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Classical homeostatic physiology sheds light 
on vitamin D controversies
Highlights 
The body evolved complex homeostatic 
mechanisms to maintain physiological 
Ca2+ levels. Vitamin D plays a critical
role in these homeostatic mechanisms.

Although the free hormone hypothesis 
emphasizes the critical role of free 
hormone, clinical laboratories typically 
measure total levels of 25-
hydroxyvitamin D (free + protein bound). 
Clinicians must account for each individ-
ua l’s level of binding protein to interpret
total hormone levels.

Endocrinologists addressed this chal-
Simeon I. Taylor 1 , * and Zhinous S. Yazdi1,2 

Because vitamin D (VitD) plays a key role in calcium balance, the body has 
evolved homeostatic mechanisms to maintain 1α,25-dihydroxyvitamin D levels 
within a physiological range. Historically, measurements of total 25-
hydroxyvitamin D [25(OH)D] have provided assessments of VitD status. However, 
this approach has important limitations because it measures 25(OH)D bound to 
vitamin D-binding protein (DBP), while it is free 25(OH)D that is biologically rele-
vant. This opinion article discusses precision diagnostic approaches to minimize 
the confounding effects of interindividual variation in DBP levels. Ratios of VitD 
metabolites [25(OH)D, 1,25-dihydroxyVitD, and 24,25-dihydroxyVitD] provide 
DBP-independent indices of VitD status. This precision diagnostic ap proach
could have an especially favorable impact on patients with several clinical
conditions, for example, malabsorption, impaired activation of VitD, or estrogen-
induced increases in DBP.
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lenge bymeasuring free thyroid hormone 
and, more recently, thyroid stimulating 
hormone to assess the activity of 
homeostatic mechanisms—a  reflection 
of whether the body detects either
thyroid hormone deficiency or excess.

A similar approach can enhance diag-
nostic strategies by relying on vitamin 
D-binding protein-independent biomark-
ers, including the assessment of 24-
hydroxylated metabolites to evaluate
the activity of homeostatic mechanisms.
A century of vitamin D research
The discovery of vitamin D (VitD) led to the ability to treat nutritional rickets [1,2], a major triumph 
for translational research. Elucidation of the chemical structure of VitD and the development of a
cost-effective synthesis [3] enabled fortification of milk with VitD and the prevention of nutritional
rickets [4]. Innovative basic research expanded understanding of biochemistry, physiology, and 
pathophysiology [1,5–8]. Notwithstanding these landmark accomplishments, challenges have 
arisen in recent years, primarily related to the diagnosis of VitD de ficiency and the benefits of
VitD supplementation [2,9,10]. This opinion article will summarize challenges and emphasize 
controversies about how to assess VitD status. The threefold interindividual variation in circulating 
levels of vitamin D-binding protein (DBP) compl icates the interpretation of total levels of 25-
hydroxyvitamin D [25(OH)D] (see Glossary)—the biomarker most commonly used in clinical 
practice. We also review approaches to address these diagnostic challenges, discuss how to 
interpret alternative biomarkers in the context of homeostatic regulation of VitD metabolism, 
and identify opportunities for future research. Although many insights have been available for 
years, the implications have not been fu lly integrated into clinical practice. Recent publications
emphasize the absence of consensus about how to assess VitD status [11–13]. This creates a 
knowledge gap about how to determine who would benefit from VitD supplementation.

Diagnosing VitD deficiency: challenge s and controversies
In 2011, an Institute of Medicine (IOM) Committee concluded that a 25(OH)D level of 20 ng/ml
is sufficient to prevent osteomalacia in 97.5% of the general population [14,15]. The committee 
also concluded that a 25(OH)D level of 16 ng/ml is sufficient for ~50% o f the adult population
[14] whereas levels below 12 ng/ml were associated with an increased risk for bone health. 
The IOM report implicitly acknowledged the need for individu alized diagnostic criteria to
define healthy levels of 25(OH)D [14,15]:  (i)  ≥20 ng/ml—sufficient in almost all individuals;
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Glossary 
1α,25-Dihydroxyvitamin 
D [1,25(OH)2D]: the biologically active 
metabol ite of VitD.
24,25-Dihydroxyvitamin 
D  [24,25(OH)2D]: a biologically active 
metab olite of VitD.
25-Hydroxyvitamin D [25(OH)D]: a 
metabolite of VitD formed in the liver 
during the first of two hydroxylations, 
which lead to the formatio n of the active
form of VitD (1,25(OH)2D).
Clinical Laboratory Improvement 
Amendments (CLIA): a law in the 
United States governing certification for 
facilities that perform testing on human 
specimens for diagnosis, prevention, or
treatment.
Free thyroxine (fT4): thyroxine 
molecules that are not bound to proteins 
(i.e., thyroid-binding g lobulin or
prealbumin).
Glomerular filtration rate: the rate at 
which plasma is filtered by the gl omeruli
in the kidneys.
Institute of Medicine (IOM): an 
independent, nonprofit  organization  in  
the United States that provides 
evidence-based research, advice, and 
analysis on health, medicine, and 
biomedical science to policymakers and 
the publ ic. The IOM has been renamed
the National Academy of Medicine.
3,5,3′-Triiodothyronine (T3): the 
biologically active formof th yroid hormone.
3,5,3′,5′-Tetraiodothyronine (T4, 
thyroxine): the predominant form of 
thyroid hormone secreted by the thyroid 
gland. Thyroxine is metabolically 
activated by deiodination (speci fically,
the removal of the 5′-iodine).
Vitamin D-binding protein (DBP): a 
circulating glycoprotein that binds the 
majority of VitD and Vi tD metabolites in
the blood.
Vitamin D and omega-3 trial (VITAL): 
a multiyear, multisite clinical trial funded 
by the National Institutes of Health. 
Participants were randomized to receive 
dietary supplements of vitamin D3 (2000 
IU) or omega-3 fatty acids (Omacor® 
fish oil, 1 g) to investigate the impact on 
the risk of developing cancer, heart 
disease, or stroke in people who do not
have a prior history of these illnesses.
The impact of VitD on the risk of bone
fractures was also investigated.
(ii) ≤12 ng/ml—deficient in almost all individuals; and (iii) 13–19 ng/ml—a ‘gray’ zone requiring 
individualized interpretation. By recognizing the need to individualize diagnostic criteria, the 
IOM report raised two important questions: How can we explain interindividual variation in the 
cutoff for healthy levels of 25(OH)D? What are the implications for assessing VitD status in 
clinical practice? This opinion article discusses the hypothesis that interindividual variation in 
cutoffs for healthy levels of 25(OH)D is caused by interindividual variation in serum DBP levels
and, further, that this challenge can be addressed by defining DBP-independent biomarkers
for VitD status.

Also in 2011, the Endocrine Society (ENDO) issued clinical practice guidelines [16]. Whereas the 
IOM concluded that a 25(OH)D level of 20 ng/ml is sufficient for 97.5% of the population, ENDO 
defined a 25(OH)D level of ≤20 ng/ml as VitD deficiency. Furthermore, ENDO de fined VitD suffi-
ciency as a 25(OH)D level of ≥30 ng/ml, whereas levels between 21 and 29 ng/ml were defined
as insufficiency [13]. The IOM identified three potential explana tions for the differing conclusions
[15]. First, the groups disagreed about the 25(OH)D level required to support intestinal absorption 
of dietary calcium. Second, the groups offered different interpretations of data describing the rela-
tionship between levels of parathyroid hormone (PTH) and 25(OH)D. Finally, ENDO sugges ted
that 25(OH)D levels ≤30 ng/ml predicted an increased risk of falling. However, a recent random-
ized controlled clinical trial did not confirm that hypothesis [17]. 

In 2024, ENDO issued the revised guidelines [13], which did not offer criteria to interpret 25(OH)D 
levels but acknowledged a need for research to determine optimal 25(OH)D levels for specific 
health benefits. Nevertheless, these new guidelines recommend the administration of VitD 
supplements under specific circumstances, e.g., pregnancy, ages 1–18 years, or age ≥75 years. 
The absence of consensus on diagnost ic criteria creates major challenges for physicians in
diagnosing and treating VitD deficiency.

The vitamin D and omega-3 trial: thought-provoking clinical data
The vitamin D and omega-3 trial (VITAL) trial further highlighted the lack of consensus. VITAL 
reported that VitD supplements did not significantly decrease the risk of fractures in midlife and
older adults [18]. Several limitations of the study have been noted. The study was not designed 
to assess the value of VitD supplements for VitD-deficient individuals; mean baseline levels of 
25(OH)D were 30.7 ng/ml, and almost half-the placebo group were taking VitD supplements. 
Although the overall hazard ratio for bone fractures was 0.98, two subgroups displayed 
thought-provoking trends toward b enefit: people receiving osteoporosis medications (Hazard
Ratio = 0.74) and people with a history of fragility fractures (Hazard Ratio = 0.87). An accompa-
nying editorial [12] concluded that there is no justification for measuring 25(OH)D in the general 
population or treating to a target serum level. These events have had an unsettling effect on the 
field. A recent review article lamented the fact that there are so many unanswered questions in the
field—including the absence of consensus about how to define a healthy level of serum 25(OH)D [11]. 

VitD-binding proteins: implications for assessing VitD status
More than 99% of circulating 25(OH)D is bound to plasma prote ins: ~85% to DBP and ~15% to
albumin [7,19]. Although the ‘free hormone hypothesis’ postulates that the small fraction of ‘free’ 
hormone is responsible for mediating the biological effects [7,19], clinical laboratories measure 
total levels (i.e., protein-bound + free hormone). In order to interpret total levels of 25(OH)D, it is 
necessary to account for the substantial (approximately threefold) interindividual variation in
DBP levels [20], as illustrated by the following thought experiment. Consider two individuals 
with the following profiles: (i) a total 25(OH)D level of 30 ng/ml and a DBP level at the upper limit 
of normal and (ii) a total 25(OH)D level of 10 ng/ml and a DBP level at the lower limit of normal.
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Both individuals are predicted to have similar levels of free 25(OH)D and, therefore, similar VitD 
status. Nevertheless, 25(OH)D levels of 30 ng/ml ar e classified as VitD sufficient by both IOM
and ENDO [14–16], whereas a 25(OH)D level of 10 ng/ml is classified as VitD deficient. This 
thought experiment explains why the field has so many unanswered questions and has 
not defined what constitutes a sufficient total concentration of 25(OH)D [11]. Based on the 
free hormone hypothesis, an individual’s VitD status is determined by free concentrations of 
25(OH)D—not by total concentrations of 25(OH)D. Thus, a one-size-fits-all approach measur-
ing total concentrations of 25(OH)D is likely to fail. To improve diagnostic criteria, it is critical to 
implement a personalized precision diagnostic approach, taking into account each individual’s
DBP level [20].

Clinical diagnosis of thyroid status suggests an improved approach for VitD
The literature emphasizes important similarities between the physiology of thyroid hormone and
VitD (Table 1) [7,19]. Most importantly for this discussion, VitD metabolites and thyroid hormones 
are extensively bound to plasma proteins: high-affinity-specific binding proteins [DBP and thyroid 
binding globulin (TBG)] and low-affinity binding proteins—albumin for VitD and prealbumin for
thyroid hormone. Endocrinologists took account of protein binding when designing approaches
to assess clinical thyroid hormone status [21]. Early approaches relied on measurements of both 
total T4 and free thyroxine (fT4). Because of significant interindividual variation in TBG, endocri-
nologists implemented innovative approaches to assess thyroid status—for example, measure-
ment of fT4 [22]. This advance improved the ability to account for variation in TBG level s. This
success in accounting for variation in TBG [21,23] has obvious implications for the assessment 
of VitD status. Furthermore, in recent years, measurements of thyroid stimulating hormone 
(TSH) replaced measurements of fT4 as the first-line diagnostic test [21,23]. 

Negative feedback loops and homeostatic regulation
Nineteenth-century physiologists recognized that the stability of the internal environment 
(milieu intérieur) is a condition for a free and independent life [24]. The term ‘homeostasis’ was 
introduced in the early 20th century to describe mechanisms that mai ntain the stability of the
milieu intérieur [25]. Because of its importance to physiology, thyroid function is subject to 
homeostatic regulation. Most importantly, thyroid hormone participates in a negative feedback 
loop wherein TSH, secreted by the pituitary gland, promotes the secretion of thyroid hormone
(Table 1). Thyroid hormone, in turn, feeds back to inhibit TSH secretion. If the body detects a 
thyroid hormone deficiency, the pituitary responds by upregulating TSH secretion—triggering a 
compensatory increase in thyroid hormone sec retion. Thus, elevated TSH levels suggest
the diagnosis of hypothyroidism, while suppressed levels of TSH suggest a diagnosis of hyper-
thyroidism [21,23].
Table 1. Analogies between thyroid phys iology and VitD

Thyroid VitD 

Required environmental factor(s) Iodine VitD or ultraviolet light

Prohormone Thyroxine (T4) 25-Hydroxyvitamin D 

Active metabolite 3,5,3′-Triiodothyronine (T3) 1,25-Dihydroxyvitamin D 

Active species Free 3,5,3′-triiodothyronine (T3) Free 1,25-dihydroxyvitamin D

Specific, high-affinity binding protein TBG DBP 

Low-affinity binding protein Prealbumin Albumin 

Homeostatic regulator (hormone synthesis) TSH PTH 

Homeostatic regulator (hormone degradation) Type III deiodinase 24-Hydroxylase (CYP24A1) 
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Because of the critical importance of calcium in biological processes, the body has evolved 
homeostatic mechanisms to maintain free serum Ca2+ levels within a narrow physiological 
range. Because of VitD’s critical role in mediating intestinal absorption of dietary Ca 2+, homeo-
static mechanisms have evolved to maintain levels of free 1α,25-dihydroxyvitamin D [1,25
(OH)2D] within narrow physiological ranges.

Metabolic activation of VitD is a two-step process: 25-hydroxylation in the liver, followed by 1α-
hydroxylation in the kidney, thereby converting 25(OH)D to 1,25(OH)2D ( the biologically active
form of VitD) (Figure 1) [5]. 24-Hydroxylation mediates the inactivation of 1,25(OH)2D [28–30]. 
Moreover, 24-hydroxylation of 25(OH)D competes with 1α-hydroxylation, thereby diverting 25 
(OH)D toward 24,25-dihydroxyvitamin D [24,25(OH)2D] rather than 1,25(OH)2D (the biologi-
cally active form).

The body has two options to compensate for the limited availability of VitD: (i) slowing 1,25(OH) 2D
degradation or (ii) increasing 1,25(OH)2D production (Figure 1). The first line of defense—slowing 
1,25(OH)2D  degradation—is triggered by mild to moderate VitD deficiency. We developed a 
mathematical model to describe changes in VitD metabolites in response to VitD supplements
[31], which revealed that the rate of 24-hydroxylation varies over a tenfold range. This conclusion 
is supported by studies demonstrating that admin istration of VitD induced a tenfold increase in
24-hydroxylase activity in rat kidneys [32]. 24-Hydroxylation is maximally suppressed when 
people are VitD deficient, thereby slowing the rate at which 1,25(OH)2D is degraded, maintaining 
1,25(OH)2D levels within a physiological range, and partially mitigating the clinical impact of VitD 
deficiency. The second line of defense—increasing 1,25(OH)2D  production—is mediated by 
secondary hyperparathyroidi sm. PTH increases the expression of 1α-hydroxylase (CYP27B1)
in the kidney [31,33,34]. The threshold to trigger secondary hyperparathyroidism requires more 
severe VitD deficiency than is required to suppress 24-hydroxylase activity [31,33]. Based on 
an analogy to the utility of TSH as a biomarker to diagnose hypothyroidism, we propose that 
suppression of 24-hydroxylase activity—as reflected by 24,25(OH)2D levels—provides a biomarker 
to diagnose people with subclinical VitD deficiency, while secondary hyperparathyroidism provides
a biomarker to diagnose people with overt VitD deficiency [31]. 

Options to account for interindi vidual variation in DBP
This opinion article provides our perspective on several possible approaches. However, we need to 
emphasize that these approaches have neither been validated nor been incorporated into estab-
lished clinical practice guidelines. As discussed in the Concluding Remarks, further research will 
be required to determine the most useful approach to evaluate VitD status. The free level of 25 
(OH)D in serum can be calculated using the concentrations of DBP and albumin, as well as the
affinity constants for 25(OH)D binding to those two proteins [7,19,35]. This approach faces several 
challenges, including the lack of awidely availableClinical Laboratory ImprovementAmendments 
(CLIA)-compliant, clinically validated, standardized assay for DBP. The literature also documents 
amino acid sequence polymorphisms, some of which have been reported to alter DBP’s binding affin-
ity [36,37]. Thus, in order to interpret the significance of measured DBP levels, it may be necessary to 
determine the sequence of the gene encoding DBP in each individual. Finally, micro-heterogeneity of 
circulating DBP, due to variation in the carbohydrate component of the g lycoprotein, could potentially
affect the binding affinity for 25(OH)D and/or the efficiency with which immunoassays detect DBP.

Multiple approaches have been proposed to directly measure free levels of 25(OH)D. Although 
commercially available immunoassay kits have been developed [38], these immunoassay kits 
have not yet been widely adopted. Additional validation and standardization are required to fully
assess their clinical utility.
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Key figure 

Homeostatic regulation of vitamin D (VitD) metabolism and clinical
implications

TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism 

Figure 1. (A) VitD is activated by a two-step process: 25-hydroxylation in the liver followed by 1α-hydroxylation in the kidney. 
24-Hydroxylation mediates metabolic clearance of 1,25(OH)2D and competes with 1α-hydroxylase, thereby preventing 
activation of VitD. (B–D) When the body perceives a mild shortage of VitD (sub-clinical VitD deficiency), this triggers the first 
line of defense (i.e., suppression of 24-hydroxylase), thereby slowing the rate of 1,25(OH)2D clearance and mitigating the 
impact of VitD deficiency. If the body detects more severe VitD deficiency (overt VitD deficiency), this triggers a second line
of defense: secondary hyperparathyroidism. The associated increase in PTH levels induces an increase in renal 1α-hydrox-
ylase activity in the kidney but also promotes release of Ca++ from bone through bone resorption. (E) Just as PTH induces 1α-
hydroxylase and suppresses 24-hydroxylase activity, FGF23 suppresses 1α-hydroxylase and induces 24-hydroxylase
[26,27]. Furthermore, 1,25(OH)2D has been reported to induce expression of 24-hydroxylase [26,27]. (F) Administration of 
VitD supplements can reverse secondary hyperparathyroidism, thereby preventing the adverse impact of secondary hyper-
parathyroidism. Thus, although there is a strong rationale for administering VitD supplements as a treatment to suppress 
PTH-stimulated bone resorption in overt VitD deficiency, it is less clear whether to treat subclinical VitD deficiency. Neverthe-
less, in this context, it is noteworthy that 24,25(OH)2D has been reported to promote healing of bone fractures in animal
models. If this is also true in humans, that would provide a rationale to treat subclinical VitD deficiency with VitD supplements.
24,25(OH)2D: 24,25-dihydroxyvitamin D.
Vitamin D metabolit e ratios
Three VitD metabolite ratios have been proposed as DBP-independent indices of VitD status
(Table 2) [31,33,39,40,42,43].

Before discussing VitD metabolite ratios, we will discuss three VitD metabolites. 25(OH)D reflects 
the availability of VitD. Total levels of 25(OH)D increase in response to VitD supplements.
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Table 2. Three VitD metabolite ratios proposed in the literature a 

25(OH)D/1,25(OH)2D 24,25(OH)2D/25(OH)D 24,25(OH)2D/1,25(OH)2D 

Biological 
significan ce

Reflects availability of VitD—provided as a 
nutrient or derived from endogenous synthesis.
Unlike total 25(OH)D, this ratio is implicitly
normalized

Reflects 24-hydroxylase activity—with 
the substrate of the reaction in the 
denom inator and the product in the
numerator

Reflects competition between 1α- and 
24-hydroxylation reactions—in the 
denominator and the numerator,
respectively

Reflects availability 
of VitD

Yes Yes Yes 

Reflects production 
of 1,25(OH) 2D

Yes No Yes 

Reflects degradation 
of 1,25(OH) 2D

No Yes Yes 

Refs [39] [40] [41] 

a We have modified two ratios that are proposed in the literature [39,41]: 1,25(OH)2D/25(OH)D and 1,25(OH)2D/24,25(OH)2D; Table 2 lists the reciprocals of those ratios. 
The modified definitions provide uniformity because VitD-deficient individuals will have low values, whereas VitD-sufficient individuals will have higher values. Although the
‘VitD metabolite ratio’ has been proposed to refer to 100 × 24,25(OH)2D/25(OH)D [42], we have omitted the scaling factor (×100) for conceptual simplicity.
Historically, 25(OH)D has been widely used as a diagnostic test to assess VitD status. Because 
25(OH)D is not biologically active, total levels of 25(OH)D do not provide information about the 
body’s ability to activate VitD. Furthermore, the impact of interindividual variation in DBP limits 
the usefulness of total levels of 25 (OH)D as a diagnostic test for individual patients—albeit
mean levels of 25(OH)D in a population can be extremely informative in some contexts.

1,25(OH)2D is the biologically active species. Although there is wide interindividual variation 
in 1,25(OH)2D levels, each individual has a ‘set point’. Total levels of 1,25(OH)2D change little, if
at all, in response to VitD supplements [44]—a  reflection of the effectiveness of homeostatic 
mechanisms in maintaining optimal levels of free 1,25(OH)2D (Box 1). Because of the narrow 
range for interindividual variation in free 1,25(OH)2D levels, we hypothesize that interindividual 
variation of total 1,25(OH)2D levels reflects primarily interindividual variation in DBP levels, 
while free 1,25(OH)2D levels are relatively normal in subclinical VitD deficiency. However, free
1,25(OH)2D levels are likely low in the most severe forms of VitD deficiency.
Box 1. Thermostats illustrate the impact of homeostatic regulation

To maintain a comfortable indoor temperature, someone can select a setpoint of 70°F on the thermostat. In the winter, the 
indoor temperature will fall slightly (perhaps to 69.9°F), which will trigger the furnace to generate heat, thereby minimizing 
the decrease in the indoor temperature. Similarly, in the summer, the indoor temperature will rise slightly (perhaps to 70.1° 
F), which will trigger the air conditioner to cool the air, thereby minimizing the increase in the indoor temperature. In other 
words, homeostatic regulation (i.e., the thermostat) maintains a near-constant indoor temperature despite major swings in 
the outdoor temperature. By analogy, the bo dy selects a setpoint for free concentrations of 1,25(OH)2D. This, in turn,
defines a setpoint for the total concentration of 1,25(OH)2D, which is also dependent on each individual’s serum concen-
tration of DBP. This illustration also provides physiological analogs of the furnace and the air conditioner.

The air conditioner analog corresponds to induction of 24-hydroxylase activity, which protects against VitD toxicity by 
promoting degradation of 1,25(OH)2D. Two mechanisms contribute to creating a furnace analog. First, suppression of 
24-hydroxylase activity mitigates VitD deficiency by slowing degradation of 1,25(OH)2D. Second, if serum Ca++ falls even
slightly, this triggers secondary hyperparathyroidism, which, in turn, induces 1α-hydroxylase activity in the kidney, thereby
increasing the rate at which 1,25(OH)2D is produced.

In the thermostat example, the indoor temperature provides almost no information about the outdoor temperature. Rather, 
it is far more informative to assess the state of activation of homeostatic mechanisms. Is the furnace running? Is the air 
conditioner running? Similarly, one can assess thyroid status by determining whether homeostatic mechanisms have
been triggered by measuring TSH levels. In the case of VitD, rather than measuring total levels of 1,25(OH)2D, it is more
informative to measure 24-hydroxylase activity and to check for evidence of secondary hyperparathyroidism.
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Total concentration Free concentration DBP Ka

24,25(OH)2D  reflects 24-hydroxylase activity, and 24-hydroxylase activity reflects the ‘wisdom of 
the body’ with respect to VitD status. Total levels of 24,25(OH)2D increase in response to VitD 
supplements—exhibiting even greater increases than 25(OH)D in response to VitD supplements. 
As with 25(OH)D, total levels of 24,25(OH)2D are influenced by DBP levels. Although 24,25(OH)2D
has been reported to play an important role in promoting the healing of bone fractures in animal
models [45–48], it remains uncertain whether 24,25(OH)2D serve s this role in humans.

Three VitD metabolite ratios have been proposed as DBP-independent diagnostic biomarkers for

VitD status (Table 2). Empirical data confirm that the atio is independent of circul ating
DBP levels [42]. Moreover, theoretical considerations provide an explanation of why VitD metab-
olite ratios are independent of DBP levels. The concentration of a DBP-bound VitD metabolite can 
be estimated by multiplying the free metab olite concentration by the DBP concentration and the
association constant for that metabolite (implicitly ignoring the contribution of binding to albumin):

24, 25 OH 2D 
25 OH D r
Total 25 OH D Free 25 OH D DBP K 25 
Total 24 25 OH 2D Free 24 25 OH 2D DBP K 24 25

Because the concentration of DBP is in both the numerator and the denominator of a metabolite 
ratio, the concentration of DBP ‘cancels out’. Thus, VitD metabolite ra tios are predicted to be
independent of DBP concentration. For example:
Ratios that include 24,25(OH)2D provide information about 24-hydroxylase activity and, there-
fore, provide information about whether the body perceives VitD deficiency, sufficiency, or 
excess. Because 1,25(OH)2D levels are subject to effective h omeostatic regulation, they tend
not to be sensitive to changes in VitD status (Box 1). Nevertheless, by including 1,25(OH)2D levels 
in a ratio, this implicitly normalizes the ratio with respect to each individual’s DBP level [31,33,42]. 

Improved assessment of VitD status: addressing an unmet medical need
Most people will be VitD sufficient if they have adequate VitD intake. Although inexpensive over-
the-counter VitD supplements can provide VitD, some individuals do not efficiently absorb orally 
administered VitD nor efficiently activate VitD to 1,25(OH)2D. Thus, although it may not be cost-
effective to assess VitD status in the g eneral population, there are some clinical contexts in
which assessment of VitD status is especially important [12]. This topic has been extensively
reviewed [35]. We have selected several clinical conditions that exemplify the unmet medical 
need, which are discussed in the following sections.

Crohn’s disease and malabso rption of VitD
Oral administration of VitD cannot guarantee VitD sufficiency if the patient does not absorb the VitD from 
the gastrointestinal tract. Accordingly, 25(OH)D levels are reported to be low in active Crohn’s disease
[49–52]. Furthermore, FGF23 levels have been reported to be elevated [53]—possibly a reflection of the 
inflammatory state. The latter has the potential to impair 1α-hydroxylation of 25(OH)D to 1,25(OH)2D. 
Furthermore, treatment with anti-TNF (Tumor Necrosis Factor) drugs is reported to alter VitD-
related laboratory tests [54]. Thus, improved approaches to testing can address these issues, 
thereby improving the ability to optimize VitD status and bone health in pe ople with Crohn’s disease.

Kidney disease and inefficient activ ation of VitD
Renal impairment is characterized by a decrease in glomerular filtration rate, which leads to 
an increase in serum phosphorus. The associated increase in FGF23 secretion decreases
Trends in Endocrinology & Metabolism, Month 2026, Vol. xx, No. xx 7
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Outstanding questions 
How best to account for interindividual 
variation in levels of vi tamin D-binding
protein?

Is it preferable to assess the state of 
activation of homeostatic regulation to 
evaluate vitamin D status rather than 
to define cutoffs for levels of individual
vitamin D metabolites?

How best to diagnose seconda ry
hyperparathyroidism?

Is it possible to define universal criteria 
for all individuals by accounting for 
interindividual variat ion in vitamin D-
binding protein levels?

Who will benefit from vitamin D
supplements?
1α-hydroxylase activity, thereby slowing the production of 1,25(OH)2D [55,56]. Chronic kidney 
disease (CKD) has been characterized as a ‘stagnant state’ with respect to VitD status, with 
both slow production and slow degradation of 1,25(OH)2D [57]. As discussed earlier, slow 
degradation is triggered by a compensatory decrease in 24-hydroxylase activity to conserve 
1,25(OH)2D and mitigate the impact of VitD deficiency [31]. A workshop sponsored by the 
National Kidney Foundation identified a need for ‘more precise tools to define V itD deficiency’
and recommended that VitD metabolite ratios warrant consideration [58].  Moreover,  CKD
provides a compelling example of why measuring total levels of 25(OH)D is not sufficient to 
evaluate VitD status. Even if 25(OH)D levels appear adequate, this biomarker provides no 
insight into whether the kidne y has generated adequate levels of 1,25(OH)2D.

SGLT2 inhibitors: nutrient–drug intera ctions
SGLT2 inhibitors promote renal tubular reabsorption of phosphate, thereby triggering 
the FGF23–1,25(OH)2D–PTH axis [59–61]. The resulting decrease in 1,25(OH)2D and increase 
in PTH may mediate the reported increase in the risk of bone fractures in the Canagliflozin
Cardiovascular Assessment Study (CANVAS) trial [62,63] and a trial of dapagliflozin in CKD
[64]. Accordingly, it could be useful to assess VitD status in people receiving SGLT2 inhibitors, 
especially when the drug is administered to in dividuals with impaired renal function.

Pregnancy and estrogen-containin g drugs
Estrogen-containing oral contraceptives and oral estrogen administration (e.g., in the context of 
hormone replacement therapy in post-menopausal women) increase DBP levels [65]. Similarly, 
pregnancy is associated with a substantial increase in DBP levels [66]. The estrogen-induced 
increase in DBP levels is a major confounder for the interpretation of 25(OH)D levels, as it substan-
tially increases total levels of 25(OH)D, 1,25(OH)2D, and 24,25(OH)2D without increasing free levels 
of those VitD metabolites. ENDO recommends that all pregnant women receive VitD supplements. 
An improved ability to assess VitD status offers the potential to guide the selection of the optimal
dose for individual women [13]. Optimizing VitD status will provide the mother’s  body  with  sufficient 
calcium to enable her to meet the needs of the developing fetus and to provide the necessary 
calcium in breast mi lk to meet the nutritional needs of the infant during lactation.

Concluding remarks and future perspectives
There is increasing recognition of the urgent need to improve the a bility to assess VitD status
[11,58]. Fortunately, decades of high-quality research have provided a scientific foundation that 
sheds light on the path forward [7,19,29,35,40–42]. Furthermore, thyroidologists have successfully 
used two approaches to address similar challenges: first, by accounting for interindividual variation 
in TBG, and second, by leveraging a biomarker for the state of activation of homeostatic regulatory 
mechanisms (i.e., TSH). Several complementary approach es offer potential to advance the state-
of-the-art for assessing VitD status.

Dedicated clinical trials can assess responses to VitD supplements. Several key patient groups 
should be included: people with Crohn’s disease, who may malabsorb VitD; people with CKD, 
who may have an impaired ability to activate VitD; pregnant women with substantially increased 
leve ls of DBP; and people with total 25(OH)D levels ≤12 ng/ml. Several endpoints should be
included: 25(OH)D; DBP-independent indices, such as VitD metabolite ratios (Table 2); PTH 
and FGF23 levels at baseline and after VitD supplementation; calculated 24-hydroxylase activity 
based on mathema tical modeling; DBP levels; and free 25(OH)D (bothmeasured and calculated).

Future data analyses can compare the performance of various indices of VitD status. The analysis 
should include an assessment of correlations between indices of VitD status (especially VitD
8 Trends in Endocrinology & Metabolism, Month 2026, Vol. xx, No. xx
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metabolite ratios) and biomarkers of homeostatic response (especially PTH levels and 
calculated 24-hydroxylase activity). The objective is to develop diagnostic criteria for the 
assessment of VitD status using DBP-independent indices (e.g., VitD metabolite ratios). For 
example, what levels of VitD metabolite ratios predict VitD deficiency, as judged by suppressed 
levels of 24-hydroxylase activity (as calc ulated using a mathematical model) or secondary
hyperparathyroidism (as diagnosed by the percent suppression of PTH observed in response
to VitD administration)? (see Outstanding question s). In addition, receiver–operator analyses 
can provide information about false-positive and false-negative rates for various diagnostic 
approaches. Clinical trial design should consider the diurnal variation of circulating levels of
PTH and 1,25(OH)2D.

The literature contains reports of previously conducted clinical trials assessing the impact of 
VitD supplements on a variety of ‘hard’ clinical endpoints—for example, VITAL [18],  D  2D [67], 
and the Study to Understand Fall Reduction and Vitamin D in You (STURDY) [17]. Because of 
the considerable expense required to conduct these studies, it makes sense to attempt to lever -
age the data and samples from these legacy trials rather than repeat similar studies.

Considerable effort has been invested in standardizing clinical assays for 25(OH)D [68,69] and, 
to a lesser extent, for 1,25(OH)2D [70,71]. In contrast, clinical assays for 24,25(OH)2D and DBP 
are less widely available. To incorporate either of these assays into routine clinical practice, it 
will be essential to undertake the necessary work to standardize the assays. At this early 
stage of the discussion, we have not yet taken the cost of clinical testing into account. We 
began by asking a scientific question: What are the best approaches to providing clinically 
useful assessments of VitD status? If the field reaches a consensus that new diagnostic tests
should be adopted [e.g., DBP, 24,25(OH)2D, or free 25(OH)D], we anticipate that the wide-
spread use of these diagnostic tests would have a favorable impact on the future costs of
these novel tests.

Endocrinology has successfully addressed challenges associated with interindividual variation in 
levels of hormone-binding proteins in the context of thyroid disease. The literature discusses 
next-generation indices of VitD status with the potential to address the same issue s in the context
of physiology and pathophysiology related to VitD. Many in the field have acknowledged the need
to move beyond measurements of total 25(OH)D [11,58]. 
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