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Dietary oxalate and kidney stone formation
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Abstract

Dietary oxalate is plant-derived and may be a component of vegetables, nuts, fruits, and grains. In normal individuals, approximately half of
urinary oxalate is derived from the diet and half from endogenous synthesis. The amount of oxalate excreted in urine plays an important role in
calcium oxalate stone formation. Large epidemiological cohort studies have demonstrated that urinary oxalate excretion is a continuous variable
when indexed to stone risk. Thus, individuals with oxalate excretions >25 mg/day may benefit from a reduction of urinary oxalate output. The 24-
h urine assessment may miss periods of transient surges in urinary oxalate excretion, which may promote stone growth and is a limitation of this
analysis. In this review we describe the impact of dietary oxalate and its contribution to stone growth. To limit calcium oxalate stone growth, we
advocate that patients maintain appropriate hydration, avoid oxalate-rich foods, and consume an adequate amount of calcium.
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INTRODUCTION

The amount of oxalate excreted in urine is a critical factor in calcium oxalate (CaOx) stone growth (24, 48). Urinary oxalate is derived from two
major sources: the diet and endogenous synthesis. The contribution of dietary oxalate to stone formation has been difficult to assess accurately for
reasons that include 1) the requirement to control the intake of oxalate, calcium, and other nutrients to accurately identify factors influencing
oxalate excretion, 2) the difficulty of estimating oxalate intake, 3) unexplained variability in oxalate absorption and secretion, 4) variability in
oxalate content of foods due to environmental/growth conditions, 5) oxalate’s interactions with dietary calcium, 6) the influence of oxalate-
degrading microbes, and 7) a lack of clinical studies showing that decreasing oxalate intake lowers the frequency of stone recurrence. In this
review we discuss dietary oxalate absorption, degradation, and excretion and its potential impact on kidney stone growth. Additionally, future
directions for research on the contribution of dietary oxalate to stone disease are addressed.

DIETARY OXALATE AND STONE RISK

Two common tools used over the last few decades to understand the role of dietary oxalate in stone risk are food frequency questionnaires and 24-
h urine collections. Both of these tools offer valuable insight into a patient’s oxalate intake and risk for stone disease, respectively. However, they
do not fully assess the substantial risk that may be associated with sporadic intake of large amounts of dietary oxalate. Food frequency
questionnaires have been used to examine prospective stone formation in three separate long-term cohorts. These studies showed a minor risk
associated with dietary oxalate intake and stone disease [relative risk 1.21 (men) and 1.22 (older women)] (51). Despite infrequent consumption,
cooked and raw spinach was listed as the major source of dietary oxalate in these cohorts. Consumption of a normal portion of spinach (50–100 g)
will result in a load of ~500–1,000 mg of dietary oxalate and significantly increase urinary oxalate excretion (21, 23). The contribution of dietary
oxalate to stone risk may have been marginalized in these studies due to 1) an inability of participants to accurately recall how often they
consumed foods containing large amounts of oxalate over the course of 1 mo, 2) variability in the amount of oxalate-rich food consumed by a
participant, and 3) variability in the absorption of the ingested oxalate. In other studies these same investigators showed a greater influence of
dietary calcium than dietary oxalate on kidney stone risk (negative correlation) (3, 9, 52). This response was hypothesized to be due to reduced
crystalline oxalate in the gut, with low calcium intake resulting in more oxalate absorption and heightened urinary excretion.

Twenty-four-hour urinary oxalate excretion has been used to assess the risk of developing an incident kidney stone. Curhan and Taylor reported a
three- to fourfold increase in the relative risk of forming a stone in their health professional cohort compared with groups with either the lowest or
highest oxalate excretion (8). Thus the relative risk of stone disease was much higher when 24-h urine oxalate analyses were examined than when
food frequency questionnaires were used. In males with oxalate excretion in the normal range, even small increases in urinary oxalate excretion (5
mg/day) doubled kidney stone risk, illustrating that oxalate excretion is a continuous variable. Importantly, Curhan and Taylor also recognized that
“24 hour urine collections give a picture of oxalate excretion in a day but it doesn’t provide information regarding low and high periods.” The
concept of a diet-induced transient surge in oxalate excretion was previously reported by Erickson et al. (11) in individuals receiving a dietary
calcium load. We subsequently showed similar surges in oxalate excretion following oxalate loads (20, 34). Thus it is certainly conceivable that
the impact of an oxalate surge following an oxalate-rich meal may not be detected by a 24-h urine collection. Such a surge could be associated
with a transient increase in urine supersaturation with CaOx. Prochaska et al. recently showed that moderate changes in relative supersaturation of
urine with CaOx are associated with large changes in stone risk (46). Thus it appears that an oxalate excretion >25 mg/day is an increased risk
factor for stones and that >40 mg/day should be considered an indicator of primary or secondary hyperoxalurias. Additional studies are warranted
to investigate this further.

DIETARY OXALATE AND ITS INTESTINAL ABSORPTION

Oxalate is absorbed by both para- and transcellular mechanisms, and their relative contributions may vary in different intestinal segments (14).
SLC26 transporters are thought to play an important role in transcellular transport, with SLC26A3 regulating intestinal absorption (14). The
results of a study of 30 non-stone-forming individuals who underwent an absorption test in triplicate indicated that ~5–10% of a soluble oxalate
load (50-mg load of sodium [ C ]oxalate) is absorbed. However, absorption can range from 1 to 20%, with a large inter- and intraindividual
variability (56). The amount of oxalate absorbed in such a test has been reported to be higher in stone-forming than non-stone-forming individuals
(19). However, uncertainties remain, as it is not known how well absorption of the sodium oxalate in this load replicates absorption of food-
derived oxalate. In addition, the impact of calcium absorption, gastrointestinal motility, colonization with components of the fecal microbiome
including Oxalobacter formigenes, and other potential modifiers is not well defined.

The intestinal absorption of dietary oxalate is largely affected by the solubility (bioavailability) of ingested oxalate. Humans ingest on average 15–
25 mmol of calcium per day compared with 1–3 mmol of oxalate, suggesting that, in the intestine, the bulk of oxalate is insoluble, crystalline
CaOx. Crystalline oxalate is eliminated in the fecal stream; thus the pool of oxalate that may be absorbed is in a soluble form. The effect of the
solubility of oxalate in food was illustrated by Tang et al., who compared urinary excretion of oxalate after ingestion of two substances with
similar oxalate content, cinnamon and turmeric, but different degrees of oxalate solubility (50). The estimated oxalate absorption from turmeric,
enriched in soluble oxalate, was 8.2% compared with 2.6% from cinnamon, mainly composed of crystalline oxalate. In Fig. 1, the change in
oxalate excretion of 12 individuals who switched from a self-selected diet (day 0) to an oxalate-free formula diet is shown (21). Notably, it takes
several days for oxalate to be cleared from the gut. This was confirmed by oxalate analyses in the stool of two individuals in whom oxalate was
detected on day 4 but not on day 6 (22).

OXALATE DEGRADATION BY GUT BACTERIA

Studies on the degradation of oxalate in the gut by microorganisms have focused on O. formigenes, which utilizes oxalate as its predominant
source of energy and carbon. Colonization with this organism has been reported to decrease the risk of recurrent CaOx stone formation by 70%
(29). We found that colonization with this organism resulted in a reduction of urinary oxalate excretion only when subjects ingested a diet low in
calcium (400 mg) and moderately high in oxalate (250 mg) (28). A diet low in calcium, as previously mentioned, is known to be a risk factor for
stone formation (9), and thus colonization may be protective in this setting. Rat studies have demonstrated that O. formigenes stimulates oxalate
secretion from plasma to the gut (2, 17), which may attenuate urinary oxalate excretion and limit stone risk. While initial studies focused on this
organism, it is important to recognize that the fecal microbiome contains a number of other organisms that can support O. formigenes survival,
metabolize oxalate, and also influence gut transport. Thus, more research focusing on the collective influence of the microbiome in oxalate
degradation and transport and how it supports oxalate degradation by O. formigenes is needed (40, 42).

DIETARY OXALATE AND URINARY OXALATE EXCRETION

Despite its limitations, a 24-h urine collection is the best available tool to assess the contribution of dietary oxalate to urinary oxalate excretion.
Ideally, the intake of dietary oxalate and calcium should be optimally controlled, but this is essentially impractical in patients. It would also be
preferable to control other dietary constituents, including hydroxyproline and vitamin C, that may influence the endogenous production of oxalate.
Several studies demonstrate that increasing dietary calcium decreases urinary oxalate excretion in individuals on controlled diets (37, 39, 55). We
have shown that reducing dietary calcium from 1,000 to 400 mg/day on a 250 mg/day oxalate diet increases mean oxalate excretion by 20.3% in
colonized individuals and 50.3% in noncolonized individuals (Fig. 2) (28). This finding underscores the influence of dietary calcium, as well as
colonization status, on urinary oxalate excretion. Figure 2 further illustrates the relationship between dietary oxalate and urinary oxalate excretion
and reveals that, over a large range of dietary oxalate intakes, 50–750 mg/day, for every 100 mg of oxalate consumed on a 1,000 mg/day calcium
diet, urinary oxalate increases by 2.7 mg. With diets containing <50 mg of oxalate per day, the proportion of dietary oxalate absorbed increases
more sharply (21). This could result from the majority of the dietary oxalate being soluble at low concentrations or segmental differences in
absorption in the small intestine, where paracellular uptake may predominate (31).

DIETARY OXALATE AND RENAL OXALATE HANDLING

The absorbed dietary oxalate is delivered to the kidney, where it is filtered and either secreted or reabsorbed. The relative contributions of these
processes with respect to urinary oxalate excretion are not well defined. Bergsland and associates measured the fractional oxalate excretion of
normal subjects and CaOx stone-forming individuals on a carefully controlled diet with relatively low oxalate content, 92 mg/day (4). The
fractional excretion of oxalate was >1 in some of the stone-forming individuals but none of the controls. This indicates that some oxalate secretion
occurs in this setting, even with low oxalate consumption. We previously reported the presence of prominent oxalate secretory fluxes in normal
subjects and CaOx kidney stone-forming individuals treated with relatively high soluble oxalate loads (20, 34). Oxalate secretion has also been
reported in patients with type I primary hyperoxaluria, and CaOx crystals have been identified in renal proximal tubules of this cohort (58). It is
clear that further investigations are needed to assess the impact of dietary oxalate (low and high amounts) on renal oxalate handling, especially
responses to higher levels of dietary oxalate consumption.

DIETARY OXALATE AND FOOD INTAKE RECOMMENDATIONS

Efforts to prevent CaOx stone formation should be directed at limiting the supersaturation of urine with CaOx, which is known to impact stone
risk (46). Patients need to be aware that excessive oxalate intake and low calcium ingestion in a single meal may transiently increase oxalate
absorption and influence the supersaturation of urine with CaOx. A practical strategy is limited consumption of high-oxalate-containing foods, as
depicted in Table 1, and maintenance of a normal dietary calcium intake. Patients with enteric hyperoxaluria may be susceptible to development
of oxalate nephropathy with high levels of oxalate consumption. Oxalate nephropathy may also occur in individuals with normal gastrointestinal
function when they consume foods with a high content of oxalate, especially in its soluble form (1, 7, 10, 16, 49). This oxalate deposition appears
to be exacerbated with the onset of chronic kidney disease. Foods implicated include peanuts, rhubarb, star fruit, and “juiced” vegetables. Another
approach for patients is consumption of the Dietary Approaches to Stop Hypertension (DASH) diet, which has been shown to be effective in
reducing CaOx supersaturation (44).

Administration of enzyme preparations that theoretically lower intestinal oxalate content has also been explored for lowering urinary oxalate
excretion. Hoppe and colleagues showed that O. formigenes was well tolerated but did not significantly reduce urinary oxalate excretion in
patients with primary hyperoxaluria (25). Furthermore, O. formigenes did not reduce urinary oxalate levels in a randomized phase II/III trial (26).
One potential approach to reduce urinary oxalate is the use of ALLN-177, a novel oral enzyme therapy that has been shown to reduce urinary
oxalate excretion by degrading intestinal dietary oxalate in humans (36).

FUTURE DIRECTIONS

Since dietary oxalate consumption may play a role in kidney stone growth, better methods of measuring oxalate intake are needed. One approach
that warrants evaluation is the utilization of image-based methods (smart phone) to monitor food intake and to estimate oxalate and calcium intake
(6). This approach may prove to be more accurate than food frequency questionnaires and written dietary records. If this approach is validated, it
is possible that apps could also be developed to enhance dietary compliance.

Another important factor in this process is the role of CaOx crystals in stone formation. Evan and associates elegantly demonstrated the role of
Randall’s plaque in idiopathic CaOx stone formation (12, 13). They did not detect CaOx crystals in the nephron of their cohort. However, the
subjects were in a unique state: fasted, hydrated, and under general anesthesia. There is a need to address whether surges in oxalate delivery to the
kidney with an oxalate-rich meal could result in CaOx crystal formation. Using a nanoparticle analyzer, investigators found nanocrystals of CaOx
in human urine (15, 18). Such crystals (<1 µm and not detectable by conventional methods) could be delivered to the urinary space, attach to
Randall’s plaque, and result in CaOx stone growth.

Additionally, crystals could stimulate immune responses (5, 27, 30, 38, 43, 47, 53). Although this has not been shown in histology from patients,
experimental models have illustrated that CaOx crystals stimulate production of monocyte chemoattractant protein-1 in renal epithelial cells (41,
54). This may likely occur in an effort to remove crystals via the monocyte/macrophage system. We previously determined that a small cohort of
CaOx stone-forming individuals have suppressed monocyte cellular energetics (57). We further showed that oxalate causes similar responses in
monocytes from healthy subjects (45). Thus, an understanding of the role of dietary oxalate in the generation of immune responses could be of
value and warrants further investigation using animal models or dietary feeding studies in humans.

CONCLUSIONS

Dietary oxalate may have an important influence on the risk of formation of CaOx kidney stones. The extent of the impact is difficult to quantify,
as current assessments do not focus on transient increases in oxalate excretion that occur with dietary oxalate consumption. A more real-time
dietary assessment tool is needed to better quantify such responses. Reduced intake of high-oxalate-containing foods and normal intake of dietary
calcium may be a practical method for attenuating CaOx supersaturation and, thus, may limit stone risk in kidney stone-forming individuals.
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Figures and Tables

Fig. 1.

Reduction of urinary oxalate excretion of 12 healthy subjects consuming a diet lacking oxalate. Relative amounts of urinary oxalate derived from intestinal absorption and endogenous
synthesis are shown. Values are means (SD). [Data were calculated from Holmes et al. (21).]

Fig. 2.

Urinary oxalate excretion of healthy subjects on oxalate- and calcium-controlled diets: constellations of 39 individuals (19 male, 20 female, 22–43 yr old) from 4 previously published
dietary-controlled studies in our laboratory (28, 32, 33, 35). Dotted line represents line of best fit for 1,000-mg calcium diets (■) and 50- to 750-mg dietary oxalate intake. Urinary
oxalate excretion increases 2.7 mg for every 100 mg of dietary oxalate ingested. At 250 mg of oxalate intake, data points demonstrate urinary oxalate excretion at 400 mg of calcium in

Oxalobacter formigenes-colonized (○) and -noncolonized (∆) individuals. □, Urinary oxalate excretion of individuals on an oxalate-free formula diet (21). Values are means (SD).

Table 1.

Simplified dietary instructions to limit urinary oxalate excretion

Avoid Limit Ingest

Spinach Potato (<100 g) Calcium with each meal (300–400 mg)

Chard Chocolate

Rhubarb Nuts

Star fruit Beets

Bran

13
2

−

13
2

13
2
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