4 2 measured
serum albumin).30

Study Measurements
All laboratory examinations were performed
in series from dedicated aliquots stored at
280°C. Serum calcium, phosphate, alkaline
phosphatase, intact PTH, albumin, 25hydroxyvitamin D, triglycerides, and plasma
international normalized ratio were measured
using standard laboratory procedures. Serum
vitamin D–binding protein levels were measured by commercial ELISA (Catalog Number DVDBP0; R&D Systems, Minneapolis,
MN) and a previously described equation
was applied for determination of bioavailable
25-hydroxyvitamin D.31
Plasma levels of MGP isoforms (cMGP
and ucMGP) were measured using a sandwich
dual-antibody ELISA (VitaK; Maastricht University, The Netherlands).17 According to the
manufacturer, assays for cMGP and ucMGP
use a monoclonal antibody speciﬁcally targeting the nonphosphorylated amino acid sequence 3–15 as the capture antibody, with the
J Am Soc Nephrol 28: 1717–1722, 2017

detection monoclonal antibody directed
against the noncarboxylated amino acid sequence 35–49 in human MGP for ucMGP
measurement, and the detection monoclonal
antibody directed against the carboxylated
amino acid sequence 35–53 in human MGP
for cMGP measurement. The MGP isoforms
are stable upon storage at 280°C.32 Intraassay variability is 5.6% and 3.7% and interassay variability is 9.9% and 11.5% for
ucMGP and cMGP, respectively. We determined relative cMGP concentration using
the following equation:
Relative cMGP concentration
¼ ðcMGP=½cMGP þ ucMGPÞ
Vitamin K deﬁciency was assessed by measurement of plasma PIVKA-II levels using an
ELISA assay (Stago). Plasma PIVKA-II levels
provide a highly sensitive determination of
vitamin K deﬁciency and are unaffected by
renal function.18,19

Statistical Analyses
For categoric variables, we reported frequency, and for continuous variables, we reported mean and SEM. Categoric variables
were compared between cases and controls
using the Fisher exact test. Continuous variables were compared between cases and
controls using the Mann–Whitney U test.
Separate comparisons were also made between cases and control patients not taking
warfarin. Additionally, we compared characteristics of patients with and without vitamin
K deﬁciency using the Fisher exact test (for
categoric variables) and the Mann–Whitney
U test (for continuous variables).
Unadjusted and adjusted (adjusted for
possible confounders: diabetes mellitus,
body mass index, serum phosphorous, 25hydroxyvitamin D, vitamin D–binding protein,
and PTH) conditional logistic regression
models were used to compute odds ratios to
describe an association between relative
cMGP concentration and calciphylaxis risk.
To obtain insights into the biologic relevance
of absolute and relative cMGP concentrations in calciphylaxis, we separately examined
the associations between absolute and relative
cMGP concentrations with the severity and
outcome of calciphylaxis.
To investigate the effects of vitamin K deﬁciency on relative cMGP concentration, we
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conducted unadjusted and adjusted (adjusted
for known possible confounders: diabetes
mellitus, body mass index, and serum triglycerides) linear regression analyses. We constructed receiver operating characteristic
curves and calculated c-statistics to examine
whether vitamin K deﬁciency predicts relative
cMGP concentration status.
All analyses were performed using the SAS
program (version 9.4, Cary, NC). Statistical
signiﬁcance was set at P,0.05.
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