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Introduction

While it is well known that thyroid function may affect kidney function, the transition of the chronic kidney disease (CKD) status before and after treatment for thyroid disorders, as well as the factors affecting this change, remains to be explored. In the present study, we focused on the change in kidney function and their affecting factors during the treatment for both hyperthyroidism and hypothyroidism.



Methods

Eighty-eight patients with hyperthyroidism and fifty-two patients with hypothyroidism were enrolled in a retrospective and longitudinal case series to analyze the changes in kidney function and their affecting factors after treatment for thyroid disorders.



Results

Along with the improvement of thyroid function after treatment, there was a significant decrease in estimated glomerular filtration rate (eGFR) in hyperthyroidism (an average ΔeGFR of -41.1 mL/min/1.73 m2) and an increase in eGFR in hypothyroidism (an average ΔeGFR of 7.1 mL/min/1.73 m2). The multiple linear regression analysis revealed that sex, eGFR, free thyroxine (FT4) and free triiodothyronine (FT3) could be considered independent explanatory variables for ΔeGFR in hyperthyroidism, while age, eGFR, and FT3 were detected as independent explanatory variables in hypothyroidism. In addition, the stratification by kidney function at two points, pre- and post-treatment for thyroid disorders, revealed that 4.5% of the participants with hyperthyroidism were pre-defined as non-CKD and post-defined as CKD, indicating the presence of “masked” CKD in hyperthyroidism. On the other hand, 13.5% of the participants with hypothyroidism presented pre-defined CKD and post-defined non-CKD, indicating the presence of “reversible” CKD status in hypothyroidism.



Conclusions

We uncovered the population of masked CKD in hyperthyroidism and reversible CKD status in hypothyroidism, thereby re-emphasizing the importance of a follow-up to examine kidney function after treatment for hyperthyroidism and the routine evaluation of thyroid function in CKD patients as well as the appropriate hormone therapy if the patient has hypothyroidism.
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Introduction

It is well known that kidney function and thyroid function are affected by each other (1). Regarding the effects of kidney function on thyroid function, there is an increased prevalence of hypothyroidism and subclinical hypothyroidism in chronic kidney disease (CKD) patients (2, 3), for which several mechanisms were reported, including a decrease in thyrotropin-releasing hormone (TRH) due to uremia (4, 5), thyroid status alterations (i.e., elevation of thyroid-stimulating hormone (TSH) and low thyroxine (T4) and/or triiodothyronine (T3)) by metabolic acidosis (6, 7), and retention of iodine due to a reduction in iodine clearance (8). In addition, there is also an increased prevalence of hypothyroidism in nephrotic syndrome patients due to the urinary loss of thyroid hormones (9). On the other hand, regarding the effect of thyroid disorder on kidney function, there are many reports indicating changes in the kidneys during treatment for thyroid dysfunction in both hyperthyroidism and hypothyroidism. It has been reported that estimated glomerular filtration rate (eGFR) increases after treatment for hypothyroidism (10); conversely, eGFR decreases after the treatment for hyperthyroidism (11). Various mechanisms have been reported, including the effect on renal perfusion pressure through cardiac output and vascular resistance (12, 13), the renin–angiotensin–aldosterone system (RAS), tubular ion transporters (14), the tubulo-glomerular feedback system (15), and creatinine metabolism (16). While these mechanisms include both glomerular filtration rate (GFR)- dependent and GFR-independent pathways, it has been reported that the GFR actually changes before and after treatment for hypothyroidism and hyperthyroidism, even when evaluated with a more accurate GFR by Tc-DTPA (17), indicating the correlation of changes to GFR with thyroid disorder. Thus, the status of CKD might be also altered by treatment for thyroid dysfunction. Using multivariate analysis, in this study, we focused on the possible status transition of CKD before and after treatment for hyperthyroidism and hypothyroidism as well as the clinical factors that may affect the change in eGFR.



Methods


Study design and participants

We retrospectively reviewed patients in the division of endocrinology at Okayama University Hospital (Okayama, Japan) between January 2006 and December 2019 via electronic-based records. Data collection was completed in 2021. For the analysis of hyperthyroidism, 972 patients were defined as having hyperthyroidism. The exclusion criteria were as follows: 1) age <18 years; 2) defective data for body mass index (BMI); 3) defective data for TSH, free triiodothyronine (FT3), free thyroxine (FT4), serum creatinine (s-Cr), and blood urea nitrogen (BUN) before and after treatment for hyperthyroidism; and 4) longer than 1 year between the pre- and post-treatment examinations. Consequently, 88 patients were enrolled in the hyperthyroid study (Supplementary Figure S1). For the analysis of hypothyroidism, 1507 patients were defined as having hypothyroidism, and the exclusion criteria were as follows: 1) age <18 years; 2) defective data for BMI; 3) defective data for TSH, FT3, FT4, s-Cr, and BUN before and after treatment; and 4) longer than 1 year between pre- and post-treatment examinations. Consequently, 52 patients were enrolled in the hypothyroid study (Supplementary Figure S2). The latest measurement before treatment was adopted for the pre-examination in both analyses, and the first measurement when FT3 levels reached the normal reference range with TSH levels ≤ 10 µU/mL after treatment was adopted for the post-examination in the hyperthyroidism analysis, as was the first measurement when TSH dropped lower than 4.0 µU/mL after thyroid hormone replacement therapy (THRT). The normal reference range in our institute for TSH was 0.27–4.2 µU/mL, that for FT4 was 0.93–1.7 ng/dL, and that for FT3 was 2.3–4.0 pg/mL. In this study, hyperthyroidism was defined as FT4>1.7 ng/dL and TSH<0.27 µU/L, and hypothyroidism was defined as combined overt hypothyroidism (FT4<0.93 ng/dL and TSH>4.2 µU/L) and subclinical hypothyroidism (0.93≤FT4 ≤ 1.7 ng/dL and TSH>4.2 µU/mL). For the treatment for thyroid disorders, each endocrinologist determined the treatment modalities and doses based on their expertise. The protocol of this study was approved by the ethics committees of Okayama University Hospital Institutional Review Board (accredited ISO9001/2000), Okayama, Japan (approval number: 2101-011), and no written informed consent was obtained because the study was considered exempt. Instead, the contents of the research were posted on our department homepage and the hospital for the public informed consent. In the study, procedures fully adhered to the Declaration of Helsinki.



Data collection

The following clinical characteristics were collected at the time of treatment for a thyroid disorder: age, sex, BMI, the use of angiotensin-converting-enzyme inhibitor (ACE-i), angiotensin II receptor blocker (ARB), and β-blockers, and hypertension, BUN, and s-Cr and eGFR levels. eGFR was evaluated using the equation developed by the Japanese Society of Nephrology: (eGFR (mL/min/1.73 m2) = 194 x s-Cr (mg/dL)-1.094 x Age-0.287 (x 0.739 for females). CKD was defined as eGFRcre <60 mL/min/1.73 m2. Change ratio of eGFR was calculated: Change ratio of eGFR (%) = (post eGFR – pre eGFR)/pre eGFR x 100. ΔeGFR, ΔFT3, and ΔFT4 were calculated: ΔeGFR (mL/min/1.73 m2) = post eGFR – pre eGFR, ΔFT3 (pg/mL) = post FT3 – pre FT3, and ΔFT4 (ng/dL) = post FT4 – pre FT4. The presence of hypertension was defined with prior diagnosis or use of anti-hypertensive medications. Thyroid function was measured using an electrochemiluminescence assay (Roche Diagnostics K.K., Cobas 8000).



Statistical analysis

The statistical analyses were performed by JMP version 14.0.0 (SAS Institute, Inc, Cary, NC) and STATA V15.0 (StataCorp, College Station, TX, USA). All P-values were calculated as two-sided. Significance was defined as p-values less than 0.05. Data were expressed as n (%) for categorical variables and mean ± standard deviation (SD) for continuous variables. Categorical variables were analyzed with a chi-squared test, while continuous variables were compared by using Student’s t-test or Mann–Whitney U test, as appropriate. Correlations among ΔGFR and other variables were evaluated via Spearman’s correlation analysis. Multiple linear regression analysis was performed to explore the association of ΔGFR and other variables. A Wilcoxon signed-rank test and paired t test were applied to evaluate the differences in TSH, FT4, FT3, s-Cr, BUN, and eGFR before and after treatment for a thyroid disorder.




Results


Study population and clinical characteristics in the hyperthyroidism analysis

Eighty-eight patients met the selection criteria for the analysis (Supplementary Figure S1). The characteristics of the participants and laboratory parameters before and after treatment for a thyroid disorder are shown in Table 1. The average age was 44 years, and 11% of the patients were men. Along with an improvement in thyroid function after treatment, including an increase in the level of TSH and decreases in the levels of FT4 and FT3, there was a significant decrease in eGFR and an increase in s-Cr levels, indicating decreased kidney function after treatment for hyperthyroidism, similar to previous reports (11, 18, 19). The average of ΔeGFR was -41.1 mL/min/1.73 m2 after treatment. On the other hand, there was a significant decrease in the BUN and BUN/Cr ratio after treatment, suggesting a paradoxical laboratory change of BUN during treatment for hyperthyroidism.


Table 1 | Clinical characteristics before and after treatment in hyperthyroidism.





Analysis of the factors influencing the change of eGFR during treatment for hyperthyroidism

Considering the large decrease in eGFR after treatment for hyperthyroidism, we then explored the variables affecting changes to the eGFR. First, we stratified the participants into groups of ΔeGFR≥-40 (low-decrease group) and ΔeGFR<-40 (high-decrease group), considering that the median ΔeGFR of -37.4 mL/min/1.73 m2. The characteristics of the stratified participants are shown in Table 2. Patients in the high-decrease group were younger; had higher levels of pre-eGFR, FT4, and FT3; and presented lower levels of pre-s-Cr and lower BMI values compared to patients in the low-decrease group. There were no significant differences in BUN levels between the two groups. We then analyzed the correlation with ΔeGFR. In female patients, the decrease in eGFR was larger than that in male patients (Figure 1). We next conducted scatter plot analysis to explore the association between ΔeGFR and variables, which revealed a positive correlation with age and a negative correlation with FT3, FT4, and pre-eGFR but no significant correlation with BMI (Figure 1). To further analyze the explanatory variables for ΔeGFR, multiple linear regression analysis was applied (Table 3), which detected FT3, FT4, sex, and pre-eGFR as independent explanatory variables for ΔeGFR, while age was not detected after adjustment.


Table 2 | Characteristics of study participants divided by ΔeGFR (<-40 and ≥-40) in hyperthyroidism.






Figure 1 | Association between ΔeGFR and variables in hyperthyroidism. ΔeGFR of male and female, and scatter blot analysis between ΔeGFR and variables, age, gender, BMI, post-eGFR, pre-eGFR, FT3, FT4, TSH.




Table 3A | Multiple regression analysis of ΔeGFR and variables in hyperthyroidism.
(A) Adjusted for sex, age, BMI, eGFR and FT3.




Table 3B | Adjusted for sex, age, BMI, eGFR and FT4.





Masked CKD in hyperthyroidism

In the analysis of the eighty-eight patients, we found that four patients who were defined as non-CKD before treatment were defined as CKD after treatment for hyperthyroidism. Laboratory results of kidney and thyroid function before and after treatment revealed that the eGFR values of these patients decreased to less than 60 mL/min/1.73 m2 after treatment (Figure 2). Since post-eGFR after the treatment for a thyroid disorder may represent the patient’s actual kidney function, these patients were categorized as “masked” CKD under hyperthyroidism. Therefore, we stratified the participants by kidney function at the two points, pre- and post-treatment for hyperthyroidism (Figure 3), revealing that 4.5% of participants with hyperthyroidism had masked-CKD. Considering 7.9% of CKD patients were defined via post-treatment in hyperthyroidism, 57.1% of the patients with post-defined CKD were masked, suggesting the possibility that CKD may frequently be masked under hyperthyroidism. Surprisingly, three out of four masked CKD patients had pre-eGFR values greater than 80 mL/min/1.73 m2. Furthermore, three patients with both pre- and post-defined CKD presented even lower eGFR values after treatment (Figure 2), suggesting that particularly careful follow-ups for kidney function are required for patients suffering from hyperthyroidism with CKD. The characteristics of the participants categorized by these groups are shown in Supplementary Table S1. Patients in the CKD group were older and had lower levels of pre-eGFR compared to those in the non-CKD group.




Figure 2 | Changes in kidney and thyroid function before and after treatment in “masked” CKD and CKD patients in hyperthyroidism.






Figure 3 | Population of “Masked” CKD in hyperthyroidism. Hyperthyroidism: 4.5% Masked CKD in a total of 7.9% of real-CKD, indicating 57% of CKD was masked).





Study population and clinical characteristics in the hypothyroidism analysis

Fifty-two patients met the selection criteria for the analysis (Supplementary Figure S2). The characteristics of the participants and the laboratory parameters before and after treatment for a thyroid disorder are shown in Table 4. The average age was 58 years and 38% of the patients were men. Along with improvements to thyroid function after treatment, including a decrease in TSH levels and an increase in levels of FT4 and FT3, there was a significant increase in eGFR levels and a decrease in s-Cr levels, indicating decreased kidney function after treatment for hypothyroidism, similar to previous reports (10, 18, 19). The average ΔeGFR was 7.1 mL/min/1.73 m2 after treatment. On the other hand, there was no significant difference in BUN after treatment for hypothyroidism, suggesting paradoxical laboratory changes similar to those observed after treatment for hyperthyroidism.


Table 4 | Clinical characteristics before and after treatment in hypothyroidism.





Analysis of the factors influencing changes in eGFR during treatment for hypothyroidism

Similar to the hyperthyroidism analysis, we next explored variables affecting eGFR changes. First, we stratified the participants into groups of ΔeGFR≥5 (high-elevation group) and ΔeGFR<5 (low-elevation group), considering that the median ΔeGFR of 4.7 mL/min/1.73 m. The characteristics of the stratified participants are shown in Table 5. Patients in high-elevation group had higher pre-eGFR, while there was no significant differences regarding age, BMI, post-eGFR, BUN  TSH, FT3, or FT4 between the two groups. We then analyzed the correlation with ΔeGFR. There was no significant difference between genders (Figure 4). We next conducted a scatter plot analysis to explore the association between ΔeGFR and other variables, which revealed a positive correlation with TSH levels and a negative correlation with FT3 levels (Figure 4). To further analyze the explanatory variables for ΔeGFR, multiple linear regression analysis was applied (Table 6), which revealed that age and eGFR and FT3 levels were independent explanatory variables for ΔeGFR, while gender and FT4 were not detected as independent explanatory variables, unlike in the analysis for hyperthyroidism. Interestingly, patients with lower pre-eGFR were more likely to show a higher elevation of eGFR, similar to the results for hyperthyroidism.


Table 5 | Characteristics of study participants divided by ΔeGFR (<5 and ≥5) in hypothyroidism.






Figure 4 | Association between ΔeGFR and variables in hypothyroidism. ΔeGFR of male and female, and scatter blot analysis between ΔeGFR and variables, age, gender, BMI, post-eGFR, pre-eGFR, FT3, FT4, TSH.




Table 6A | Multiple regression analysis of ΔeGFR and variables in hypothyroidism.
(A) Adjusted for sex, age, BMI, Post eGFR and FT3.




Table 6B | Adjusted for sex, age, BMI, Post eGFR and FT4.





Reversible CKD status in hypothyroidism

In the analysis of fifty-two patients, we found seven patients were defined as CKD before treatment and non-CKD after treatment for hypothyroidism. Laboratory results for kidney and thyroid function before and after treatment revealed that the eGFR of these patients increased to more than 60 mL/min/1.73 m2 after treatment (Figure 5). Again, since post-eGFR after treatment for a thyroid disorder may represent the patient’s actual kidney function, these patients may be categorized as having “reversible” CKD under hypothyroidism. Therefore, we stratified the participants by kidney function at the two points, pre- and post-treatment for hypothyroidism (Figure 6), revealing that 13.5% of the participants with hypothyroidism had reversible CKD status. Considering that 38.5% of CKD is defined by pre-treatment in hypothyroidism, 35.0% of the population with pre-defined CKD has a reversible disease, suggesting the possibility that some CKD patients with hypothyroidism may be treatable with THRT. Reversible CKD status was observed among patients whose pre-eGFR values were less than 40 mL/min/1.73 m2, defined for CKD stage G3b. In addition, laboratory results of kidney and thyroid functions before and after THRT in the patients with pre- and post-CKD (Supplementary Figure S3) showed some elevation in eGFR levels, even though these patients did not recover from CKD, suggesting the importance of THRT for CKD patients with hypothyroidism. The characteristics of these participants stratified by these groups are shown in Supplementary Table S2. Patients in the reversible CKD group had lower levels of pre-eGFR and higher levels of ΔeGFR compared to the others.




Figure 5 | Changes in kidney and thyroid function before and after treatment in “reversible” CKD patients in hypothyroidism.






Figure 6 | Population of “Reversible” CKD patients in hypothyroidism. Hypothyroidism: 13.5% pseudo-CKD in a total of 38.5% of pre-CKD cases, indicating 35% CKD were reversible.






Discussion

This study clarified the existence of masked CKD in hyperthyroidism and reversible CKD status in hypothyroidism. Surprisingly, in hyperthyroidism, we showed that out of the 7.9% of cases originally defined as non-CKD, 57% of the cases were defined as CKD after improvement to thyroid dysfunction. Since GFR can be elevated in hyperthyroidism, a follow-up to examine renal function before and after treatment was deemed very important. On the other hand, in hypothyroidism, out of the 38.5% of the cases originally defined as CKD, 35% of the cases were defined as non-CKD after improvements to thyroid dysfunction, indicating a population with reversible CKD status. Especially in the case of CKD with hypothyroidism, renal function can be improved by treating thyroid dysfunction appropriately. Since there are reports that treatment of hypothyroidism slows down the progression of CKD (17) and that hypothyroidism may worsen kidney dysfunction (20), it is necessary to evaluate hypothyroidism in routine analyses of CKD. This is even more important as the prevalence of hypothyroidism increases with the progression of CKD.

Factors affecting the GFR after treatment for thyroid disorders differed between hyperthyroidism and hypothyroidism. In hyperthyroidism, multiple regression analysis showed that eGFR, FT3 and FT4 before treatment significantly affected changes in eGFR, and that the higher the eGFR, FT3 and FT4 before treatment, the greater the decrease in GFR. The effect of age was not considered to be a significant explanatory variable. In hypothyroidism, FT3, but not FT4, was a significant explanatory variable. FT3 is the most metabolically active hormone. T3 and T4 are available in circulation as free hormones, which are biologically active (21). Thyroid hormone molecules can also be activated by conversion from T4 to T3 (22). Various factors related to CKD may affect these processes. It has been reported that FT3 levels are more associated with kidney function compared with FT4 (23), which is in agreement with the result of this study. Although FT4 is more common to be taken in clinical than FT3, FT3 should be checked when considering the relationship with kidney function. In addition, gender was not a significant explanatory variable, and age and pretreatment for eGFR and FT3 had an effect, where the lower the pretreatment for eGFR and FT3, the higher the increase in GFR.

Considering the difference of factors affecting eGFR in hyperthyroidism and hypothyroidism, the mechanisms of eGFR changes induced by thyroid hormone excess or deficiency might be somewhat different. Regarding RAS, hypothyroidism affects the expression, secretion and activity of multiple components of the RAS, which ultimately result in reduced autoregulation of kidney perfusion (24). Conversely, hyperthyroidism increases beta-adrenergic receptors in kidney cortex, and synthesis and secretion of renin by juxtaglomerular cells, which enhance angiotensin-converting enzyme activity, and the activation of RAS and the decrease in the resistance of afferent glomerular arterioles lead to an increase in the glomerular hydrostatic pressure and GFR (25). As for hemodynamics, hypothyroidism reduces cardiac contractility and output which may further impair kidney perfusion (26), while hyperthyroidism increases systolic blood pressure by increasing heart rate, decreasing systemic vascular resistance, raising cardiac output, and increases nitric oxide production, all of which contribute to hyperdynamic circulation, which results in increased renal blood flow (27). In regard to tubular ion transporters, hypothyroidism leads to impaired activity of various tubular ion transporters, which increase sodium and chloride delivery to the distal tubule, thus resulting in increased tubuloglomerular feedback and, pre-glomerular vasoconstriction with a reduction in GFR (1, 14). On the other hand, hyperthyroidism influences the expression and activity of a number of ion channels and transporters by direct binding of thyroid hormone to the promoter region of a transporter gene (28). Collectively, these various factors, some of which are common and some of which are different, may be intricately related to influence changes in eGFR after treatment of thyroid dysfunction.

Interestingly, after treatment for hyperthyroidism, BUN decreased while eGFR decreased. Conversely, after treatment for hypothyroidism, BUN did not decrease significantly while eGFR increased. This result suggests that the thyroid hormone may affect not only the GFR but also BUN independent of the GFR. In fact, an increase in the BUN/Cr ratio was reported in hyperthyroidism (29). In hyperthyroidism, there is both an increase in BUN due to increased urea production caused by retrograde protein catabolism and a decrease in BUN due to an increase in GFR (30). On the other hand, s-Cr levels decrease due to the combination of an increase in GFR, a decrease in muscle mass, and a decrease in Cr caused by an increase in the secretion of Cr from the renal tubules (30). Therefore, it is conceivable that the BUN/Cr ratio may increase under hyperthyroidism. On the other hand, in the examination of hypothyroidism, an increasing tendency of the BUN/Cr ratio was observed before and after treatment, but no significant difference was observed. Because the magnitude of the effect of various mechanisms on BUN and Cr might differ depending on the excess and deficiency of the thyroid hormone, the effect on changes in eGFR can differ between hyperthyroidism and hypothyroidism.

This study has multiple limitations. Firstly, this is a single-center case, and selection bias is unavoidable in cases of hyperthyroidism and hypothyroidism. Secondly, there are many cases excluded, including renal function evaluations, so care should be taken when generalizing the statistical analyses of this study. Thirdly, we did not separately analyze thyroid function diseases such as autoantibodies related to the thyroid gland. It should be considered that the effects on renal function may differ depending on the cause of thyroid disease. Fourthly, we were not able to analyze proteinuria since the data about urinary protein levels were not measured in most cases. Since a change in proteinuria after replacement therapy may help to clarify the mechanism to improve eGFR in reversible CKD status, future study would be desired. Finally, in this study, the evaluation was performed using the eGFR calculation formula suitable for Japanese people. There are multiple eGFR evaluation formulas available, such as CKD-EPI, and it is generally suggested that CKD-EPI is suitable for evaluating the GFR in thyroid disease. It should be noted that the analysis results may differ depending on the evaluation method of renal function. However, changes in GFR before and after treatment of thyroid dysfunction cases are clear, and certain cases were included for masked CKD and reversible CKD cases, even when considering the selection bias. This factor is considered obvious and does not affect our conclusions regarding the concepts of masked CKD and reversible CKD status.



Conclusion

In this study, we analyzed in detail the changes in eGFR before and after treatment for hyperthyroidism and hypothyroidism, and, with a certain probability, uncovered the presence of masked CKD in hyperthyroidism and reversible CKD status in hypothyroidism cases. We believe that follow-up of analyses on renal function after treatment of hyperthyroidism, evaluations of thyroid function in CKD cases, and appropriate hormone therapy in hypothyroidism cases are important.
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