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Introduction
Magnesium plays a role in essential physiological func
tions as it is involved in the regulation of ion channels, 
acts as a cofactor in enzymatic reactions for protein syn
thesis, and is intrinsically related with mineral and bone 
metabolism.1–3 Despite its physiological relevance, the 
‘forgotten electrolyte’, as it used to be known, remained 
neglected for years. However, over the past decade, 
findings regarding the role of magnesium in several ill
nesses, such as diabetes, cardiovascular disease and 

Total serum magnesium in cats 
with chronic kidney disease with 
nephrolithiasis

Fernanda Chicharo Chacar , Marcia Mery Kogika, 
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chronic kidney disease (CKD), gained the attention of 
researchers worldwide to the clinical relevance of this 
mineral.4–8

The kidneys are the major regulators of electrolyte 
homeostasis through tubular excretion or reabsorption. 
Hence, magnesium disturbances, in addition to other 
electrolytes abnormalities, are expected to occur in kid
ney function impairment.3,9 In humans, renal insuffi
ciency is considered the major cause of hypermagnesemia, 
and serum or urinary magnesium abnormalities in some 
tubular disorders have been associated with the occur
rence of CKD, nephrocalcinosis and nephrolithiasis;8,10–12 
moreover, recent studies have shown that hypomag
nesemia is a risk factor for decline in kidney function 
and death.1,5,13–16 In addition, magnesium abnormalities 
have also been implicated in mineral and bone disorders 
in CKD (CKDMBD), as magnesium has inhibitory 
effects on parathyroid hormone (PTH) levels and is 
closely related with calcium metabolism.2,17–20

In 2008, Schenck evaluated the serum magnesium 
concentrations in association with feline calcium meta
bolic disorders, including CKD; the occurrence of hypo 
and hypermagnesemia were identified in 49% and 44% 
of the cases with hyperparathyroidism and hypopara
thyroidism, respectively.21 Recently, an elegant study 
assessed the role of magnesium in feline CKDMBD, 
and it was found that low magnesium concentrations 
were associated with higher values of fibroblast growth 
factor23 and increased risk of death.22

In cats with kidney stones, few data are available. To 
the best of our knowledge, the investigation of magne
sium in cats with CKD with nephrolithiasis is yet to be 
determined. Given the clinical relevance of these concur
rent disorders in feline medical practice, the objectives of 
this study were: (1) to evaluate the total serum magne
sium concentrations in CKD cats with nephrolithiasis; 
(2) to investigate whether magnesium disorders may be 
associated with other electrolyte disturbances, as well as 
with prognosis; and (3) to evaluate whether total serum 
magnesium concentration differs between cats with 
CKD with and without nephrolithiasis.

Materials and methods
This study was approved by the Animal Research Ethics 
Committee of the University of Sao Paulo School of 
Veterinary Medicine and Animal Science (Protocol  
number: 7919261115). Samples were collected with the 
informed consent of the cats’ owners. All of the cats were 
treated at the Clinic of the Veterinary Teaching Hospital 
of the University of Sao Paulo (VTHUSP), School of 
Veterinary Medicine and Animal Science, in the city of 
Sao Paulo, Brazil.

We recruited 42 cats with CKD with nephrolithiasis: 19 
males and 23 females, all neutered (mean ± SD age 9.2 ± 
4.6 years) and of all types of breed. The cats were divided 

into four groups by CKD stage (stage 1, n = 7; stage 2, n = 
10; stage 3, n = 15; stage 4, n = 10). The International 
Renal Interest Society recommendations were used for the 
diagnostic and staging of CKD.23 Cats with stage 1 CKD 
were nonazotemic but showed some combination of 
abnormal renal ultrasound findings, isosthenuria or pro
teinuria (urine to protein creatine ratio >0.4). Cats with 
stage 2 CKD had mild renal azotemia and ultrasound 
findings indicative of chronic nephropathy, isosthenuria 
or proteinuria. Cats with stage 3 CKD cats showed mod
erate renal azotemia, together with mildtomoderate 
clinical signs, such as polyuria and polydipsia, and abnor
mal renal ultrasound findings, isosthenuria or proteinu
ria. Cats with stage 4 CKD had severe renal azotemia, 
ultrasound findings indicative of chronic nephropathy, 
isosthenuria or proteinuria, and renal and extrarenal clin
ical signs, such as great weight loss, decreased appetite 
and gastrointestinal disturbance. Abdominal ultrasound 
was performed by boardcertified radiologists or radiol
ogy residents and the diagnosis of nephrolithiasis was 
made based on previously published criteria.24

Serum samples of 21 clinically normal cats were 
obtained in order to establish the normal reference inter
val (RI) of total serum magnesium concentrations  
(mean ± SD, 1.87 ± 0.29 mg/dl; range 1.58–2.16 mg/dl), 
in accordance with the clinical pathology laboratory/
VTHUSP. Healthy cats were recruited based on normal 
findings from history and physical examination, as well 
as in the complete blood count and normal serum  
biochemical profiles.

In order to compare the mean total serum magnesium 
concentrations between kidney stone formers and non
stone formers, we also selected 14 control cats with CKD 
without nephrolithiasis that were stage (stage 2, n = 7; 
stage 3, n = 7) and agematched with 14 cats with CKD 
with nephrolithiasis. We used cats from a multicat 
household, in order to obtain similar environmental and 
dietary conditions. CKD cats without nephrolithiasis 
ranged from 1.7–19.0 years in age, and cats with CKD 
with nephrolithiasis were aged 1.3–18.4 years old.

Magnesium is minimally affected by albumin.25 
Herein, we used the total serum magnesium concentra
tions to assess the magnesium status of cats with CKD 
with nephrolithiasis, regardless of albumin levels.

The exclusion criteria of the study were the use of mag
nesium supplementation or magnesium binders, as well 
as infectious, endocrine, hepatic or neoplastic diseases.

Blood samples were obtained via jugular venepunc
ture and placed in both gel tubes and lithium heparin 
(Blood Gas Monovette; Sarstedt), for serum and electro
lyte profiles, respectively. Total serum magnesium (Mg 
3880; Randox), creatinine (Creatinina K 96; Labtest), urea 
(Urea FS 1 3101; DiaSys) and phosphorus (Phosphorus 
12200; Labtest) were performed by routine automated 
techniques (Labmax 240; Labtest). Ionized calcium, 
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sodium, potassium and chloride were performed by 
 ionselective electrode method (Cobas b 121; Roche).

Depending on the results obtained on the Kolmogorov–
Smirnov normality test, we used either oneway ANOVA 
or the Kruskal–Wallis test. For the comparison of two 
means, Student’s ttest or the Mann–Whitney test was 
applied. For multiple comparison tests, the Tukey–Kramer 
test or Dunn’s test was performed. Pearson or Spearman 
correlation tests were also performed. Survival among cats 
with CKD with nephrolithiasis and normal, low or high 
total serum magnesium concentrations were determined 

by Kaplan–Meier analysis, based on the days of survival 
since the diagnostic of magnesium abnormalities. The log
rank (Mantel–Cox) method was performed to test differ
ences among the survival curves. P values <0.05 were 
considered statistically significant. The data in the text and 
graphs are presented as mean ± SD. Statistical analysis 
was performed with GraphPad Prism software, version 6.

Results
Hypermagnesemia was observed in 16/42 (38.1%) and 
hypomagnesemia in 6/42 (14.3%) cats. The total serum 
 magnesium concentration of all CKD cats with 
 nephrolithiasis ranged from 0.91–4.50 mg/dl, with a 
mean of 2.13 ± 0.74 mg/dl; healthy cats ranged from 
1.27–2.43 mg/dl, with a mean of 1.87 ± 0.29 mg/dl. 
There were no differences between the mean total serum 
magnesium levels of cats with CKD with nephrolithiasis 
and healthy cats (Figure 1).

Cats with stage 1 CKD with nephrolithiasis had  
1.94 ± 0.32 mg/dl (1.60–2.56 mg/dl) total serum magne
sium concentrations, and two of them (2/7) showed 
hypermag nesemia. Cats with stage 2 CKD with nephro
lithiasis had 1.72 ± 0.32 mg/dl (1.27–2.32 mg/dl) total 
serum magnesium, and both hypomagnesemia (3/10) and 
hypermagnesemia (2/10) were observed. Cats with stage 
3 CKD with nephrolithiasis had a level of 1.98 ± 0.31 mg/
dl (range 1.33–2.39 mg/dl), five of them (5/15) had 
hypermag nesemia and two (2/15) hypomagnesemia. Cats 
with stage 4 CKD with nephrolithiasis had a level of 2.90 ± 
1.14 mg/dl (range 0.91–4.50 mg/dl) total serum magne
sium concentrations, and one of them (1/10) showed 
hypomagnesemia, whereas 8/10 had hypermagnesemia. 
There were differences of total serum magnesium concen
tration among cats with CKD with stage 4 and those with 
stage 1 (P <0.05), 2 (P< 0.001) and 3 CKD (P <0.01) (Table 
1). Total serum magnesium was positively correlated with 
serum creatinine concentrations (r = 0.47; P <0.001).

Hypo and hypermagnesemia did not show 
 correlation with other electrolyte disorders; however, 
potassium, sodium, chloride, phosphorus and ionized 

Figure 1 Total serum magnesium concentrations (mean ± 
SD) of healthy cats and cats with chronic kidney disease 
(CKD) with nephrolithiasis

Table 1 Total serum magnesium concentrations and magnesium abnormalities of cats with International Renal Interest 
Society (IRIS) stage 1–4 chronic kidney disease (CKD) and nephrolithiasis

CKD cats with 
nephrolithiasis

IRIS 1
(n = 7)

IRIS 2
(n = 10)

IRIS 3
(n = 15)

IRIS 4
(n = 10)

Mean ± SD (range) 
total serum magnesium 
concentrations (mg/dl)

1.94 ± 0.32 (1.60–2.56)* 1.72 ± 0.32 (1.27–2.32)† 1.98 ± 0.31 (1.33–2.39)‡ 2.90 ± 1.14 (0.91–4.50)‡

Magnesium abnormalities 0/7 (0%) 
hypomagnesemia
2/7 (28%) 
hypermagnesemia

3/10 (30%) 
hypomagnesemia
2/10 (20%)
hypermagnesemia

2/15 (13%) 
hypomagnesemia
5/15 (33%) 
hypermagnesemia

1/10 (10%) 
hypomagnesemia
8/10 (80%) 
hypermagnesemia

*P <0.05
†P <0.001
‡P <0.01
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calcium abnormalities were found in cats with CKD with 
nephrolithiasis. The mean of ionized calcium was differ
ent between cats with low and high, and normal and 
high total serum magnesium concentrations (Figure 2). 
Serum phosphorus concentrations were also different 
between hypermagnesemic and normomagnesemic cats 
(Table 2).

There was a negative correlation between hyper
magnesemia and ionized calcium (r = –0.64; P <0.01), 
and a positive correlation between hypermagnesemia 

and serum phosphorus concentration in cats with CKD 
with nephrolithiasis (r = 0.58; P = 0.01) (Figure 3).

 The median survival of cats with CKD with nephro
lithiasis and normomagnesemia was 434 days (range 
60–655 days). The median survival of cats with CKD with 
nephrolithiasis and hypomagnesemia was 122 days, and 
for those cats with CKD with nephrolithiasis and hyper
magnesemia it was 146 days. There were differences 
among survival curves of CKD cats with nephrolithiasis 
and magnesium abnormalities vs CKD cats with nephro
lithiasis and normal magnesium concentrations (P <0.01) 
(Figure 4).

Regarding CKD stage, none of the cats with stage 1 
CKD and nephrolithiasis showed magnesium abnormal
ities, and survival was 100%. Cats with stage 2 CKD with 
nephrolithiasis and hypo or hypermagnesemia had 
lower survival rates (median 146 days and 171 days of 
survival, respectively) than cats with normal magne
sium, but there were no differences among the curves. 
Similar results were observed in cats with stage 3 CKD, 
but it was not possible to determine the median survival 
of cats with magnesium abnormalities due to the small 
sample size; those with normal magnesium had 538 
days. One cat with stage 4 CKD had hypomagnesemia 
and another had normal magnesium concentrations; 
both died (6 and 121 days of median of survival); all the 
cats with hypermagnesemia died too, except one, which 
had the data censored (373 days of survival at the time of 
the analysis). The median survival in cats with stage 4 
CKD was 5 days, and there were no differences among 
the curves (Figure 5).

There was no difference in total serum magnesium 
concentrations between the matched CKD groups with 
and without nephrolithiasis. Cats with stage 2 and stage 
3 CKD without nephrolithiasis showed a total serum 
magnesium concentration of 1.97 ± 0.42 mg/dl , whereas 
for those with nephrolithiasis it was 1.83 ± 0.34 mg/dl 
(Figure 6).

Figure 2 Blood ionized calcium levels of cats with chronic 
kidney disease with nephrolithiasis and normal, hypo- and 
hypermagnesemia reference intervals (Veterinary Teaching 
Hospital of the University of Sao Paulo): total serum magnesium 
1.58–2.16 mg/dl; ionized calcium 1.1–1.4 (mmol/l). *P <0.05; 
**P <0.01

Table 2 Blood sodium, potassium, chloride and ionized calcium, and serum phosphorus concentrations (mean ± SD 
[range]) of cats with chronic kidney disease (CKD) with nephrolithiasis and magnesium abnormalities

CKD cats with nephrolithiasis Sodium 
concentrations 
(mEq/l)

Potassium
concentrations
(mEq/l)

Chloride
concentrations
(mEq/l)

Phosphorus 
concentrations
(mg/dl)

Ionized calcium 
concentrations
(mmol/l)

Low total serum magnesium 
concentrations (n = 6)a

154 ± 4.15
(148.6–161.4)

3.95 ± 0.45
(3.22–4.55)

119.5 ± 5.66
(113.3–129.9)

5.65 ± 3.10
(3.78–11.90)

1.45 ± 0.09b

(1.38–1.64)
High total serum magnesium 
concentrations (n = 16)b

152.7 ± 6.21
(142.8–167)

4.06 ± 0.70
(3.14–5.98)

117.5 ± 6.01
(104.6–127)

10.37 ± 6.25c

(3.23–24.80)
1.28 ± 0.16a,c

(0.86–1.45)
Normal total serum magnesium 
concentrations (n = 20)c

153.5 ± 2.23
(148.9–158)

3.61 ± 0.69
(2.25–5.11)

118.8 ± 2.25
(113.8–123)

5.06 ± 1.48b

(2.69–7.82)
1.42 ± 0.15b

(1.19–1.85)

Reference intervals (Veterinary Teaching Hospital of the University of Sao Paulo): total serum magnesium 1.58–2.16 mg/dl; sodium 147–156 
mEq/l; potassium 3.5–5.5 mEq/l; chloride 111–123 mEq/l; phosphorus 2.7–5.0 (mg/dl); ionized calcium 1.1–1.4 (mmol/l)
a,bP <0.01
c,bP = 0.03
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Discussion
The results showed that cats with CKD with nephrolithi
asis have magnesium abnormalities. Both low and high 
total serum magnesium concentrations were observed, 
but hypermagnesemia was more frequent in cats with 
stage 4 CKD. Regardless of CKD stage, magnesium dis
orders were associated with increased mortality.

These findings are in accordance with previous stud
ies that investigated the role of magnesium in several 
illnesses, including CKD. A study performed in hospi
talized cats showed that hypermagnesemia occurred in 
50% of cats with endstage renal disease.9 In feline renal 
transplant recipients, total serum magnesium concen
trations were found to be higher in 10% of cases in the 
postoperative period.26 Comparatively, magnesium 
abnormalities were also reported in dogs with CKD. In 
a previous prospective study, our group assessed total 

serum magnesium concentrations in dogs with stage 2 
and 3 CKD, and we found that hypermagnesemia 
occurred from stage 2. Furthermore, 80% of dogs with 
stage 4 CKD had increased levels of total serum 
magnesium.27

In humans, the occurrence of hypermagnesemia has 
also been reported in patients with endstage renal 
 disease.18,28,29 A recent study showed that almost 53% of 
the people under dialysis therapy had increased 
 concentrations of total serum magnesium, and it was 
related to higher levels of serum inflammatory markers.16

The kidneys play an essential role in magnesium  balance, 
as it is mainly regulated by renal excretion.30 In early CKD, 
the urinary fractional excretion of magnesium may be nor
mal or even increased, thereby working as a compensatory 
mechanism in order to avoid the onset of hypermagnesemia. 
However, as the glomerular filtration rate (GFR) falls below 

Figure 3 (a) Spearman correlation between total serum magnesium concentrations and blood ionized calcium levels (r = –0.64; 
P <0.01). (b) Pearson correlation between total serum magnesium and serum phosphorus concentrations (r = 0.58, P = 0.01)

Figure 4 Kaplan–Meier curves of cats with chronic kidney disease with nephrolithiasis and normal, high and low total serum 
magnesium concentrations
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Figure 5 Survival of cats with stage 1–4 chronic kidney disease (CKD) with nephrolithiasis, and high, low or normal total serum 
magnesium concentrations. (a) Cats with stage 1 CKD with nephrolithiasis; (b) cats with stage 2 CKD with nephrolithiasis;  
(c) cats with stage 3 CKD with nephrolithiasis; (d) cats with stage 4 CKD with nephrolithiasis
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30 ml/min, this mechanism becomes insufficient, and the 
content of serum and total body magnesium tends to 
increase as a result of renal retention. Thus, higher levels of 
total serum magnesium are expected in later stages of CKD.13 
The positive correlation between creatinine and magnesium 
concentrations found in our study supports this evidence.

Interestingly, one of the cats with stage 4 CKD with 
nephrolithiasis had hypomagnesemia. Low total serum 
concentration of magnesium has also been reported in 
humans with late CKD, and it is usually related to malnu
trition, chronic diarrhea, polyuria and concurrent electro
lyte disorders, such as hypokalemia and hypercalcemia.25

However, we did not find a correlation between 
hypomagnesemia and hypokalemia; a few cats with 
stage 4 CKD with nephrolithiasis had concurrent magne
sium and potassium disturbances. Magnesium modu
lates the cellular potassium permeability; thus, 
hypomagnesemia could lead to the efflux of potassium 
from the cell, thereby causing potassium loss from the 
body in the urine.31,32 Concurrent hypomagnesemia and 
hypokalemia is well known in humans,33–35 but our study, 
and others, have failed to demonstrate such an associa
tion in cats. Further studies performed with larger sam
ple sizes are needed to verify the relationship between 
potassium and magnesium abnormalities in cats.

However, we found a negative correlation between 
total serum magnesium and ionized calcium, and a pos
itive correlation between total serum magnesium and 
serum phosphorus in all cats with CKD with 
 nephrolithiasis. These results were not unexpected, as 
magnesium is intrinsically related to mineral and bone 

 metabolism.2,29,30 Several studies in humans with end
stage renal disease have shown that there is an inverse 
relation between serum magnesium and PTH, which, in 
turn, plays a pivotal role in the development of renal 
hyperparathyroidism and CKD progression.2,16,18,36

The interaction between magnesium and PTH is com
plex. PTH increases intestinal and renal absorption of 
magnesium, as well as bone resorption; conversely, mag
nesium inhibits PTH synthesis and secretion.17,36 The 
magnesium mediatedPTH suppression could be a pos
sible reason to explain the low levels of ionized calcium 
observed among cats with CKD with nephrolithiasis and 
hypermagnesemia. However, it is likely that they have 
increased levels of PTH, mainly those with stage 4.37,38 A 
more reasonable explanation is that CKD cats with neph
rolithiasis and hypermagnesemia usually have a marked 
decrease in GFR, which leads to phosphate retention. 
Phosphate binds to calcium, thereby reducing its biolog
ically active fraction – ionized calcium.39 The finding that 
CKD cats with nephrolithiasis and hypermagnesemia 
showed higher serum phosphorus concentrations and a 
lower mean of ionized calcium than those with 
hypomagnesemia may support this evidence.

There were no correlations among sodium, chloride 
and magnesium abnormalities. Concurrent disorders 
involving these electrolytes are expected in kidney dis
ease.40 In humans, some renal tubular disorders associ
ated with the development of nephrocalcinosis and/or 
nephrolithiasis (eg, familial hypomagnesemia with 
hypercalciuria and nephrocalcinosis, distal renal tubular 
acidosis) may cause changes in serum levels or urinary 
fractional excretion of magnesium along other electrolyte 
disturbances.10–12,41 However, to the best of our knowl
edge, magnesium and concurrent electrolytes abnormali
ties in association with such tubular disorders were not 
reported in cats. Further investigations are needed to elu
cidate whether cats may also have similar illness.

The survival curves of cats with normal, low or high 
magnesium values did not differ in each stage of CKD, 
probably owing to the small sample size. Thus, it was 
not possible to evaluate the effect of CKD stage in the 
survival of cats with magnesium abnormalities.

Regarding all CKD stages, the survival of cats with 
CKD with nephrolithiasis and hypomagnesemia or 
hypermagnesemia was lower than those with normal 
total serum magnesium concentrations. Hypomagnesemia 
is a wellestablished predictor of mortality in critically ill 
humans,42–44 and similar studies in hospitalized dogs and 
cats have shown similar results.45,46 Low total serum mag
nesium concentrations are usually associated with cardio
vascular events, such as heart failure and cardiac 
arrhythmias.4,6 However, in humans with CKD, studies 
have shown that hypomagnesemia is an independent pre
dictor of mortality.1,47 Our findings suggested that 
hypomagnesemia may also be implicated in higher 

Figure 6 Total serum magnesium concentrations (mg/dl) of 
stage and age-matched cats with chronic kidney disease with 
and without nephrolithiasis
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mortality in cats with CKD with nephrolithiasis; however, 
we did not adjust our model for potential confounding 
factors such as age and creatinine values.

Studies performed in humans with CKD showed that 
increased total serum magnesium concentrations were 
related to a lower mortality risk,5,14 which was attributed 
to the protective effect of magnesium on vascular calcifi
cation, thus preventing cardiovascular death. Conversely, 
we found that cats with CKD with hypermagnesemia 
showed reduced survival; similar results were also 
reported in a previous study performed in cats.9 It is 
important to note that the most cats in both reports had 
endstage renal disease, which might have influenced 
the survival analysis. Speciesspecific mechanisms asso
ciated with CKD progression should be considered for 
the interpretation of these controversial results, as vascu
lar calcification and cardiovascular death are not com
monly observed in cats with renal failure.

Lastly, we did not find differences in mean total serum 
magnesium concentrations between clinically normal 
cats and CKD cats with nephrolithiasis; however, the 
magnesium values were higher in the diseased group. 
The clinical significance of magnesium abnormalities 
remains to be elucidated. In addition, there was no dif
ference in serum magnesium concentrations between 
cats with CKD with and without nephrolithiasis; how
ever, cats with kidney stones showed lower values. 
Previous studies demonstrated the role of magnesium 
depletion in urinary citrate deficiency in rats.48 In peo
ple, the restoration of magnesium status after supple
mentation improved the renal excretion of citrate in 
patients with nephrolithiasis.3,49 Citrate, as well as mag
nesium, are stone inhibitors, thus increased urinary con
centrations are beneficial in order to avoid urolith 
formation. More studies of a proper design are needed to 
evaluate whether body magnesium content is associated 
with kidney stones in cats.

The major limitations of this study were the cross
sectional design and the small sample size. In addition, it 
was not possible to perform ultrasonographic evaluation 
in all clinically normal cats, which could have led to an 
accidental inclusion of cats with stage 1 CKD in the 
healthy control group. Stage and agematched groups of 
cats with CKD with and without nephrolithiasis were 
not randomly assigned, which could introduce some 
bias. We did not consider the diet content of magnesium 
in our analysis. We also used the total serum magnesium 
concentrations rather than the ionized fraction. The use 
of ionized magnesium may be considered as a next step 
in elucidating magnesium abnormalities in CKD cats 
with nephrolithiasis.

Conclusions
CKD cats with nephrolithiasis have magnesium abnor
malities. Hypo and hypermagnesemia were associated 

with an increase in mortality, and thus total serum mag
nesium abnormalities may be used as prognostic factors 
in these cases.
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