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Introduction
Fibroblast growth factor-23 (FGF23) levels increase with both 
acute and chronic kidney disease (CKD) (1) and are a strong inde-
pendent risk factor for adverse renal outcomes and mortality in 
these contexts (2–4). For example, higher FGF23 levels prior to 
cardiac surgery or upon arrival to the intensive care unit correlate 
with subsequent development of acute kidney injury (AKI). Once 
AKI is established, increased FGF23 levels are associated with a 
requirement for renal replacement therapy and mortality risk (5, 
6). A growing body of evidence shows that high FGF23 levels may 
contribute directly to adverse outcomes in AKI, through profi-
brotic effects on the kidneys (7), impairment of immune function 
(8, 9), impairment of erythropoiesis (10), and toxic effects on the 
endothelium and cardiovascular system (11–13).

Over the past decade, significant progress has been made in 
understanding how FGF23 acts in the kidney to enhance phosphate 
excretion and decrease 1,25-dihydroxyvitamin D3 [1,25(OH)2D] 
production, including the requirement for signaling through the 
binary complex of an FGF receptor and α-klotho (14). By con-
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top hit, and the only molecule that achieved statistical signifi-
cance adjusting for the total 5229 measurements, was the metab-
olite G-3-P (r2 = 0.76, P = 5.2 × 10–6).

G-3-P is a polar small molecule that would be expected to 
undergo glomerular filtration, but its median renal venous/arterial 
ratio was 1.0, rather than 0.87 or 0.83 for the glomerular filtration 
markers cystatin C or creatinine, respectively (Figure 1D). This 
median renal venous/arterial ratio is consistent with other renal 
anabolic products such as renin, erythropoietin, and 1,25(OH)2D 
(Figure 1E). The correlation between renal venous G-3-P and 
arterial iFGF23 (Figure 1F) was stronger than the correlations for 
either one with arterial phosphate or eGFR (Figure 1, G and H, 
and Supplemental Table 3; supplemental material available online 
with this article; https://doi.org/10.1172/JCI131190DS1). Because 
it was not measured with the aptamer-based platform, we also 
assessed renal venous levels of α-klotho by ELISA and found no 
correlation between renal venous α-klotho and renal venous G-3-P 
(r2 = 0.01) or between renal venous α-klotho and arterial iFGF23 
(r2 = 0.06, Supplemental Table 1).

G-3-P administration increases FGF23 synthesis in bone and bone 
marrow. In C57Bl/6J mice, plasma iFGF23 and C-terminal FGF23 
(cFGF23) levels demonstrated a dose-dependent increase follow-
ing a single dose of G-3-P, with no change in the cFGF23/iFGF23 
ratio (Figure 2, A and B, and Supplemental Figure 1A). A single 
dose of similar molecules such as glycerol-2-phosphate (G-2-P) 
and glycerol, or the cytokine IL-6 had no effect on plasma FGF23 
levels (Supplemental Figure 1, B and C). G-3-P administration 
also increased the urinary phosphate/creatinine ratio (Figure 2C) 
and decreased plasma 1,25(OH)2D levels (Figure 2D) but did not 
alter PTH levels or renal function (Figure 2, E and F). Although 
we observed no effect with a single dose of G-3-P, we found that 
blood phosphate levels were significantly reduced following G-3-P 
dosing over consecutive days (Figure 2, G–I). In contrast to G-2-P, 
we found that G-3-P also had no effect on bone mineralization in 
vitro (Figure 2J). Thus, the impact of exogenous G-3-P is specific 
and stimulates FGF23 and its downstream physiologic actions. To 
test whether FGF23 can feed back and directly modulate G-3-P 
production, we treated proximal tubular cells with FGF23 or vehi-
cle and found no difference in G-3-P levels at 2 hours and 24 hours 
(Supplemental Figure 1D).

To assess whether the G-3-P effect on FGF23 was specific to 
bone, we used mice in which Fgf23 had been deleted in osteocytes 
(Fgf23fl/fl Dmp1-Cre+) by crossing them with the 10-kb dentin matrix 
protein-1 promoter-Cre (DMP1-Cre) line (Figure 3, A and B, and 
ref. 17). Interestingly, G-3-P significantly increased FGF23 levels 
in Fgf23fl/fl Dmp1-Cre+ mice to an extent similar to that detected  
in Fgf23fl/fl controls (Figure 3C). We confirmed that G-3-P treat-
ment of Fgf23fl/fl Dmp1-Cre+ mice had no effect on Fgf23 expression 
in bone (undetectable) but found a significant increase in Fgf23 
expression in bone marrow (Figure 3D). To assess the specificity 
of this finding, we collected mRNA from various tissues 24 hours 
after G-3-P treatment of WT C57Bl/6J mice and found increased 
Fgf23 expression only in bone (~4.5-fold, P < 0.0001) and bone 
marrow (~5-fold, P < 0.0001), with a trend toward increased 
expression in spleen (~2.1-fold, P = 0.07) and no change in muscle, 
kidney, liver, heart, or lung (Figure 3, E and F). Next, we collected 
bone marrow cells from femurs and tibiae of WT C57Bl/6J mice 

trast, the upstream mechanisms that regulate FGF23 production 
in the setting of renal injury remain poorly understood. Known 
factors such as 1,25(OH)2D and parathyroid hormone (PTH) do 
not appear to drive FGF23 production in AKI, as mice lacking the 
vitamin D receptor (VDR) or the PTH receptor in osteocytes show 
robust increases in FGF23 with experimental kidney injury (15). In 
addition, FGF23 levels increase in AKI before or in the absence of 
changes in blood phosphate or calcium.

To address this gap in knowledge, we performed a proteomic 
and metabolomic screen of a unique renal arteriovenous sample 
set, with the goal of identifying potential kidney-derived media-
tors of FGF23 production. Using a range of genetic tools, includ-
ing mice and cultured bone cells with targeted gene deletions, 
in conjunction with liquid chromatography–mass spectrometry–
based (LC-MS–based) biochemical assays, we identified a kidney- 
to-bone metabolic signaling axis. Finally, we examined mice that 
underwent renal ischemia reperfusion injury (IRI), as well as 
humans who did or did not develop AKI following cardiac surgery, 
to demonstrate the disease relevance of our findings.

Results
A proteomic and metabolomic screen highlights an association 
between renal venous G-3-P and arterial FGF23 levels. The kidney 
is an endocrine organ that synthesizes and releases both proteins 
(renin and erythropoietin) and a metabolite [1,25(OH)2D] with 
key systemic roles. To identify factors released by the kidney 
that might stimulate FGF23 production, we performed a screen 
of proteins and metabolites in aortic and renal venous samples 
from 17 human subjects with a mean estimated glomerular filtra-
tion rate (eGFR) of 66.6 mL/min/1.73 m2 (Table 1 and ref. 16). We 
quantitated 1317 proteins on an aptamer-based platform, and 300 
known metabolites and 3612 unknown peaks were quantitated by 
LC-MS (Figure 1A). The levels of known markers of glomerular 
filtration — cystatin C (measured by aptamer) and creatinine 
(measured by LC-MS) — decreased from the artery to the renal 
vein in all subjects (Figure 1, B and C), confirming appropriate 
blood sampling. Next, we examined the correlations between all 
molecules measured in the renal vein with arterial intact FGF23 
(iFGF23) levels (Figure 1D and Supplemental Tables 1 and 2). The 

Table 1. Clinical characteristics of the human renal arteriovenous 
sampling cohort

Total (n = 17)
Age (yr) 71.4 ± 10.0
Women (%) 35%
Race, White (%) 100%
Hypertension (%) 94%
Type 2 diabetes (%) 24%
Coronary artery disease (%) 65%
Congestive heart failure (%) 35%
Serum creatinine (mg/dL) 1.08 ± 0.34
eGFR (mL/min per 1.73 m2) 66.6 ± 21.3

Values represent the mean ± SD or the percentage. Conversion factor for 
serum creatinine in mg/dL to μmol/L, × 88.4.
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turned our attention to the impact of G-3-P on local LPA produc-
tion, focusing specifically on LPA 18:1, which is an excellent proxy 
for total LPA (Supplemental Figure 2B) and is the specific mole-
cule we subsequently tested for functional effects. As with G-3-P, a 
single dose of LPA 18:1 significantly increased plasma iFGF23 and 
cFGF23 levels in C57Bl/6J mice, with no change in the cFGF23/
iFGF23 ratio (Figure 4B and Supplemental Figure 2C). G-3-P injec-
tion resulted in a significant increase in LPA 18:1 levels in bone 
marrow, but not plasma (Figure 4C), an effect that was blocked 
when G-3-P was coadministered with the GPAT inhibitor FSG67 
(Figure 4D and refs. 19, 20). In turn, GPAT inhibition blocked the 
stimulatory effect of G-3-P on plasma iFGF23 and cFGF23 levels 

following treatment with G-3-P or vehicle and isolated purified 
stromal and hematopoietic cells by flow cytometry (Figure 3G). 
Following G-3-P treatment, an increase in Fgf23 expression was 
confined to the nonhematopoietic stromal compartment of bone 
marrow (Figure 3H).

G-3-P increases FGF23 production via local GPAT-mediated 
LPA synthesis. G-3-P is a biosynthetic precursor of LPA via the 
action of G-3-P acyltransferases (GPATs) (Figure 4A and ref. 18). 
Because our original profiling methods did not measure LPA, we 
re-assayed the renal venous samples obtained from human sub-
jects and found that, unlike G-3-P, renal vein LPA did not correlate 
with circulating iFGF23 (Supplemental Figure 2A). Therefore, we 

Figure 1. Screen of human renal venous plasma highlights the association between G-3-P and arterial FGF23. (A) Study overview demonstrating 
arterial and renal venous plasma sampling with subsequent measurement of iFGF23, creatinine, and phosphate as well as proteomic and metabolo-
mic profiling. (B and C) Cystatin C measured by aptamer (B) and creatinine measured by LC-MS (C) in the artery (A) and renal vein (V) of all individuals 
(n = 17). (D) Scatter plot with each molecule measured by aptamer or LC-MS in the renal vein samples (proteins in blue, metabolites in red, unknown 
LC-MS peaks, no color). Molecules are plotted along the y axis based on  r2 with arterial iFGF23 and along the x axis based on the median V/A ratio of 
the molecule. Dotted lines show the median V/A ratio for cystatin C and creatinine. (E) Graph showing the V/A ratio for select proteins and metabolites, 
with each individual depicted by a separate vertical line. Median V/A ratios for the select proteins and metabolites are shown below the graph. P values 
were determined by 2-sided, paired t test. Epo, erythropoietin. (F–H) Scatter plots showing correlations between arterial iFGF23 and renal vein G-3-P (F), 
arterial phosphate (G), and eGFR (H).
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cantly attenuated the FGF23 response to G-3-P treatment (Figure 
4, H and I, and Supplemental Figure 3, B and F). These results 
highlight GPAT2 as the GPAT isoform that may be responsible for 
the effect of G-3-P on bone and bone marrow LPA synthesis.

LPAR1 mediates the effect of G-3-P and LPA on FGF23 pro-
duction. To further explore how LPA regulates FGF23, we test-
ed the effects of LPA on Ocy454 cells, which are conditionally 
immortalized osteocytes (22, 23). LPA administration triggered a 
dose-responsive increase in FGF23 levels that increased up to 24 
hours after treatment, an effect that required coadministration 
of 1,25(OH)2D (Figure 5A and Supplemental Figure 4, A–C). LPA 
receptors are GPCRs known to be expressed in bone, with highest 
levels demonstrated for LPAR1 and LPAR4, a finding we confirmed 
in Ocy454 cells (Figure 5B). CRISPR/Cas9-mediated deletion of 
Lpar1, Lpar4, and Vdr (Figure 5C) resulted in reduced expression 
of FGF23 following treatment with LPA and 1,25(OH)2D, with the 
largest effect noted in Lpar1-deficient cells (Figure 5D). Further, 
ChIP at a putative VDR target site showed increased VDR occu-

and FGF23 expression in bone and bone marrow (Figure 4, E–G). 
Downstream of GPAT, exogenous LPA 18:1 significantly increased 
plasma iFGF23 and cFGF23 levels, despite coadministration with 
FSG67 (Figure 4E). Thus, G-3-P increased bone and bone marrow 
FGF23 expression in vivo through a local increase in LPA cata-
lyzed by GPAT.

Four GPAT isoforms have been identified. GPAT2 is known 
to be expressed in human bone (21). Because of our data high-
lighting Fgf23 expression in response to G-3-P in the stromal com-
partment of bone marrow, we isolated and differentiated primary 
osteoblasts from bone marrow for further analysis. We found that 
Gpat2 was the predominant Gpat isoform expressed in primary 
osteoblasts and bone marrow and that its expression increased 
following G-3-P treatment (Supplemental Figure 3, A and B). 
Knockdown of Gpat2 in primary osteoblasts resulted in reduced 
enzyme expression (Supplemental Figure 3, B–D) and reduced 
LPA 18:1 synthesis (Supplemental Figure 3E). In turn, knockdown 
by shRNA of Gpat2 — but not Gpat1, Gpat 3, or Gpat 4 — signifi-

Figure 2. G-3-P increases FGF23 and its downstream physiologic actions. (A) Plasma iFGF23 and cFGF23 levels after i.p. injection of G-3-P, sodium phos-
phate, or vehicle (Veh) (n = 4–10 per group). (B) Dose effect of i.p. G-3-P on plasma iFGF23 and cFGF23 levels (n = 3–6 per group). (C–G) Urinary phosphate/
creatinine (phos/Cr) ratio (C), plasma 1,25(OH)2D (D), PTH (E), serum creatinine (sCr) (F), and blood phosphate (Phos) (G) after i.p. injection of G-3-P or vehicle 
(n = 4–10 per group). (H and I) Blood phosphate (H) and iFGF23 and cFGF23 levels (I) after 6 consecutive daily doses of G-3-P or vehicle (n = 4–5 per group). 
Doses for i.p. injections were 300 mg/kg, and all measurements were made 24 hours after i.p. injection unless otherwise specified. Data represent the mean 
± SEM. *P < 0.05 , by 1-way ANOVA followed by Tukey’s multiple comparisons test (A and B) or 2-sided Student’s t test (C–I). (J) Mineralization (alizarin red 
staining) and CFU (alkaline phosphatase staining) of primary stromal progenitor cells treated for 3 weeks with ascorbic acid (50 mM), dexamethasone (0.1 
mM), and G-3-P (10 μM), G-2-P (10 μM), or vehicle. The mean ± SD is shown for the percentage of area with positive staining. Scale bars: 100 μm.
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ever, G-3-P and LPA administration elicited a further increase 
in plasma iFGF23 and cFGF23 levels in Lpar1+/+ mice only (Fig-
ure 5H). These studies show that LPA signals through LPAR1 
to increase FGF23 production in vitro and in vivo, cooperating 
with 1,25(OH)2D at the gene expression level.

Kidney-derived G-3-P increases FGF23 via GPAT and LPAR1 
during AKI. To model AKI in C57Bl/6J mice, we performed bilat-
eral IRI. Relative to sham surgery, we found that IRI was associ-
ated with a significant increase in kidney tissue G-3-P levels (Fig-
ure 6A), consistent with the known glycolytic shift induced by 
ischemic AKI (26). Likewise, mouse renal epithelial cells (inner 
medullary collecting duct [IMCD] cells) treated with rotenone, 

pancy at the Fgf23 promoter in response to LPA and 1,25(OH)2D 
treatment in WT cells, but not in Lpar1- or Vdr-deficient cells (Fig-
ure 5E, Supplemental Figure 4D, and ref. 24).

Notably, a prior study has implicated LPAR1 in osteoblast 
development, showing that Lpar1–/– mice develop osteoporosis 
in trabecular and cortical bone (25). After backcrossing these 
animals with CD-1 mice, we established a colony of Lpar1–/– 
mice that were of equal weight and had similar bone lengths 
relative to their Lpar1+/+ littermates (Supplemental Figure 
4E and Figure 5, F and G). Consistent with this prior study, 
Lpar1–/– mice had the same baseline plasma levels of iFGF23 
and cFGF23 compared with levels in Lpar1+/+ littermates. How-

Figure 3. G-3-P stimulates FGF23 production in bone and bone marrow. (A) Schema of gene-targeting vector (top), floxed Fgf23–exon 1 (E1) allele (mid-
dle), and ΔFgf23–exon 1 allele (bottom). (B) PCR of genomic DNA from tissues from Fgf23fl/fl Dmp1-Cre+ mice to amplify sequences with Fgf23 (ΔFgf23-E1) 
or without (Fl-Fgf23-E1) exon 1 deletion. Shown is a representative gel from 1 of 4 independent experiments. S. muscle, skeletal muscle. (C) Plasma iFGF23 
levels in Fgf23fl/fl Dmp1-Cre+ and Fgf23fl/fl mice after i.p. G-3-P or vehicle (n = 5 per group). (D) Bone and bone marrow Fgf23 expression in Fgf23fl/fl  
Dmp1-Cre+ mice after i.p. administration of G-3-P or vehicle (n = 3–5 per group). ND, not detected. (E) Tissue Fgf23 expression in C57Bl/6J mice after i.p. 
administration of G-3-P or vehicle (n = 3–4). (F) FGF23 immunoblots of bone and bone marrow from C57Bl/6J mice treated with G-3-P or vehicle. Shown 
are representative blots from 1 of 2 independent experiments. (G) FACS strategy for isolation of bone marrow CD45+ mononuclear cells and CD45– stromal 
cells. Prior to sorting, samples destined for purification of stromal cells underwent negative selection (see Methods). All cells were fluorescently labeled 
with CD45.2 (APC) and TER119 (PE) antibodies. The viability dye 7AAD was included for the removal of dead cells. Cells were gated by size (top left), and 
doublets were excluded by forward scatter (top middle) and side scatter (top right). Live cells (bottom left, 7AAD–) were then examined for CD45.2 and 
TER119 staining (bottom middle). TER119+ (RBCs) were excluded, and CD45+ and CD45– cells were sorted for RNA isolation. FSC-A, forward scatter area; 
SSC-A, side scatter area; FSC-W, forward scatter pulse width; SSC-W, side scatter pulse width. (H) Fgf23 expression in stromal and hematopoietic bone 
marrow compartments after i.p. administration of G-3-P or vehicle (n = 4). The G-3-P injection dose was 300 mg/kg. All measurements were made 24 
hours after i.p. injection. Data represent the mean ± SEM. *P < 0.05 and ***P < 0.0001, by 2-sided Student’s t test (C–E and H).
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an inhibitor of mitochondrial respiration that enhances glycolytic 
flux, also significantly increased G-3-P production (Supplemen-
tal Figure 5A). Next, we tested the impact of IRI-mediated AKI in 
Lpar1–/– mice and their Lpar1+/+ littermates. We observed no differ-
ence in the severity of AKI between groups (Figure 6B). Plasma 
G-3-P levels, in conjunction with several glycolytic intermediates, 
rose significantly within 4 hours of IRI (Figure 6C and Supplemen-
tal Figure 5B). Bone marrow G-3-P levels also increased signifi-
cantly (Supplemental Figure 5C), along with bone marrow but not 
plasma LPA 18:1 levels (Figure 6D and Supplemental Figure 5D). 
Despite similar increases in circulating G-3-P and bone marrow 

LPA in Lpar1–/– and Lpar1+/+ mice, only Lpar1+/+ mice had a signifi-
cant increase in plasma iFGF23 and cFGF23 levels (with no change 
in the cFGF23/iFGF23 ratio) and bone FGF23 expression (Figure 
6, E and F, and Supplemental Figure 5E). Addition of the nonspe-
cific LPA receptor inhibitor LPA-bromophosphonate did not fur-
ther decrease iFGF23 levels in Lpar1–/– mice (Supplemental Figure 
5F and refs. 27, 28). Furthermore, administration of FSG67 to WT 
C57Bl/6J mice at the time of IRI surgery significantly lowered 
bone marrow LPA levels and lessened the subsequent increase 
in plasma iFGF23 levels (Figure 6, G and H). In the context of 
AKI, increased blood phosphate levels were noted in one Lpar1–/–  

Figure 4. G-3-P increases FGF23 production via local GPAT-mediated LPA synthesis. (A) Schema of GPAT-mediated conversion of G-3-P to LPA. (B)  
Plasma iFGF23 and cFGF23 levels after i.p. injection of LPA 18:1 or vehicle (n = 6–10 per group). (C and D) LPA 18:1 levels in bone marrow and plasma after 
i.p. injection of G-3-P or vehicle (C), and in bone marrow with or without the GPAT inhibitor (inh) FSG67 (D) (n = 3–5 per group). (E) Plasma iFGF23 and 
cFGF23 levels after i.p. injection of G-3-P, LPA 18:1, or vehicle, with or without FSG67 (n = 3–8 per group). (F and G) Bone Fgf23 mRNA levels (n = 4–5 per 
group) (F) and immunohistochemistry for FGF23 in femurs from mice treated with G-3-P or vehicle, with or without FSG67 (G). Shown are representative 
images from 1 of 2 independent experiments. Scale bars: 100 μm. (H and I) Fgf23 mRNA levels (n = 2–3 per group) (H) and FGF23 immunoblot (I) (blot is 
a representative gel from 1 of 2 independent experiments) of primary osteoblasts treated with Gpat2 or scrambled shRNA (scr), with or without G-3-P (10 
μM). Doses for i.p. injections were G-3-P (300 mg/kg), LPA 18:1 (50 mg/kg), and FSG67 (5 mg/kg). All measurements were made 24 hours after i.p. injec-
tion. Data represent the mean ± SEM. *P < 0.05, by 2-sided Student’s t test (B, C, and H), 1-way ANOVA followed by Tukey’s multiple comparisons test (D 
and F), or 2-way ANOVA followed by Tukey’s multiple comparisons test (E).
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animal and one C57Bl/6J animal treated with the GPAT inhibitor 
FSG67 (Supplemental Figure 5, G and H). Collectively, these data 
demonstrate that kidney-derived G-3-P goes to the bone marrow 
and increases FGF23 production, and that this increase in FGF23 
with AKI is dependent on the conversion of G-3-P to LPA and sig-
naling through LPAR1 (Figure 6I).

G-3-P increases in the circulation with human AKI and correlates 
with FGF23 levels. FGF23 levels increase rapidly in patients who 
develop AKI. We measured plasma G-3-P levels in 26 individuals 
immediately before and after cardiac surgery, including individ-

uals who did (AKI) or did not (controls) 
subsequently develop AKI, as defined by 
a doubling of serum creatinine or need for 
renal replacement therapy. Patients with 
AKI and controls were matched by age, sex, 
and baseline eGFR (Table 2). There was no 
baseline difference in plasma G-3-P lev-
els, whereas G-3-P increased significantly 
more in patients with AKI than in controls 
immediately following surgery (Figure 
7A). This immediate postoperative rise in 
G-3-P occurred before a change in blood 
creatinine levels (Figure 7B). Furthermore, 
immediate postoperative plasma G-3-P 
levels correlated with the subsequent rise 
in plasma iFGF23 levels on postoperative 
day 1 in patients with AKI (r2 = 0.31, Figure 
7C), whereas postoperative levels of plasma 
PTH, phosphate, 1,25(OH)2D, and creati-
nine had no association with the increase 
in plasma iFGF23 among these patients (r2 
≤ 0.05 for all, Figure 7, D–G). Among AKI 
patients, cFGF23 levels increased even 
more than iFGF23 on postoperative day 1 
(Supplemental Figure 6A), and immedi-
ate postoperative plasma G-3-P levels had 
a correlation with the subsequent rise in 
cFGF23 similar to that seen with iFGF23 (r2 
= 0.39, Supplemental Figure 6B)

Discussion
Tools in systems biology such as proteom-
ics and metabolomics enable an unbiased 
examination of interorgan physiology. 
Recent studies have revealed previously 
unanticipated functions for several cir-
culating small molecules, including citric 
acid cycle intermediates, short-chain fatty  
acids, and bile acids, that coordinate 
metabolism, inflammation, and other sys-
temic processes across tissues, often acting 
through cognate cell-surface or nuclear 
receptors (29–33). With the hypothesis that 
the kidney may release a factor that mod-
ulates FGF23 production, we performed 
a screen of renal venous plasma, followed 
by an extensive mechanistic interrogation. 

Spanning basic and clinical investigation, these studies identify a 
role for kidney-derived G-3-P in FGF23 homeostasis and demon-
strate relevance to AKI.

G-3-P is a downstream product of glycolysis, a ubiquitous met-
abolic process. To our knowledge, it is not possible to label kid-
ney-specific glycolysis by isotope or fluorescence. For example, if 
isotope-labeled glucose were injected directly into the renal artery, 
only a small fraction would be metabolized within the organ, with 
the rest returned to the systemic circulation, such that the tissue 
of origin for any isotope-labeled G-3-P in bone or bone marrow 

Figure 5. LPAR1 mediates the effect of G-3-P and LPA on FGF23 production. (A) Fgf23 expression  
in Ocy454 cells treated with vehicle, 10 μM LPA, 10 nM 1,25(OH)2D (1,25D), or both (n = 3–6 per group). 
(B) Expression of LPA receptors in Ocy454 cells (n = 2). (C and D) Immunoblots of primary osteoblasts 
following stable deletion of Lpar1, Lpar4, or Vdr, probing for targeted gene products (C) or FGF23 fol-
lowing treatment with LPA (10 μM) and 1,25(OH)2D (10 nM) (D). Shown are representative gels from 
1 of 2 independent experiments. (E) ChIP of the Fgf23 promoter following LPA 18:1 and 1,25(OH)2D 
treatment in WT or Lpar1- or Vdr-deficient cells. Plot shows relative enrichment of the putative 
VDR target site pulled down by an antibody against VDR compared with IgG. (F and G) Body weights 
(n = 5 mice per group) (F) and femur length (G) of Lpar1–/– mice and Lpar+/+ littermates. (H) Plasma 
iFGF23 and cFGF23 levels after i.p. injection of G-3-P (300 mg/kg), LPA 18:1 (50 mg/kg), or vehicle for 
Lpar1–/– mice and Lpar1+/+ littermates (n = 3–9 per group). Data represent the mean ± SEM. *P < 0.05 
and ***P < 0.0001, by 1-way ANOVA followed by Tukey’s multiple comparisons test (A) or 2-sided 
Student’s t test (F and H).
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organs tested. Together, these findings identify a kidney–to–bone 
and bone marrow signaling axis mediated by G-3-P and LPA.

Critically, the stimulatory effect of both IRI and G-3-P injec-
tion on both local LPA and FGF23 production was abrogated by 
GPAT inhibition. Because the conversion of G-3-P to LPA is the 
initial step in the synthesis of triglycerides, the contribution of 
GPATs to lipid metabolism has been closely examined (18, 34). 
GPAT1 and GPAT4 are important regulators of triglyceride syn-
thesis, particularly in the liver, whereas GPAT3 plays a major role 
in adipose tissue. GPAT2 is believed to play a minor role in initi-
ating triglyceride synthesis, as its presence in the liver does not 

would be uncertain. To circumvent this challenge, we focused on 
a kidney-specific intervention that involved stimulation of kidney 
G-3-P production by clamping the renal arteries to induce kidney 
ischemia, using sham surgery as a control. Using this approach, we 
show that kidney-specific ischemia increased G-3-P within kidney 
tissue, with downstream G-3-P accumulation in plasma and bone 
marrow. In turn, this kidney-derived G-3-P increased bone mar-
row LPA, with no change in circulating LPA, findings that recapit-
ulated the effect of exogenous G-3-P injection. Finally, the impact 
of circulating G-3-P on FGF23 production was specific to bone and 
bone marrow, with no increase in Fgf23 expression in the other 

Figure 6. AKI increases FGF23 production through G-3-P and LPA signaling. (A) Kidney G-3-P levels 10 minutes after IRI or sham surgery (n = 6 per group). 
(B–E) Serum creatinine (sCr) (B), plasma G-3-P (C), bone marrow LPA (D), and plasma iFGF23 and cFGF23 (E) levels in Lpar1–/– mice and Lpar1+/+ littermates 
subjected to IRI. All measurements were made after 24 hours, except for G-3-P levels (4 hours). n = 2–6 per group. (F) Immunohistochemistry for FGF23 in 
femurs from Lpar1–/– mice and Lpar1+/+ littermates subjected to IRI. Shown are representative images from 1 of 2 independent experiments. Scale bars: 100 
μm. (G and H) Bone marrow LPA (G) and plasma iFGF23 and cFGF23 (H) levels in C57Bl/6J mice subjected to IRI with or without FSG67 (0.25 mg/kg).  
n = 4 per group. Data represent the mean ± SEM. *P < 0.05, by 2-sided Student’s t test (A), 2-way ANOVA followed by Tukey’s multiple comparisons test 
(B, C, and E), or 1-way ANOVA followed by Tukey’s multiple comparisons test (D, G, and H). (I) Schema depicting the action of kidney-derived G-3-P on bone 
FGF23 production, whereby local GPAT mediates conversion of G-3-P to LPA, which subsequently signals through LPAR1 to stimulate FGF23 expression.
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makes to FGF23 production during AKI. Other groups have 
already shown that bone marrow is an important source of FGF23 
in response to acute blood loss and erythropoietin treatment 
(38, 39). White’s group also used DMP1-Cre to knock out Fgf23 
in bone, crossing Dmp1-Cre+ mice with Fgf23-Δ/floxed mice (40). 
High-phosphate challenge triggered a similar relative fold change 
in FGF23 expression in bone Fgf23-KO mice relative to levels in 
WT littermates, but from a lower baseline. In this same study, 
the authors also deleted Fgf23 using Col2.3-Cre and found that 
high-phosphate challenge did not elicit a significant increase 
in FGF23 in these KO mice. Whereas DMP1 is expressed in late 
osteoblasts/early osteocytes, Col2.3 is expressed in early osteo-
blasts and osteocytes. Thus, it is necessary to delete Fgf23 in 
earlier osteoblast precursors to abrogate FGF23 responsiveness, 
which corroborates our data on G-3-P and Fgf23 expression in 
flow-sorted bone marrow stromal precursor cells.

Although we emphasize the specific action of kidney-derived 
G-3-P, we acknowledge that other tissues subjected to ischemia 
can also release G-3-P. In fact, one study that examined humans 
undergoing planned ablation of myocardial tissue demonstrated 
an approximately 40% increase in coronary venous G-3-P levels 
within 10 minutes of injury, with a subsequent increase of approx-
imately 20%–25% in peripheral vein G-3-P levels (41). Although 
lesser in magnitude than the more than 100% rise we observed 
with AKI, it is thus possible that other ischemic tissues could also 
drive FGF23 production by releasing G-3-P. The literature also 
shows that additional factors such as iron deficiency and inflam-
mation can increase FGF23 levels. Whether these effects intersect 
with G-3-P or LPA metabolism requires further study (42, 43).

To date, strategies for counteracting excess FGF23 produc-
tion have focused on the administration of neutralizing antibodies 
against FGF23 (44, 45). However, this treatment requires careful 
monitoring to avoid functional FGF23 deficiency with resultant 
hyperphosphatemia and soft tissue mineralization; it also requires 
s.c. injections and is costly. The identification of upstream regu-
lators of FGF23 production amenable to small-molecule antago-
nism could facilitate the development of FGF23 modulators that 
are easier to titrate and deliver, although our results show these 
approaches can still cause hyperphosphatemia. Both GPAT and 
LPAR inhibitors have been developed, but to our knowledge, no 
inhibitors specific to GPAT2 or LPAR1 are yet clinically available. 
In our studies, the increase in FGF23 levels, but not serum creat-
inine, was markedly attenuated in Lpar1–/– mice, suggesting that 
FGF23 may not have a direct impact on AKI severity. An important  
caveat is that our experiments examined creatinine levels very 
shortly (24 hours) after IRI. Because our work focuses on the phys-
iology of FGF23 production rather than its downstream effects, we 
did not extend follow up to assess for differences in renal, cardiac, 
or mortality outcomes in Lpar1–/– mice subjected to AKI.

This study has several strengths. First, we started with an unbi-
ased screen of over 5000 measurements, including more than 
1600 known proteins and metabolites in a unique human renal 
arteriovenous sample set, selecting the top hit for subsequent 
characterization. Second, we used a combination of biochemical 
and genetic approaches to outline the sequential action of G-3-P, 
LPA, and LPAR1 on FGF23 expression both in vitro and in vivo. 
Third, we extended the findings of the existing literature reporting 

prevent the substantial triglyceride depletion observed in Gpat1–/–  
mice (35); further, Gpat2 expression is not altered by fasting or 
refeeding, as observed for other lipogenic enzymes (36). Here, we 
found GPAT2 to be the major GPAT isoform expressed in bone 
and bone marrow and that GPAT2 knockdown in primary osteo-
blasts blocked the effect of G-3-P treatment on LPA and FGF23 
production. Thus, we believe that GPAT2 is a strong candidate 
for converting circulating G-3-P to LPA in bone and bone marrow 
in vivo, but we acknowledge that additional genetic and specific 
pharmacologic approaches are required to confirm this possibility.

Once G-3-P was converted locally to LPA, our results showed 
that LPA acted through LPAR1 to stimulate FGF23 expression 
during AKI. However, LPAR1 was not the sole determinant of 
FGF23 production, as Lpar1 deletion in mice did not alter basal 
FGF23 or phosphate levels. In cultured osteocytes, we noted that 
Lpar4 deletion also reduced LPA-triggered FGF23 expression, rais-
ing the possibility of some redundancy in LPAR signaling (although 
we did not observe a further decrement in FGF23 levels in Lpar1–/– 
mice treated with a nonspecific LPAR inhibitor). Signaling through 
VDR is a known stimulus for FGF23 production, and, indeed, we 
found that Vdr deletion in osteocytes also reduced LPA-triggered 
FGF23 expression. Furthermore, we observed in vitro that the stim-
ulatory impact of LPA required coadministration with 1,25(OH)2D 
(vitamin D was not required for in vivo experiments, presumably 
because of endogenous sources). Our ChIP experiments showed 
that LPA signaling through LPAR1 increased VDR occupancy at 
the Fgf23 promoter, placing 1,25(OH)2D action downstream of 
LPA/LPAR1. Understanding how LPA signaling through LPAR1 
subsequently modulates VDR action — e.g., via expression, sta-
bility, phosphorylation, heterodimerization, nuclear localization, 
etc. — is an important area for future investigation. Interestingly, 
prior publications have shown that the long-recognized impact of 
1,25(OH)2D on osteoblast differentiation is in fact dependent on 
the presence of LPA in culture media, a finding that has probably 
been missed because of the presence of LPA in commercially avail-
able sera used for cell culture (37).

In addition to highlighting G-3-P, LPA, and LPAR1, our find-
ings underscore the important contribution that bone marrow 

Table 2. Baseline characteristics of AKI case-control study 
subjects

AKI patients (n = 13) Controls (n = 13)
Age (yr) 69.3 ± 10.6 70.5 ± 8.0
Women (%) 31% 38%
Race, White (%) 92% 77%
Serum creatinine (mg/dL) 1.44 ± 0.65 1.35 ± 0.49
eGFR (mL/min per 1.73m2) 53.4 ±21.6 54.3 ± 20.5
iFGF23 (pg/mL) 209.6 ± 496.2 76.1 ± 83.0
cFGF23 (pg/mL) 1610.1 ± 1938.2 637.7 ± 778.0
PO4 (mg/dL) 3.7 ± 0.7 3.4 ± 0.5
25-hydroxyvitamin D (ng/mL) 18.7 ± 6.5 22.2 ± 8.1
1,25(OH)2D (pg/mL) 27.4 ± 17.4 24.3 ± 16.9

Values represent the mean ± SD or the percentage. Conversion factor for 
serum creatinine in mg/dL to μmol/L, × 88.4. 
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13, 47). Because metabolites and the enzymes and receptors that 
mediate their biologic actions may all be amenable to pharma-
cologic modulation, we believe our results identify new oppor-
tunities for therapeutic targeting in AKI, as well as other disor-
ders of FGF23 excess.

Methods
Human renal arteriovenous sampling. Details on this protocol have been 
published previously (16). We recruited consecutive patients referred 
to the Massachusetts General Hospital Cardiac Catheterization Lab-
oratory for right and left heart catheterization. During the procedure, 
plasma was sampled from catheters placed in the ostium of a renal 
vein and the abdominal aorta. All patients were fasting, and all sam-
ples were obtained prior to coronary artery catheterization and admin-
istration of iodinated contrast dye. eGFR for study participants was 
calculated using the Modification of Diet in Renal Disease (MDRD) 
equation (48). Arterial and renal venous plasma samples from 17 
individuals were used for metabolomic profiling and measurement 
of iFGF23; proteomics analysis was performed on samples obtained 
from 16 of the 17 study subjects.

Proteomics. Proteomic profiling was performed with 50 μL plasma 
as previously described using the SOMAscan single-stranded DNA 
aptamer–based platform (1.3 k assay; SomaLogic) (49). All assays were 
performed using SOMAscan reagents (SomaLogic) according to the 
manufacturer’s detailed protocol. The median intra-assay coefficients 
of variation (CV) were calculated from inclusion of replicated pooled 
plasma calibrator samples on each assay plate, and was 4% and 2.5% 
across the 2 plates (96-well format) used for this study. The median 
inter-assay CV were calculated using replicate quality control plasma 
samples included across the 2 plates, and was 3%.

bone marrow Fgf23 expression, as we identified the specific con-
tribution of nonhematopoietic stromal precursor cells. Fourth, we 
used kidney IRI to demonstrate that kidney-derived G-3-P and its 
subsequent enzymatic conversion to LPA and signaling through 
LPAR1 are all necessary to stimulate FGF23 production during 
AKI. Fifth, we showed that G-3-P levels rise rapidly in humans who 
develop AKI and that they correlate better with the subsequent 
rise in FGF23 than creatinine or other mineral markers.

Several limitations also warrant mention. We note that the 
human renal arteriovenous cohort had a mean eGFR of 66.6 mL/
min per 1.73 m2, along with a high prevalence of hypertension and 
other kidney disease risk factors, perhaps enriched for individuals 
with abnormal kidney metabolism, e.g., enhanced glycolysis and 
G-3-P production. Sampling in healthier cohorts will be required 
to assess the relationship between renal venous G-3-P and circu-
lating FGF23 among individuals with normal kidney function. As 
noted, more work is also required to confirm a specific role for 
GPAT2 in vivo, as well as to further characterize the cooperation 
between LPA and VDR signaling. Additional experiments are also 
required to understand the exact mechanisms by which G-3-P is 
released from the kidney and taken up in bone; organic anion trans-
porters, which share topology with an established bacterial G-3-P 
transporter, are attractive candidates for further study (46). Final-
ly, future studies will need to examine whether enhanced renal 
release of G-3-P is implicated in the dramatic FGF23 increases  
observed in advanced CKD.

Ultimately, these studies are motivated by the strong asso-
ciation between elevated FGF23 levels and adverse outcomes in 
kidney disease, with emerging data ascribing direct cardiovas-
cular and other end-organ toxicities to FGF23 in this context (8, 

Figure 7. G-3-P increases immediately with human AKI and correlates with subsequent iFGF23 elevation. (A and B) Plasma G-3-P (A) and creatinine (B) 
levels before (Preop) and immediately after (Postop) cardiac surgery for patients with AKI and control subjects (n = 13 for each group). Data represent the 
mean ± SEM. *P < 0.05, by 2-way ANOVA followed by Tukey’s multiple comparisons test. (C) Scatter plots of immediate postoperative plasma G-3-P and 
iFGF23 levels 24 hours after surgery in patients with AKI and control subjects. (D–G) Scatter plots of immediate postoperative PTH (D), phosphate (E), 
1,25(OH)2D (F), and creatinine (G) levels and iFGF23 levels 24 hours after surgery for patients with AKI.
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(Neo) cassette immediately at the 5′-end of the second loxP site (loxP 
no. 2), and a thymidine kinase (TK) cassette at the 3′-end of exon 2. 
After linearization by I-Ceu1 restriction enzyme digestion, the targeting 
vector was injected into 129S6/B6 hybrid G4 embryonic stem (ES) cells 
by members of the Transgenic Resources Program at the Department of 
Comparative Medicine of the University of Washington. Positive ES cell 
clones with homologous recombination events within their Fgf23 locus 
were injected into 129S blastocysts to produce chimeric mice. These 
mice were then bred with ROSA26/FLPe-transgenic mice (C57BL/6 
FLP, stock 009086; The Jackson Laboratory) to remove the FRT-Neo 
cassette from the integrated gene allele and produce mice solely carry-
ing the floxed Fgf23-E1 gene allele. The latter mice were backcrossed 
with C57BL/6 mice for 5 generations before being bred with DMP1-Cre 
mice. Mice (8–24 weeks of age) used in the experiments were sex- and 
age-matched and maintained in a specific pathogen–free environment 
at 25°C on a 12-hour light/12-hour dark cycle.

Animal experiments. G-3-P (≤300 mg/kg; MilliporeSigma), LPA 
(50 mg/kg; Santa Cruz Biotechnology), sodium phosphate dibasic 
(300 mg/kg; MilliporeSigma), G-2-P (300 mg/kg; MilliporeSigma), 
glycerol (300 mg/kg; MilliporeSigma), 1,25(OH)2D (100 ng/kg or  
6 ng/g; Enzo Life Sciences), and IL-6 (1.3 μg/kg; R&D Systems) were 
i.p. injected into 3–10 mice per group. G-3-P dosing was substantially 
lower than that of the inorganic phosphate used to stimulate FGF23 
production in vivo. For a mouse weighing approximately 25 g, 300 mg/
kg G-3-P is approximately 7.5 mg, or approximately 39 μmol. By com-
parison, one study found no increase in FGF23 following a single i.v. 
injection of 500 μmol NaPi (54), and a separate study noted a less than 
2-fold increase in FGF23 following a 1-day infusion of 960 μmol NaPi 
(55). The GPAT inhibitor FSG67 (Focus Biomolecules) was injected  
i.p. 30 minutes prior to administration of G-3-P, LPA, or vehicle at a 
dose of 5 mg/kg (except for IRI experiments; see below). Unless other-
wise specified, the mice were sacrificed 24 hours after i.p. injection, 
and blood, femurs, bone marrow, and other tissues were collected for 
further analysis. We used a bilateral IRI model for AKI, with the con-
trol animals undergoing sham surgery (56). Under inhaled anesthesia 
on a temperature-controlled heating blanket, both renal pedicles were 
clamped for 30 minutes with vascular clips (Roboz), and then incisions 
were closed in 2 layers after clamp removal. For mice that underwent 
IRI or sham surgery, FSG67 and LPA bromophosphonate (Echelon 
Biosciences) were injected i.p. 30 minutes prior to surgery at a dose of 
0.25 mg/kg and 50 mg/kg, respectively. Unless otherwise specified, 
the mice were sacrificed 24 hours after surgery, and blood, femurs, 
and bone marrow were collected for further analysis.

Mouse creatinine, blood urea nitrogen, and phosphate measure-
ments. Creatinine was measured by alkaline picrate reaction and 
urease reaction at the Massachusetts General Hospital Animal Clin-
ical Pathology Laboratory. Phosphate was measured by colorimetric 
assay (ab65622; Abcam).

Histology and immunohistochemistry. Femur histology was 
examined on 3-mm formalin-fixed, paraffin-embedded sections 
stained with hematoxylin & eosin. FGF23 antibody (Immutopics, 
186-206, 30-6310) was used to perform FGF23 staining of 2 con-
secutive femur sections.

LC-MS. G-3-P and other glycolytic metabolites were measured in 
mouse plasma and cell culture media using the metabolomics meth-
od for human samples described above. For mouse kidney tissue, 
kidney was homogenized in water (1 mg:4 μL ratio), and for mouse 

Metabolomics. Metabolites were assayed as previously described 
(50). In brief, sugars, sugar phosphates, organic acids, bile acids, 
nucleotides, and other anionic polar metabolites including G-3-P were 
measured in 30 μL plasma (or tissue homogenate) using hydrophilic 
interaction liquid chromatography (LC) and multiple reaction moni-
toring in the negative ion mode on a 5500 QTRAP MS (SCIEX). Ami-
no acids, amines, acylcarnitines, nucleotides, and other cationic polar 
metabolites were measured in 10 μL plasma using hydrophilic inter-
action LC coupled with nontargeted, positive ion mode MS analysis 
on an Exactive Plus Orbitrap MS (Thermo Fisher Scientific). Lipids 
were measured in 10 μL plasma using C8 chromatography and non-
targeted, positive ion mode MS analysis on an Exactive Plus Orbitrap 
Mass Spectrometer. Identification of known metabolites was achieved 
by matching retention times and mass/charge ratio (m/z) to synthetic 
mixtures of reference compounds and characterized pooled plasma 
reference samples.

LPA measurement in human plasma. LPA for renal arteriovenous 
samples was measured in 50 μL plasma by the Mass Spectrometry 
Laboratory at National Jewish Health (Denver, Colorado, USA) (51). In 
brief, LC-MS was performed with a 6500 QTRAP (SCIEX) hybrid tri-
ple quadrupole/ion trap mass spectrometer in the negative ion mode, 
coupled with chromatography on an Ascentis Express C8 column (75 × 
2.1 mm, 2.7 μm; MilliporeSigma).

Human AKI case-control study. We analyzed samples from a 
case-control study of 26 individuals who underwent cardiac surgery, 
with patients and controls matched by age (±10 years), sex, and base-
line eGFR (±5 mL/min/1.73 m2). AKI was defined as a doubling of 
serum creatinine or need for renal replacement therapy. Patients were 
recruited from Brigham and Women’s Hospital between August 2007 
and March 2012. In brief, the inclusion and exclusion criteria were 
chosen to capture patients at high risk of AKI and other adverse out-
comes after cardiac surgery. Inclusion criteria were a baseline eGFR 
of 30 mL/min or less per 1.73 m2 or any 2 of the following: a baseline 
eGFR of 31–60 mL/min per 1.73 m2, diabetes mellitus, left ventricular 
ejection fraction of 40% or less, previous cardiac surgery, combined 
coronary artery bypass/valve procedure, urgent procedure, and pre-
operative intra-aortic balloon pump implantation. Exclusion criteria 
were preoperative AKI (defined as a 0.3 mg/dL rise in serum creat-
inine over 24 hours or a 0.5 mg/dL rise over 48 hours), recent ami-
noglycoside use, serum creatinine level above 4.5 mg/dL, end-stage 
renal disease requiring dialysis, renal transplantation, and pregnancy. 
Plasma aliquots were collected and stored at –80°C within 2 hours of 
collection. G-3-P was measured in plasma samples obtained preoper-
atively and immediately postoperatively (at the end of cardiopulmo-
nary bypass); iFGF23 was additionally measured on postoperative day 
1 (~24 hours after cardiopulmonary bypass).

Mice. C57Bl/6J and CD-1 mice were purchased from The Jackson 
Laboratory. Lpar1–/+ mice were generated in-house (52, 53); because of 
low fertility, these mice were backcrossed for 5 generations with CD-1 
mice before in-house generation of Lpar1–/– mice. Fgf23fl/fl Dmp1-Cre+ 
mice were generated by breeding DMP1-Cre mice (17) with floxed Fgf23 
mice carrying loxP sequences flanking exon 1 of the Fgf23 gene. The 
floxed Fgf23 gene allele was generated by using a gene-targeting vector 
on the pNT1.1 plasmid backbone (GenBank: JN935771.1) that included 
a 9.7-kb target region around exons 1 and 2 of the Fgf23 gene (BAC clone 
RP23-8L20) along with 2 loxP sites flanking exon 1, an insertion of a  
1.9-kb flippase recognition target–flanked (FRT-flanked) neomycin 
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treatment with G-3-P or vehicle. Total bone marrow cells were iso-
lated by crushing the femurs and tibiae and filtering cells through a 
40-μm nylon mesh. Samples destined for the purification of hemato-
poietic cells (CD45+TER119–) were processed by density gradient cen-
trifugation (Ficoll-Paque Plus; GE Healthcare) to isolate mononuclear 
cells. Samples destined for the purification of nonhematopoietic stro-
mal cells (CD45–TER119–) were enriched for nonhematopoietic cells 
via negative selection. Here, total cells were labeled with biotinylat-
ed CD45.2 (clone 104) and TER119 (clone TER119) antibodies (Bio-
Legend), which were then coupled to streptavidin-coated microbeads 
(Miltenyi Biotec) and passed over a magnetic column (LD; Miltenyi 
Biotec) for removal of labeled cells. The cells from both samples were 
fluorescence labeled (anti–CD45.2-APC and anti–Ter119-PE antibod-
ies; BioLegend). Purified hematopoietic cells and purified stromal 
cells were isolated on a BD FACSAria 3. Flow cytometric analysis was 
performed using FlowJo software. Total RNA was isolated from sorted  
cells (RNAeasy Micro; QIAGEN), reverse transcribed into cDNA 
(SuperScript IV; Invitrogen, Thermo Fisher Scientific), and then used 
for quantitative PCR (qPCR).

GPAT knockdown. shRNA lentivirus particles for Gpat1-4 were pur-
chased from Origene (catalogs TL500848V, TL517838V, TL506938V, 
and TL512820V) and were transduced in HEK293T cells on a pLKO.1-
puro (Addgene, plasmid 8453) backbone. Viral packaging was per-
formed in 293T cells using standard protocols (http://www.broadin-
stitute.org/rnai/public/resources/protocols). Primary osteoblasts 
were exposed to lentivirus particles (MOI = 1) overnight in the pres-
ence of polybrene (5 μg/mL). Cells were subsequently selected with 
puromycin (2  μg/mL) and maintained in selection medium through-
out the duration of the experiment.

Lpar1, Lpar4, and Vdr deletion. CRISPR/Cas9-mediated gene dele-
tions were performed using the sgRNA targeting sequences listed in 
Supplemental Table 4. First, Ocy454 cells were stably transduced with 
a blasticidin resistance–conferring Cas9-expressing lentivirus. sgR-
NA sequences were subcloned into lentiGuide-Puro (Addgene plasmid 
52963) (62). Ocy454 cells were transfected with this plasmid using 
Fugene HD (Promega; 1 μg plasmid per well of a 6-well plate). Lentivi-
rus particles were produced in HEK293T cells as described above. Cells 
were exposed to lentivirus particles (MOI = 1) overnight at 33°C in the 
presence of polybrene (5 μg/mL). Media were then changed, and puro-
mycin (2 μg/mL) and blasticidin (4 μg/mL) were added. Cells were main-
tained in selection medium throughout the duration of the experiment.

FGF23 and klotho ELISA. For the renal arteriovenous samples, 
plasma iFGF23 levels were measured by the Kainos ELISA, and plasma  
klotho levels were measured by DuoSet ELISA (R&D Systems) accord-
ing to the manufacturer’s instructions. All other plasma and cell lysate 
iFGF23 and cFGF23 levels were measured by the respective Immutop-
ics ELISAs according to the manufacturer’s instructions.

qPCR. Total RNA was extracted from cultured cells using RNeasy 
(QIAGEN) following the manufacturer’s instructions. For long bone 
RNA isolation, mice were euthanized, and femurs were rapidly dis-
sected on ice. Soft tissue was removed and epiphyses cut. Bone mar-
row cells were then removed by serial flushing with ice-cold PBS. 
TRIzol (Life Technologies, Thermo Fisher Scientific) was added, and 
samples were frozen at –80°C and then homogenized. For bone mar-
row RNA, flushed bone marrow was spun down and homogenized 
with TRIzol. RNA was then extracted according to the manufacturer’s 
instructions. For cDNA synthesis, 1 μg RNA was used for the synthesis 

bone marrow, the entire femoral bone marrow was homogenized in 
200 μL water; homogenates were then treated as plasma for LC-MS 
analyses. For LPA measurement of mouse samples, mouse plasma 
was extracted with 100% methanol at a 1:5 ratio, and bone marrow 
(prepared by cutting femoral epiphyses and flushing with ice-cold 
PBS) was centrifuged and reconstituted in 1 mL 100% methanol. 
For LPA measurement of cell culture samples, cells were extracted 
with 800 μL 100% methanol per 6-well plate. Mouse and cell culture 
sample methanol extracts were then evaporated and reconstituted in 
50 μL 100% methanol, and 10 μL of this reconstituted sample was 
separated using a 100 × 2.1 mm Acquity UPLC C8 column, and the 
peak for LPA 18:1 (transition 435.1/152.9) was monitored in the nega-
tive ion mode on a TSQ Quantiva Triple Quadrupole Mass Spectrom-
eter (Thermo Fisher Scientific). For creatinine measurement in the 
human AKI cohort, 10 μL human plasma was extracted with 90 μL 
80% methanol containing creatinine-d3 (MilliporeSigma) and sepa-
rated using a 150 × 2 mm and 3-μm Atlantis HILIC Column (Waters), 
and the peaks for creatinine (transition 114.1/44) and creatinine-d3 
(transition 117.1/47) were monitored in the positive ion mode on TSQ 
Quantiva Triple Quadrupole Mass Spectrometer.

Cell lines and experiments. Primary stromal progenitor cells were 
isolated from the bone marrow of femurs from C57Bl/6J mice and then 
cultured as previously described (57). A purified population of stromal 
progenitor cells was obtained 3 weeks after the initiation of culture and 
differentiated toward osteoblasts using 0.1 mM dexamethasone and 
50 mM ascorbate acid with 10% FBS and 1% antibiotic for 2 weeks (58). 
Primary osteoblasts, with or without Gpat 1-4 knockdowns, were treat-
ed with 10 μM G-3-P (MilliporeSigma) and 10 nM 1,25(OH)2D (Enzo 
Life Sciences) for 24 hours prior to analysis. For differentiation exper-
iments, primary stromal progenitor cells were treated with either 10 
μM G-2-P or G-3-P in addition to 0.1 mM dexamethasone and 50 mM 
ascorbic acid for a total of 3 weeks, and colonies were stained with alka-
line phosphatase (MilliporeSigma) to detect CFU, or alizarin red (Milli-
poreSigma) to detect mineralization, as previously described (59, 60). 
Ocy454 cells were grown from a single subclone (22, 61). Cells were 
passaged in α-MEM supplemented with 10% heat-inactivated FBS and 
1% antibiotics (penicillin-streptomycin; Fungizone) at 33°C in 5% CO2. 
Cells were plated at 50,000 cells/mL and allowed to reach confluency 
at 33°C (typically in 2–3 days) prior to transfer to a 37°C environment. 
Experiments were performed on cells cultured at 37°C for 7 days. 
Ocy454 cells, with or without gene deletions, were treated with 1, 10, 
and 100 μM LPA (Santa Cruz Biotechnology) and 10 nM 1,25(OH)2D 
for 24 hours (unless otherwise specified) prior to analysis. All cells were 
switched to 2% FBS media 24 hours prior to treatments. IMCD3 cells 
(American Type Culture Collection [ATCC]) were seeded at 200,000 
cells per well in 6-well plates and incubated overnight. The following 
day, IMCD3 cells were washed once with 2 mL pyruvate-free DMEM 
(D5671; MilliporeSigma), and then the media were changed to 2 mL 
pyruvate-free DMEM containing 10% dialyzed FBS, penicillin-strep-
tomycin, and 2 mM l-glutamine premixed with 200 nM rotenone or 
0.1% DMSO. Media were collected for analysis after 24 hours. Opos-
sum kidney (OK) cells (ATCC) were seeded at 100,000 cells per well 
in a 6-well plate and incubated overnight. The following day, cells were 
treated with 10 ng/mL FGF23 (R&D Systems) for 2 or 24 hours, and 
media were collected for analysis.

Flow cytometric analysis and sorting. Bone marrow cells were col-
lected from the femurs and tibiae of C57Bl/6J mice 24 hours after 
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Study approval. The human renal arteriovenous sampling study 
protocol was approved by the IRB of the Massachusetts General Hos-
pital and adhered to Declaration of Helsinki principles, and all par-
ticipants provided written informed consent prior to inclusion in the 
study. The human AKI case-control study protocol was approved by 
the IRB of Brigham and Women’s Hospital and adhered to Declaration 
of Helsinki principles, and all participants provided written informed 
consent prior to inclusion in the study. Mouse studies were approved 
by the IACUC of Massachusetts General Hospital, UCSF, and the San 
Francisco Veterans Affair Health Care System and were conducted 
under their guidelines.
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reactions according to the manufacturer’s instructions (PrimeScript 
RT; Takara). SYBR Green–based qPCR detection was performed using 
FastStart Universal SYBR Green (Roche) on a StepOne Plus Thermo-
cycler (Applied Biosystems). The PCR primer sequences are listed in 
Supplemental Table 4.

Immunoblotting. Whole-cell lysates were prepared using RIPA buf-
fer with protease inhibitors (Pierce, Thermo Fisher Scientific). Bone 
marrow from femurs and tibiae of C57Bl/6J mice was flushed in RIPA 
buffer with protease inhibitors. Bone marrow–free femurs and tibiae 
were homogenized into a fine powder in liquid nitrogen using a porce-
lain mortar and pestle and then transferred into RIPA buffer with pro-
tease inhibitors. After three 30-second sonications, the samples were 
centrifuged at 13,000 × g for 10 minutes, and the supernatants were 
collected. Lysates (15–20 μg cellular protein) were separated by SDS-
PAGE, and proteins were transferred onto nitrocellulose membranes. 
Membranes were blocked with 5% milk in TBST and incubated with 
FGF23 (186-206, 21-6310; Immutopics), LPAR1 (PA1-1041; Thermo 
Fisher Scientific), LPAR4 (ab183076; Abcam), VDR (ab8756; Abcam), 
or GPAT2 (10299-378; VWR International) antibodies overnight at 
4°C. The next day, the membranes were washed and incubated with 
the appropriate HRP-coupled secondary antibodies, and signals were 
detected with ECL (Pierce, Thermo Fisher Scientific). All immuno-
blots were repeated at least twice, with comparable results.

ChIP analysis. ChIP analysis of 107 Ocy454 cells was performed with 
a Magna Chip Kit (MilliporeSigma) using a VDR antibody (Abcam) and 
IgG. The primer sequences are listed in Supplemental Table 4. qPCR was 
performed to amplify immunoprecipitated genomic fragments, and data 
are presented as the fold enrichment relative to IgG-associated DNA.

Statistics. For the initial screen of renal venous plasma samples, 
Pearson’s correlation coefficients between venous metabolites and 
proteins and arterial iFGF23 were calculated on log-transformed data, 
because the raw data did not show normal distributions. Statistical sig-
nificance was set at a P value of less than 9.6 × 10–6, adjusting for the 
total 5229 measurements (1317 proteins, 300 known metabolites, and 
3612 unknown peaks by LC-MS). For other analyses, we performed an 
unpaired, 2-tailed Student’s t test or 1- or 2-way ANOVA, depending on 
the number of groups analyzed, with significance defined as a P value 
of less than 0.05.
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