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ABSTRACT ARTICLE HISTORY
Background: Previous studies have reported a negative relationship between thyroid-stimulat- Received 16 March 2021
ing hormone (TSH) and renal function in euthyroid individuals, but others have found that  Revised 4 October 2021
higher free thyroxine (FT,) was associated with an increased risk of chronic kidney disease. This ~ Accepted 8 October 2021
study was designed to analyze the relationship between thyroid and renal function from a new
perspective of sensitivity to thyroid'hormone. S Euthyroid individuals;
Methods: This retrospective study included 2831 euthyroid individuals who underwent a health sensitivity to thyroid
examination at the First Hospital of China Medical University between January 2017 and hormone; thyroid feedback
December 2018. Parametric Thyroid Feedback Quantile-based Index (PTFQIgr4), TSH index (TSHI), quantile-based index;
thyrotroph T, resistance index (TT4RI), free triiodothyronine to FT, ratio (FT3/FT,), the secretory renal function

capacity of the thyroid gland (SPINA-GT) and the sum activity of peripheral deiodinases (SPINA-

GD) were calculated. We also innovated the TT3Rl and PTFQIrr5 indices based on FT3; and TSH.

Renal function was assessed by estimated glomerular filtration rate (eGFR) CKD-EPI and creatin-

ine-cystatin C-KDIGO equations.

Results: After adjustment of basic characteristics and comorbidities, linear regression showed

that eGFR cxp.gpi Was positively associated with FT3/FT, (f=23.31), and inversely correlated to

PTFQI frq (f= —2.69) (both p <.001). When comparing the fourth versus the first quartile of

PTFQI 4, the odds ratio (OR) for a reduced renal function was 1.89 (95% Cl 1.28-2.80), and the

OR was 0.64 (95% Cl 0.43-0.95) when comparing quartiles of FT3/FT, (both p ¢ trena< -05). In

addition, for every 1SD increase in PTFQI (14, the OR for a reduced renal function was 1.27

(95%CI 1.10-1.47). TSHI, TT4Rl and TTsRI also showed a negative correlation to renal function.

Similar results were obtained in SPINA-GD as in FT3/FT,.

Conclusions: In euthyroid individuals, decreased sensitivity to thyroid hormone is associated

with reduced renal function. The composite PTFQIrr4 index correlates more strongly to renal

function than TSH or T, alone.
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e Decreased sensitivity to thyroid hormone is associated with reduced renal function in the
euthyroid population.

e The recently developed composite index PTFQIrr4 seems to correlate more strongly to renal
function than individual TSH or FT, parameters.

e Innovative indices TT5Rl and PTFQIgr3 based on the interaction between T; and TSH may also
reflect sensitivity to thyroid hormone.
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Introduction

Impaired renal function and chronic kidney disease are
global public health problems with growing prevalence
and mortality, some of which can be attributed to hor-
monal and metabolic impact on renal function [1,2].
Thyroid hormones have been shown to affect glomeru-
lar filtration rate and renal tubular function [3]. There
has been a large number of studies on the correlation
between thyroid disorders and reduced renal function,
but the results have been inconsistent [4-8]. Even in
euthyroid population studies, no consensus has been
reached on this topic. Some studies have shown that
higher thyroid-stimulating hormone (TSH) levels within
the reference range were associated with decreased
estimated glomerular filtration rate (eGFR) or increased
incidence of chronic kidney disease [9-14]. However,
others have only reported a positive correlation
between free triiodothyronine (FTs) and eGFR [15]. On
the contrary, some studies have found that higher free
thyroxine (FT;) was associated with decreased eGFR in
the euthyroid population [16,17].

Classically, thyroid function is evaluated with simple
serum FT3, FT, and TSH levels. However, the complex
interactions between FTs, FT, and TSH can be assessed
with sensitivity to thyroid hormone indices that can pro-
vide a new interpretation of thyroid status. In the central
pituitary, thyroid hormones suppress TSH production by
negative feedback, which can be assessed by TSH index
(TSHI), thyrotroph T, resistance index (TT4RIl) and
Parametric Thyroid Feedback Quantile-based Index
(PTFQI) [18-20]. In the peripheral tissues, FT5 to FT, ratio
(FT3/FT4) and the sum activity of peripheral deiodinases
(SPINA-GD) are indices reflecting the conversion effi-
ciency of FT, to FT3, which can indirectly estimate the
bioavailability of thyroid hormones [21]. In the thyroid
gland, its maximum secretory capacity can be calculated
by SPINA-GT [21]. Recently, some researchers have uti-
lized sensitivity to thyroid hormone indices in euthyroid
populations to associate with obesity, metabolic syn-
drome, and diabetes [18,22], which are underlying dis-
eases that could also lead to impaired renal function [23].

Whether sensitivity of thyroid hormone is associ-
ated with renal function remains unknown. Therefore,
we investigated the relationship between thyroid and
renal function from the perspective of sensitivity to
thyroid hormone in the euthyroid population.

Materials and methods
Subjects

All subjects were enrolled in an annual physical exam-
ination between January 2017 and December 2018.

Data were retrospectively collected from the Physical
Examination Centre of the First Hospital of China
Medical University. We included subjects over 14 years
old who had been tested for thyroid function, renal
function, and other metabolism-related indicators,
including fasting plasma glucose, lipid profiles and uric
acid (n=3,418). The exclusion criteria included: (1)
missing records of medical history or measurements of
anti-thyroid peroxidase antibody, anti-thyroglobulin
antibody and anthropometric parameters such as
height, weight, and waist circumference (n=377); (2)
incorrect data due to measurement or recording error
(n=2); (3) having a history of thyroid surgery, thyroid
disorder (hyperthyroidism or hypothyroidism), or pituit-
ary disorder (n=100); and (4) subjects with abnormal
TSH and/or FT4 (n=108) (Figure 1). This retrospective
study was approved by the Ethics Committee of the
First Hospital of China Medical University. An informed
consent waiver was obtained to use de-identified data
[NO. (2019)241].

Body measurements and laboratory examinations

The basic information including gender, age, height,
weight, waist circumference, blood pressure and heart
rate were measured and recorded. And the medical his-
tory was obtained from the inquiry. Body mass index
was calculated as weight (kg) divided by height (m)
squared. Venous blood samples were collected after an
overnight fast. The automatic biochemical analyzer
(Hitachi, Japan) was used to measure biochemical
parameters, including serum creatinine, urea nitrogen,
uric acid, cystatin C, fasting plasma glucose, haemoglo-
bin Alc and lipid profiles. The subjects with a previous
diagnosis of diabetes or measuring fasting plasma glu-
cose > 7.0mmol/L or haemoglobin Alc > 6.5% were
defined as diabetic. Hypertension was defined as sys-
tolic blood pressure >140 mmHg and/or diastolic blood
pressure >90 mmHg, or having a history of hyperten-
sion. Dyslipidemia was assessed by triglyceride
>1.7mmol/L or total cholesterol >5.2 mmol/L or high-
density lipoprotein cholesterol <1.0mmol/L or low-
density lipoprotein cholesterol >3.4 mmol/L.

Serum levels of FTs, FT,; TSH, thyroid peroxidase
antibody, and thyroglobulin antibody were measured
by electrochemiluminescent  immunoassays on
Architect i2000SR (Abbott Laboratories, Chicago, IL,
USA). Reference ranges for FT,, FT5, TSH, thyroid per-
oxidase antibody, and thyroglobulin antibody were
9.01-19.05 pmol/L, 2.63-5.70 pmol/L, 0.35-4.94 mlU/L,
0-5.611U/mL, 0-4.111U/mL, respectively. Euthyroid was
defined as TSH and FT, within reference ranges.
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Figure 1. Flowchart of the inclusion and exclusion of participants. FT4: free thyroxine; TSH: thyroid-stimulating hormone.

Positive for thyroid peroxidase antibodies or thyro-
globulin antibodies was defined as having a value
above the upper limit.

Indices reflecting the sensitivity of thyroid hormone

were calculated according to previous studies:

FT3/FT, ratio=FT3 (pmol/L)/FT, (pmol/L). Higher
FT3/FT, indicates higher peripheral thyroid hor-
mone activity.

TSHI=In TSH (mIU/L) + 0.1345 * FT, (pmol/L) [19].
TT4RI=FT4 (pmol/L) * TSH (mlIU/L) [20]. For TSHI
and TT4RI, the higher the values, the lower the cen-
tral sensitivity to thyroid hormones.

PTFQIlfr4 is an approximation of the TFQlI =
cdfFT4 — (1 — cdfTSH) and can be adapted to dif-
ferent study populations. PTFQler, shows the differ-
ence between the FT; and reversed TSH quantiles.
PTFQIrr4 was calculated with the Excel spreadsheet
formula: NORM.DIST (FT,-cell, p FT,, oFT,, TRUE) +
NORM.DIST [In (TSH-cell), p In TSH, cIn TSH, TRUE]-
1 [18]. In our cohort, p FT4, oFT, p In TSH and o
In TSH were 13.2678, 1.4871, 0.4757 and 0.4951,

respectively. The value of PTFQI ranged from -1 to
1. The negative values indicated higher sensitivity
to thyroid hormones in the pituitary; positive val-
ues indicated less sensitivity; the value of 0 indi-
cated a normal sensitivity [18].

e Thyrotroph T; resistance index (TT3RI) and PTFQIlgrs:
We innovated two new formulae based on the
interaction between FT3; and TSH into the above
formulae to obtain TT3Rl and PTFQIgs. The inter-
pretation of TT3Rl and PTFQIg3 is similar to their
respective original formula.

e Thyroid secretory capacity SPINA-GT=B; (D +
[TSH]) (1 + K41[TBG] + Kao[TBPA]) [FT4l/0r[TSH].

e The sum activity of peripheral deiodinases SPINA-
GD = B3 (Kui + [FT.) (1 + Kso[TBG]) [FTs)/
031[FT4]. SPINA-GT and SPINA-GD parameters were
calculated by the SPINA Thyr Software [21].

Renal function was assessed by eGFR using the
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation and creatinine-cystatin C-KDIGO
(Cr-CysC) equation [24,25]. The number of patients in
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chronic kidney disease stages G3a to G5 was relatively
small in the general physical examination population.
Therefore, reduced renal function was defined as
eGFR< 90 mL/min/1.73m>,

Statistical analysis

Continuous variables were presented as mean*SD or
medians (interquartile ranges) for those with normal
or skewed distributions, respectively. Categorical varia-
bles were shown as numbers (proportions). The t-tests
and non-parametric Mann-Whitney tests were used to
compare quantitative variables between the reduced
renal function and normal renal function groups.
Comparison of categorical variables was conducted
with chi-square tests. The values of TT4RI, TT3RI,
SPINA-GT and SPINA-GD were normalized by natural
log (In) transformation for skewed distributions, then
multiple linear regression was used to analyze the
relationship between thyroid parameters and eGFR.
Multivariable logistic regression analysis was used to
examine the association of thyroid parameters in quar-
tiles with reduced renal function. We selected con-
founders based on the clinical relevance or univariate
relationship (p < 0.2) with renal function and sensitivity
to thyroid hormone. Model 1 adjusted age and sex.
Model 2 further adjusted for body mass index, waist
circumference, heart rate, diabetes, hypertension, dysli-
pidemia, thyroid peroxidase antibody positivity and
thyroglobulin antibody positivity. Analyses were also
performed based on age (younger or older than 65
years) and renal function (normal or reduced renal
function). In addition, we performed sensitivity analy-
ses in non-diabetic and non-hypertensive subjects,
respectively. All calculated p-values were two-sided,
and a p-value< .05 was considered statistically signifi-
cant. All analyses were conducted with the SPSS
22.0 software.

Results
Clinical characteristics of the participants

A total of 2831 euthyroid participants were included
in this study, with a mean age of 51.08 years (SD
10.33 years, min 16 years, max 86 years); among them,
1717 (60.65%) were men. The clinical characteristics
were shown in Table 1. The overall prevalence of
reduced renal function based on eGFRckpgp Was
10.21% (289/2831). Participants who had lower
eGFRckp-ep; Were older, more likely to be male, and
have diabetes or hypertension (all p <.05). In addition,
participants with lower eGFRckp.ep had higher body

mass index, waist circumference, and serum uric acid
levels (all p<.05). They also had lower FT; levels, FTs/
FT,4 ratio and SPINA-GD (all p <.05). Although the indi-
ces reflecting central sensitivity of thyroid hormone
were higher and the SPINA-GT was lower in patients
with lower eGFR cxp.gp, there was no statistically sig-
nificant difference compared to the higher eGFRckp.

Epl group.

Association of sensitivity of thyroid hormone
indices with eGFR

Linear regression analysis was used to examine the
relationship between thyroid parameters and eGFR. In
Model 1, after adjustment of age and sex, eGFRckp gp
was positively associated with the level of FT3/FT,
(f=20.60, p<.001) and negatively associated with
PTFQlrrs (B = —2.60, p<.001). The other indices
reflecting central sensitivity of thyroid hormone (TSHI,
Ln TT3Rl, Ln TT4RI, except for PTFQIr3) were also
inversely correlated to eGFRckperr (f = —1.90 to
—1.22, all p<.001). Ln SPINA-GT and Ln SPINA-GD
were positively associated with eGFR cxpep (f=1.50
and 6.64, respectively, both p <.01). The above associ-
ations remained significant after further adjustment in
Model 2. All correlations remained consistent when
analyzed with eGFRc,.cysc, except for the association
between Ln SPINA-GT and eGFR¢.cysc (Table 2,
Supplementary Figure 1).

Association of sensitivity of thyroid hormone
indices with reduced renal function

When thyroid parameters are categorized into quar-
tiles, the odds ratio (OR) of the fourth versus the first
quartile of PTFQlgrs was 1.89 (95%Cl 1.28-2.80, p for
trend = .001) for reduced renal function (eGFRckp-gpi
<90 mL/min/1.73m?). The ORs of the fourth versus the
first quartile of TSHI and TT4RI for reduced renal func-
tion were 2.07 (95%Cl 1.40-3.06) and 1.99 (95%CI
1.34-2.95), respectively (both pfor trena < -05). The risk
of reduced renal function in the highest quartile of
FT3/FT, was significantly lower than in the lowest
quartile (OR = 0.64, 95%C| 0.43-0.95, Ptor trend = -01).
The results of SPINA-GT and SPINA-GD were similar to
that of FT3/FT, (Figure 2).

Based on Model 2 logistic regression, for every 1SD
increase in FT3/FT, or PTFQlrrs, the ORs for reduced
renal function (eGFRckp-epi <90 mL/min/1.73m?) were
0.80 (95%Cl 0.69-0.93) and 1.27 (95%Cl 1.10-1.47),
respectively. TSHI, TT4Rl and TTsRI showed similar
results as PTFQIlgr4. The OR for reduced renal function
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Table 1. Clinical characteristics of all participants.
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Normal renal function

Reduced renal function

eGFRcyp-epi> 90 mL/min/1.73m? eGFRyp-ep1 <90 mL/min/1.73m? p

N 2542 289

Age (years) 49.79 £9.51 62.38+10.41 <.001
Men (n, %) 1510 (59.40) 207 (71.63) <.001
BMI (Kg/mz) 25.55+343 2598 +3.18 .04
WC (cm) 86.80+10.17 89.30+9.70 <.001
Heart rate (bpm) 74.64 +10.92 73.21+11.13 .04
Uric acid (umol/L) 328.62+87.48 362.05+91.74 <.001
Diabetes (n, %) 321 (12.63) 58 (20.07) <.001
Hypertension (n, %) 962 (37.84) 165 (57.09) <.001
Dyslipidemia (n, %) 1694 (66.64) 204 (70.59) .18
FT5 (pmol/L) 437 +0.53 426 +0.48 .001
FT4 (pmol/L) 13.26 +1.49 13.36+1.44 27
TSH (mIU/L) 1.62 (1.05) 1.68 (1.21) 27
FT3/FT, 0.33+0.05 0.32+0.04 <.001
TSHI 2.26+0.50 2.30+0.53 15
TT4RI 21.36 (14.09) 22.27 (16.74) .19
PTFQlera -0.01+0.38 0.04+0.38 .07
TT5RI 7.04 (4.60) 6.91 (5.10) .85
PTFQler3 0.01+0.38 -0.03+0.38 .16
SPINA-GT (pmol/s) 2.72 (1.25) 2.66 (1.34) 53
SPINA-GD (nmol/s) 30.53 (5.81) 29.65 (5.45) .001
TPOADb positive (n, %) 304 (11.96) 42 (14.53) 21
TgAb positive (n, %) 508 (19.98) 56 (19.38) .81
Urea (mmol/L) 5.13+1.24 6.37+2.29 <.001
Serum creatinine (umol/L) 61.79+12.00 88.09 +54.41 <.001
Cystatin-C (mg/L) 0.73+£0.13 1.01+£0.39 <.001
eGFR ckp_gpi (ML/MIin/1.73 m?) 106.83 £9.27 80.57 +£12.46 <.001
eGFR ¢-cysc (ML/mMin/1.73m?) 111.81+13.08 81.16+15.48 <.001

Data are means + standard deviations or medians (interquartile ranges) for continuous variables, and numbers (proportions) for cat-

egorical variables.

BMI: body mass index; WC: waist circumference; FTs: free triiodothyronine; FT,: free thyroxine; TSH: thyroid-stimulating hormone; FTs/
FT4 FT5 to FT4 ratio, TSHI: TSH index; TT4RI: thyrotroph T, resistance index; PTFQIlgry: Parametric Thyroid Feedback Quantile-based
Index calculated by FT,; PTFQIgrs: Parametric Thyroid Feedback Quantile-based Index calculated by FTs; TTsRI: thyrotroph Ts resistance
index; SPINA-GT: the secretory capacity of the thyroid gland; SPINA-GD: the sum activity of peripheral deiodinases; TPOAb: thyroid per-
oxidase antibody; TgAb: thyroglobulin antibody; eGFRcpgp: estimated glomerular filtration rate based on CKD-EPI equation; eGFRc,.
cysc: €GFR based on serum creatinine and cystatin-C.

Table 2. Association of sensitivity of thyroid hormone indices with eGFR by linear regression.

eGFRckp-epi eGFR¢,.cysc
p 95%Cl p p 95%Cl p
Model 1
FT3/FT, 20.60 13.68 ~27.52 <.001 18.27 8.93 ~ 27.60 <.001
TSHI -1.90 -2.56~ —1.25 <.001 -2.65 -3.54~—-1.77 <.001
Ln TT4RI -1.85 -2.53~—-1.17 <.001 -2.47 -3.38~—1.56 <.001
PTFQIlers -2.60 -3.47~—1.72 <.001 -3.96 -5.14~-2.79 <.001
Ln TT5RI -1.22 -1.88~—0.55 <.001 -1.85 —-2.74~—-0.96 <.001
PTFQlers -0.27 -1.14~0.61 .55 -2.07 -3.25~—-0.90 .001
Ln SPINA-GT 1.50 0.55~2.46 .002 1.47 0.18 ~2.76 .03
Ln SPINA-GD 6.64 434~ 895 <.001 6.08 2.97~9.19 <.001
Model 2
FT3/FT, 23.31 16.34 ~ 30.28 <.001 23.77 14.45 ~ 33.09 <.001
TSHI -1.92 -2.58~—1.26 <.001 -2.52 -3.40~—1.64 <.001
Ln TT4RI -1.85 -2.53~—1.17 <.001 -2.29 -3.20~—1.38 <.001
PTFQlers -2.69 -3.57~—1.81 <.001 -3.94 -5.10~—2.77 <.001
Ln TT5RI -1.15 -1.82~—-0.48 .001 -1.54 -2.43~—-0.65 .001
PTFQlgr3 -0.06 -0.94 ~0.82 .90 -1.44 -2.62~—0.26 .02
Ln SPINA-GT 1.41 0.44 ~2.37 .004 1.09 -0.19~2.38 .10
Ln SPINA-GD 7.56 5.24~9.88 <.001 7.94 4.83~11.04 <.001

TT,4RI, TT3RI, SPINA-GT and SPINA-GD were In-transformed for normal distribution before linear regression analysis.

Model 1: age and sex were adjusted.

Model 2: body mass index, waist circumference, heart rate, diabetes, hypertension, dyslipidemia, TPOAb positive and TgAb positive were further adjusted

based on model 1.

FTs: free triiodothyronine; FT,: free thyroxine; TSH: thyroid-stimulating hormone; FT5/FT,, FT3 to FT, ratio, TSHI: TSH index; TT,4RI: thyrotroph T, resistance
index; PTFQIgr4: Parametric Thyroid Feedback Quantile-based Index calculated by FT,; PTFQIgrs: Parametric Thyroid Feedback Quantile-based Index calcu-
lated by FT3; TT3RI: thyrotroph T resistance index; SPINA-GT: the secretory capacity of the thyroid gland; SPINA-GD: the sum activity of peripheral deiodi-
nases; TPOAb: thyroid peroxidase antibody; TgAb: thyroglobulin antibody; eGFR cxp.gp: estimated glomerular filtration rate based on CKD-EPI equation;
€GFRcr.cysc: €GFR based on serum creatinine and cystatin-C.
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Figure 2. Association of sensitivity of thyroid hormone indices quartiles with reduced renal function. Ps, yenq Calculated with sen-
sitivity to thyroid hormone indices quartile ordinal as a continuous variable. Model 2: age, sex, body mass index, waist circumfer-
ence, heart rate, diabetes, hypertension, dyslipidemia, TPOAb positive and TgAb positive were adjusted. FT3/FT,: free
triilodothyronine to free thyroxine ratio; TSHI: thyroid-stimulating hormone index; TT4RI: thyrotroph T, resistance index; PTFQlgrs4:
Parametric Thyroid Feedback Quantile-based Index calculated by FT, SPINA-GT: the calculated secretory capacity of the thyroid
gland; SPINA-GD: the sum activity of peripheral deiodinases; TPOAb: thyroid peroxidase antibody; TgAb: thyroglobulin antibody.

*p<.05; Tp<.001.

with every 1SD increase in SPINA-GD was similar to
FT3/FT,4. However, there was no significant relationship
between SPINA-GT and reduced renal function. The
OR for a reduced renal function was 1.27 (95%Cl
1.11-1.45) with every 1SD increase in TSH. PTFQIgy3
did not show a relationship with reduced renal func-
tion. These results remained consistent when renal
function was assessed based on the eGFR¢,.cysc equa-
tion. However, regression models with FT3 and FT,
were inconsistent when using different eGFR equa-
tions (Table 3).

We also performed stratified analyses in different
age groups. The relationship between the sensitivity of
thyroid hormone indices with eGFR and the effect of
every 1SD increase in these indices on reduced renal
function persisted in the younger group. However, we
did not obtain significant results in the subjects aged
over 65 years. The age strata only showed significant

interactions in the relationships of TSHI, TTsRlI and
SPINA-GT with eGFRckp-epi decline (pror interaction= 0.04,
0.03, and 0.01, respectively) (Supplementary Tables 1
and 2). Additionally, the indices reflecting sensitivity to
thyroid hormone showed a significant association with
eGFR in subjects with normal renal function, but there
was no significance in subjects with reduced renal
function (Supplementary Table 3). Furthermore, to
examine the possible effects of diabetes or hyperten-
sion on renal function, sensitivity analyses were per-
formed in non-diabetic and non-hypertensive subjects,
respectively. The association between the sensitivity of
thyroid hormone indices with eGFR and reduced renal
function persisted within the non-diabetic population.
The association in non-hypertensive subjects became
non-significant for some indices, although the magni-
tudes for the ORs were close to the main sample
(Supplementary Tables 4 and 5).
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Table 3. Association of sensitivity of thyroid hormone indices with reduced renal function by logistic regression.

Reduced renal function (eGFR < 90 mL/min/1.73m?)

eGFRckp-epi €GFRc.cysc

(4+1SD) OR 95%Cl p OR 95%Cl p

Model 1
FTs 0.84 0.72~0.97 .02 0.92 0.80 ~ 1.05 22
FT, 1.07 093~1.22 33 1.13 0.99~1.29 .07
TSH 1.29 113~ 147 <.001 1.25 1.10~1.42 .001
FT5/FT, 0.82 0.71~0.95 .007 0.85 0.74 ~0.98 .02
TSHI 1.30 1.13~1.50 <.001 1.26 1.10~1.45 .001
TT4RI 132 1.15~1.51 <.001 1.29 1.13~1.47 <.001
PTFQlgrs 1.27 110~ 1.46 .001 1.24 1.09~1.43 .002
TT5RI 1.22 1.07 ~1.39 .003 1.21 1.07 ~1.38 .003
PTFQIlers 1.08 0.94~1.23 31 1.08 0.95~1.24 25
SPINA-GT 1.15 0.75~1.00 .05 0.92 0.81~1.05 24
SPINA-GD 0.82 0.71~0.95 .007 0.85 0.74 ~0.98 .02

Model 2
FTs 0.83 0.71~0.97 .02 0.90 0.78 ~ 1.04 .16
FT, 1.09 0.95~1.25 22 1.15 1.00 ~ 1.31 .05
TSH 1.27 1.11~145 .001 1.22 1.07~1.39 .003
FT5/FT, 0.80 0.69 ~0.93 .003 0.83 0.72 ~0.96 .01
TSHI 1.28 1.11~1.48 .001 1.24 1.08 ~1.42 .003
TT4RI 1.30 1.14~1.49 <.001 1.26 1.11~1.44 .001
PTFQlgrs 1.27 1.10~1.47 .001 1.24 1.07 ~1.42 .003
TT5RI 1.19 1.04~1.36 .01 1.18 1.04~1.34 .01
PTFQIlers 1.05 0.92~1.21 48 1.05 0.92~1.20 .50
SPINA-GT 0.88 0.77 ~1.02 .08 0.94 0.82~1.07 37
SPINA-GD 0.80 0.69~0.93 .003 0.83 0.72 ~0.96 .01

ORs are estimated with generalized logistic regression models for the increase of thyroid parameters (1 SD).

Model 1: age and sex were adjusted.

Model 2: body mass index, waist circumference, heart rate, diabetes, hypertension, dyslipidemia, TPOAb positive and TgAb positive were further adjusted

based on model 1.

FT5: free triiodothyronine; FT,: free thyroxine; TSH: thyroid-stimulating hormone; FT5/FT,, FT3 to FT, ratio, TSHI: TSH index; TT4RI: thyrotroph T, resistance
index; PTFQIgr4: Parametric Thyroid Feedback Quantile-based Index calculated by FT,; PTFQIgrs: Parametric Thyroid Feedback Quantile-based Index calcu-
lated by FT3; TT3RI: thyrotroph T resistance index; SPINA-GT: the secretory capacity of the thyroid gland; SPINA-GD: the sum activity of peripheral deiodi-
nases; TPOAb: thyroid peroxidase antibody; TgAb: thyroglobulin antibody; eGFRckp.gp: €stimated glomerular filtration rate based on CKD-EPI equation;

eGFRcr.cysc: €GFR based on serum creatinine and cystatin-C.

Discussion

In this population-based study, we found a relation-
ship between indices measuring sensitivity to thyroid
hormone and eGFR or the risk of reduced renal func-
tion in the euthyroid Chinese population. This correl-
ation was most significant in subjects aged <65 years
old, without diabetes or hypertension, or with normal
renal function. In addition, we put forward the innova-
tive TT3Rl and PTFQIgrs according to the established
formulae and found that there was a relationship
between TT3RI and renal function. These composite
indices detected a stronger correlation between thy-
roid and renal dysfunction and provided a new
thought for assessing thyroid function in the euthyroid
population.

Given the effect of ageing, diabetes, and hyperten-
sion on renal function, we analyzed these specific sub-
groups. The relationships that we detected in the
overall cohort were also observed in non-diabetic sub-
jects and subjects <65 years old or with normal renal
function. However, we failed to detect any significant
correlation in the older group, which may be due to
the insufficient sample size (n =230) and the need for

a lower threshold of eGFR to define a reduced renal
function in the elderly. The relationship between these
composite indices and reduced renal function in the
subjects without hypertension was very close to the
entire cohort, but the p-values were only marginally
significant. The reduced renal function group was rela-
tively small (n=289 and 315 based on eGFRckpp|
and eGFR¢.cysc, respectively), which may have contrib-
uted to the lack of statistical significance.

The correlation between thyroid function and renal
function remains a relevant topic as a consensus has
not been reached despite much discussion in the lit-
erature from the past five years. Our results on the
negative relationship between TSH and renal function
were consistent with several previous findings
[9,11,14]. This observation is also supported by a study
on urine albumin excretion that found higher TSH
(even in the euthyroid range) was associated with a
higher risk of microalbuminuria [10]. Furthermore, in
line with a Dutch study and a Mendelian randomiza-
tion study, we did not find a significant relationship
between FT, and renal function [13,15]. Similar to the
Dutch study, we are one of the few studies that have
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measured FTs, and both studies suggest a protective
effect of FT3 on renal function in the euthyroid popu-
lation [15]. However, a Korean study reported that
increased FT, was associated with decreased eGFR,
and the authors attributed it to functional hypothy-
roidism at the tissue level [17]. In support of the
Korean study is a Chinese study that did not find a
significant relationship between FT3 and renal function
in euthyroid participants, but observed that the risk of
chronic kidney disease was 1.763-fold higher in the
highest quartiles of FT, compared with the lowest
quartile [16]. The race, age, and confounding factors
adjustments in the Chinese cross-sectional study were
similar to those in our study. All in all, these inconsist-
ent results suggest that the dynamics of thyroid hor-
mones with renal dysfunction in the euthyroid
population require a new explanation.

The secretion of thyroid hormone is regulated by
hypothalamic-pituitary-thyroid (HPT) axis. Thyrotropin-
releasing hormone (TRH) from the hypothalamus pro-
motes the synthesis and release of TSH from the
anterior pituitary, which plays an important role in all
stages related to the production and secretion of thy-
roid hormones from the thyroid gland. The levels of
TRH and TSH are in turn modulated by the negative
feedback of thyroid hormones. Thyroid hormones are
mainly secreted in the form of T, which is catalyzed
by deiodinases to form the bioactive Ts. Both will bind
to carrier proteins in the circulation and enter cells via
membrane transporters. T; then further binds to the
nuclear thyroid hormone receptors. Therefore, thyroid
function is regulated by the HPT axis and other factors
associated with thyroid hormone conversion and bio-
activity [26].

Given the complex interactions within the HPT axis,
a single parameter may not reflect true thyroid status.
Initial studies proposed TSHI and TT4RI to assess the
central sensitivity of thyroid hormone [19,20]. The lat-
est studies reported that obesity-related reduced sen-
sitivity to thyroid hormone can be reversed after
bariatric surgery-induced weight loss [27]. Among type
2 diabetes patients, elevated TSHI and TT4RlI were
associated with an increased prevalence of kidney dis-
orders [28]. In 2019, Laclaustra et al. proposed a new
index, PTFQI, that was thought to be more stable than
TSHI and TT4RI. Their study showed the association of
reduced sensitivity to thyroid hormone with obesity,
metabolic syndrome, and diabetes even in the euthyr-
oid population. They recommended that the new
index can be used to identify reduced sensitivity to
thyroid hormone [18]. Recently, these indices were
assessed in a Chinese euthyroid cohort study, which

concluded that thyroid hormone sensitivity was associ-
ated with adipocyte fatty acid-binding proteins [22].

Due to the inconsistencies in studies that employed
simplified thyroid hormone measurements and the
complex interactions in the HPT axis, we set out to
explore the unsolved debate of the relationship
between thyroid and renal function within the per-
spective of thyroid hormone sensitivity by using com-
posite indices. Hence, in our study, the relationship
between the thyroid and renal function was more sta-
ble when using composite sensitivity of thyroid hor-
mone indices. Unlike the singular thyroid function
parameters, we found consistent relationships
between composite indices and reduced renal func-
tion, even when using different eGFR equations. In
addition, these correlations were slightly stronger
when using composite indices rather than using indi-
vidual thyroid hormone parameters. For example, the
OR for a reduced renal function was 1.30 versus 1.27
with every 1SD increase in TT4RI and TSH, respectively.
Furthermore, we observed reduced values of FT5/FT,
and SPINA-GD in subjects with reduced renal function.
These indices that contain FT3 can better reflect the
peripheral action of thyroid hormones because the
bioactive FT; is converted from FT, by deiodinases in
the peripheral tissues and has a much higher affinity
with thyroid receptors than T,. Therefore, reduced sen-
sitivity to thyroid hormone at the level of deiodinases
might be present in subjects with reduced renal func-
tion. Unfortunately, most of the previous studies
lacked FTs; measurements, and hence the existing
composite indices are all based on FT,. With the
advantage of measuring FT5, we tried substituting FT;
into the existing formulae to obtain new indices, and
excitingly, we obtained strong correlations. We hope
that this pioneering attempt could prompt more
detailed research in utilizing FTs.

In a previous study, a higher value of PTFQI indi-
cated higher TSH than that expected for the actual
FT,4 indicating a lower sensitivity to FT4 [18]. However,
the reduced suppression of TSH may not only present
a reduced sensitivity to thyroid hormone but also
reflect an increased set-point of homeostasis, which is
commonly observed in type 2 allostasis. Allostasis is
defined as a dynamic response to maintain stability
and consists of two types of allostatic load. Long-term
type 2 allostatic load can contribute to obesity, hyper-
tension, type 2 diabetes, and dyslipidemia [29]. The
metabolic disorders caused by type 2 allostatic load
have a close connection with renal dysfunction.
Therefore, reduced renal function may be due to type
2 allostasis, and metabolic diseases serve as



intermediaries. Although we have adjusted for poten-
tial metabolic variables, we cannot completely rule out
the lifestyle-related confounders. But we are assured
of the results when the same conclusions were
obtained in the subgroup analysis that excluded par-
ticipants with diabetes or hypertension. Moreover, the
production of TSH and thyroid hormones tend to be
upregulated in type 2 allostasis [29]. However, the
subjects included in this study all had normal TSH and
FT, levels. Therefore, we believe that the elevated
PTFQl in subjects with renal dysfunction mainly
reflects reduced central sensitivity of thyroid hormone,
but also, to a lesser extent, an increased set-point
caused by type 2 allostatic load.

Past publications have evaluated in detail the
potential mechanisms related to the connection
between thyroid hormones and renal function.
Thyroid hormones influence renal function by exerting
effects on the following aspects: 1) system hemo-
dynamics, including cardiac and vascular function,
renin-angiotensin system and blood volume; 2) glom-
erular architecture, renal vasculature and the perme-
ability of glomerular capillary; and 3) tubular function,
for example, sodium and water homeostasis [30]. The
mechanisms underlying the association between sensi-
tivity to thyroid hormone and renal function remain to
be further explored. But the relative insufficiency of
thyroid hormones caused by decreased thyroid hor-
mone sensitivity might also affect renal function
through the above mechanisms. Furthermore, TSH
receptors are expressed in many tissues other than
the thyroid, including the kidneys [31]. This suggests
that TSH may influence renal function by directly act-
ing on renal cells or via indirect effects on systems
other than the thyroid.

Renal dysfunction, in turn, interferes with the HPT
axis and peripheral hormone metabolism. Previous
studies have demonstrated that end-stage renal dis-
ease might alter TSH levels by dampening pituitary
response to TRH, interfering with TSH diurnal rhythm
and glycosylation, and reducing TSH clearance rate
[32]. Uraemic toxins and malnutrition also affect per-
ipheral hormone metabolism by impairing the binding
of T, with carrier proteins, inhibiting cellular uptake of
T4, and reducing the peripheral conversion from T, to
T3 [32]. The previously detected positive relationship
between creatinine clearance and SPINA-GT also
points to the impairment of uraemic toxins on thyroid
activity [33]. And various conditions caused by kidney
diseases (such as metabolic acidosis, trace element
deficiencies, impaired clearance and retention of iod-
ine, and vitamin D deficiency) and medications used
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in such patients are risk factors for thyroid dysfunction
[34,35]. In addition, chronic kidney disease is a com-
mon pattern of non-thyroidal illness syndrome, which
is characterized as decreased free or total T; and
impaired carrier protein binding to thyroid hormones.
In severe cases, the set-point of the HPT axis is down-
regulated. TSH is reduced in this condition, even
though the level of T, is normal or decreased [29,36].
Others have also detected that a decreased blood
urea after a period of low protein diet could improve
the low T; syndrome in renal dysfunction patients
[33]. This finding also suggests a negative effect of
azotaemia on thyroid function.

Though this study is novel and has obtained consist-
ently significant results between different indices and
formulae, there are also some limitations. The first is
the lack of data on medication and 2-hour post-load
serum glucose levels in this study. Thus, the influence
of residual confounding factors must be considered. In
addition, reduced renal function outcome was based
on measurements at a single time point. Therefore, we
used both the eGFRckp.gpi €quation and the eGFRc,.cysc
equation to mitigate this limitation and have obtained
consistent results with either equation. Both of these
equations have been previously confirmed to be suit-
able for the evaluation of the glomerular filtration rate
in the Chinese population [24]. Moreover, we defined
reduced renal function as eGFR <90mL/min/1.73m?,
which is useful for early detection and management of
renal dysfunction. Lastly, due to the limitations of a
cross-sectional study design, we failed to obtain causa-
tive association. Hence, more large longitudinal studies
are needed to clarify the causal relationship.

In conclusion, we have found that reduced renal
function was associated with decreased central sensi-
tivity and reduced peripheral activity of thyroid hor-
mones in the euthyroid population, particularly in
those aged 65 years or under, without diabetes, or
with normal renal function. Compared with individual
parameters such as TSH or FT, composite indices
such as TFQI provided a more systemic and compre-
hensive way to evaluate thyroid homeostasis. And it
was possible to create composite indices, such as
TT5RI and PTFQIgy3, based on the interactions between
FTs and TSH. Future large prospective studies are
needed to confirm these findings and more attention
should be paid to the epidemiologic and mechanistic
research in thyroid hormone sensitivity.
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