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Popular scientific summary

This study utilised data from the NHANES database (2009-2018) to investigate the association
between low-carbohydrate diet (LCD) scores and the risk of chronic kidney disease (CKD) in women
with a history of gestational diabetes mellitus (GDM). Key findings include:

1. Positive association: Higher LCD scores were significantly associated with an increased risk of
CKD.

2. Modifying factors: Smoking and alcohol consumption amplified the association between LCD
and CKD, with stronger correlations observed in these sub-groups.

3. Threshold effect: An LCD score >10 emerged as a critical risk threshold for CKD, with a linear
dose-response relationship between the two.

4. Clinical implications: The findings suggest that while LCD is commonly used in GDM manage-
ment, its implementation should be carefully adjusted to mitigate long-term renal risks, particularly
in individuals with unhealthy lifestyle habits.

This study highlights the need for personalised dietary recommendations for the GDM population to
balance metabolic benefits with kidney health.

Abstract

Background: Gestational diabetes mellitus (GDM) is one of the most common metabolic complications during
pregnancy, and is associated with a significantly increased risk of postpartum chronic kidney disease (CKD).
Although a low-carbohydrate diet (LCD) is recommended for glycaemic management in GDM patients, its
long-term impact on kidney health remains unclear.

Objective: To address this knowledge gap, this study aimed to investigate the association between LCD and
the risk of CKD in women with a history of GDM, providing evidence for optimising postpartum dietary
intervention strategies.

Method: GDM data from National Health and Nutrition Examination Survey database (2009-2018) were
used, with LCD as an independent variable and CKD as a dependent variable. Univariate and multivariate
logistic regression analyses were applied to investigate factors related to CKD. Stratified and sub-group analy-
ses were conducted to investigate association of LCD with CDK. Restricted cubic splines (RCS) were utilised
to analyse non-linear relationship between the two variables.

Results: There were 701 samples in all (CKD: n = 130; non-CKD: n = 571). The LCD score and CKD risk
were shown to have a significant positive association (Odds Ratio [OR] > 1, P < 0.05) in multivariate weighted
logistic regression model. The link between LCD score and CKD was strongly impacted by race, body mass
index (BMI), and smoking status (P for interaction < 0.05). In patients who presently smoke and use alcohol,
stratified analysis showed a substantial positive correlation (P < 0.05) between LCD score and CKD risk.
RCSs curve indicated a potential linear relationship (P-non-linear = 0.9561) between risk of LCD and CKD,
with an LCD score of 10 serving as the criterion threshold for CKD risk and OR < 1 when LCD < 10, signi-
fying a protective factor.
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Conclusion: Among women with GDM, higher LCD scores showed a significant positive correlation with
CKD risk, particularly in sub-groups with smoking or alcohol consumption habits. The study suggests the
need for careful evaluation of the long-term renal safety of LCD and highlights the importance of devel-

oping individualised dietary plans for high-risk populations.
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estational diabetes mellitus (GDM), a prevalent
Gform of diabetes, is a unique kind of the disease

that only develops during pregnancy. It is one of
the most frequent metabolic problems during pregnancy
and is described as the initial identification of glucose
intolerance (1). For women with GDM, food control is
now the primary line of therapy (2, 3). According to sev-
eral national and international standards, in order to pre-
vent their diabetes from getting worse during pregnancy,
women with GDM should limit their carbohydrate con-
sumption to 35-45% of total calories, or follow a low-car-
bohydrate diet (LCD) (4, 5). One of the most prevalent
illnesses impacting human health is chronic kidney dis-
ease (CKD), a clinical condition characterised mostly by
primary or secondary kidney damage that manifests as
a progressive, gradual, and irreversible decrease of kid-
ney function (6). One of the most prevalent causes of the
rising CKD burden is diabetes, which affected around
130 million CKD patients in 2019 and contributed to
over 400,000 fatalities as well as a significant financial
and medical burden worldwide (7). Moreover, diabetic
nephropathy, one of the primary causes of end-stage renal
disease, is thought to be the most frequent complication
endangering the lives of patients. It is strongly linked to a
higher overall mortality rate as well as the risk of devel-
oping and dying from cardiovascular disease (CVD) and
its consequences (7-9).

Previous studies have shown a close relationship
between the development of CKD and metabolic disor-
ders (10). Since metabolic health is related to diet (11),
eating a balanced diet is crucial to improving metabolic
syndrome markers and lowering the risk of CKD. The
LCD score is significantly positively connected with
total mortality in persons with CKD, but not in those
without CKD, according to a prior study on the rela-
tionship between LCD score and mortality rates in pop-
ulations with and without CKD (12). Nevertheless, it is
still unclear if controlling LCD might affect the chance
of developing CKD by altering the dietary pattern that is
frequently used to treat GDM. Therefore, to provide fresh
insight into dietary management and CKD prevention in
this group, this study set out to investigate the associa-
tion between LCD score and the risk of CKD incidence
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in people with a history of GDM. This is essential for cre-
ating dietary advice and preventative techniques that are
specifically tailored for these individuals.

Methods

Data source and study population

In order to evaluate the physical and nutritional health
of adults and children in the United States, the National
Center for Health Statistics (NCHS) of the Centers for
Disease Control and Prevention (CDC) conducts the
National Health and Nutrition Examination Study
(NHANES), an ongoing, nationally representative,
cross-sectional survey of around 5,000 individuals every
year and every 2 years. All survey respondents gave
written, informed consent, and the NCHS Research
Ethics Review Board approved the survey. Detailed sta-
tistical data can be accessed at http://www.cdc.gov/nchs/
nhanes.htm.

Data from five NHANES cycles, spanning from 2009
to 2018, were investigated. Out of the 49,693 Americans
that took part during this time, only 843 had a verified
history of GDM. A total of 701 people entered the study
after excluding those with invalid or missing CKD data
(n = 30) and other participants with missing covariate data,
as indicated in Fig. 1 for the particular screening procedure.

Gestational diabetes mellitus

Responses to the question, ‘During pregnancy, were you
ever told by a doctor or other health professional that you
had diabetes, sugar diabetes or gestational diabetes?” with
a ‘yes’ were classified as having GDM (13).

Low-carbohydrate diet

Data from two 24-h food recall interviews were used to
compute the average dietary consumption of fat, protein,
carbs, and energy (14). The percentages of fat (kcal), pro-
tein (kcal), carbs (kcal), and energy were then computed
based on the conversion of the intake of fat, protein, and
carbohydrates per gram to kilocalories at a ratio of 1:9,
1:4, and 1:4, respectively. For detailed scoring criteria,
see Table S1. The LCD score, which runs from 0 to 30,
is the total of the three nutritional scores. A higher score
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Total participants from NHANES
(n=49693)
> Missing and invalid GDM data
(n=48850)
|
Remaining participants
(n=843)
Missing and invalid CKD data
-
(n=30)
|
Remaining participants
(n=813)
Missing and invalid covariate data
(n=112)
|
Enrolled participants
(n=701)

Fig. 1. The flowchart of participants.

corresponds to consumption of more protein and fat and
less carbs (15).

Chronic kidney disease

CKD is characterised by a urine albumin-to-creatinine
ratio of less than 30 mg/g or an estimated glomerular
filtration rate (¢GFR) of 2 (16). The following Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (17) serves as the basis for eGFR computation:

eGFR = 141 x min(Scr/k,1)a X max(Scr/x,1)
—1.209 x 0.993Age x 1.018]if female] x 1.159[if black].

The creatinine concentration is represented by
Scr. The « values are taken according to gender, 0.9
for males and 0.7 for females, and o values are taken
according to gender, —0.411 for males and —0.329 for
females.

Covariates

Covariates included age (220 years), race (Mexican
American, other Hispanic, non-Hispanic White, non-
Hispanic Black, other race), body mass index (BMI)
(Normal: <25kg/m?, overweight: 25 to <30kg/m?, obese:
>30kg/m?) (18), alcohol drinking (yes, no), smoking (never,
former, now) (19), poverty-to-income ratio (PIR) (<1.3,
1.3-3.5, >3.5) (20).

The term hypertension (21) refers to a condition in
which any of the following occurs: 1) self-reporting the
use of antihypertensive drugs; 2) having a history of
hypertension; and 3) having an average systolic blood
pressure of at least 130 mmHg or a diastolic blood
pressure of at least 80 mmHg during the NHANES
assessment (22).
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The following query characterises a family history of
diabetes: ‘Including living and deceased, were any of your
close biological that is, blood relatives including father,
mother, sisters or brothers, ever told by a health profes-
sional that they had diabetes?’ Participants are classified
as having a family history of diabetes (23) if they select
‘yes’ in response to this question.

Heart attacks, strokes, congestive heart failure (CHF),
angina, and coronary heart disease (24) are among the
CVD events that participants are asked about. A history
of any of these conditions is defined as having a history
of CVD.

Statistical analyses

In this study, baseline tables were created using the ‘table-
one’ package, which allowed individuals to be categorised
as either having CKD or not, based on population-wide
factors. Sample size and percentage (n [%)]) are used to
represent categorical variables, whereas mean and stan-
dard deviation (sd) are used to represent continuous
variables. Weighted logistic regression models of the asso-
ciation between LCD and CKD in people with a history
of GDM were constructed using the ‘survey’ package,
with stratified analyses of categorical variables in models
that did not adjust for confounders. The interaction term
P-values of the stratified logistics regression model with
all confounders adjusted were subjected to a likelihood
ratio test. When P < 0.05, a significant difference is seen.
The LCD was stratified using weighted tertiles to con-
struct a weighted logistics regression model adjusting for
confounding factors for both LCD and CKD, and sub-
group analysis of confounding factors was performed.
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Association between LCD and CKD was explored using
RCS. The models in this study included Crude without
adjustment; model I adjusted for age, race, BMI, smok-
ing, alcohol drinking, PIR; and model IT adjusted for age,
race, BMI, smoking, alcohol drinking, PIR, hypertension,
CVD events, family history of diabetes. All statistical
analyses were performed using R (V4.3.3).

Results

Baseline characteristics of participants

This study included 701 women aged 20 years and older
with a history of GDM from NHANES database between
2009 and 2018, as shown in Table 1. Across all participants,
there were significant differences in age, race, BMI, CVD
events, hypertension, and LCD score between those with
and without CKD (all P < 0.05). Table 1 indicates that the
participants’ mean age was 45.56 years (45.56 = 11.95),
and 58.3% of them were non-Hispanic white. Specifically,
individuals with CKD may be older (49.16 = 12.56 vs.
4493 + 11.74, P =0.012), more likely to be obese (70.9%),
have higher rates of hypertension (691%); although, the
majority do not have a history of CVD (84.7%). CKD
patients possessed higher LCD scores (13.95 £ 6.83 vs.
11.9 £ 7.66, P = 0.049).

Stratified analysis

A weighted logistic regression model was created to exam-
ine the link between LCD scores and CKD. Stratified
analysis (Table 2) indicated that LCD scores were posi-
tively linked to risk of CKD in the population with now
smoking (odds ratio [OR] = 1.14, 95% confidence interval
[CT]: 1.05-1.25, P = 0.001), alcohol drinking (OR = 1.04,
95% CI: 1.00-1.09, P = 0.040), hypertension (OR = 1.05,
95% CI: 1.00-1.10, P = 0.041), and medium PIR (OR =
1.07, 95% CI: 1.01-1.13, P = 0.024). Low-carbohydrate-
diet scores and CKD were strongly influenced by race,
BMI, and smoking, according to the findings of the inter-
action test between confounders and LCD scores (P for
interaction < 0.05).

Sub-group analysis

We next stratified the LCD scores using weighted ter-
tiles and constructed weighted logistic regression mod-
els for LCD scores and CKD to explore the association
between them. Table 3 demonstrates that, in the unstrat-
ified population, the LCD score was substantially and
positively linked with CKD after adjusting for various
confounding factors in both model I (OR: 1.06, 95% CI:
1.02-1.09, P < 0.01) and model II (OR: 1.06, 95% CI:
1.02-1.09, P < 0.01). Additional tertile stratification of
LCD scores revealed that, in comparison to LCD scores
in the first quartile (Q1), the second and third quartiles
(Q2, Q3) in all three models significantly increased the
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risk of CKD in women with a history of GDM (OR >
1, P <0.05).

Sub-group analyses (Table 4) based on alcohol drink-
ing and smoking yielded substantial positive associations
between LCD scores and CKD risk among current alco-
hol users and smokers. These associations persisted in all
models even after adjusting for confounders (all OR > 1,
P <0.05).

Non-linear association between LCD score and CKD risk
Figure 2 displays RCS analysis of association between
LCD score and CKD risk. A significant overall trend
between LCD score and CKD risk was seen (P < 0.001),
with the possibility of a linear relationship detected
in the model adjusting for all confounding factors
(P-non-linear = (.2325). Restricted cubic splines curves
showed a risk factor when LCD > 10 and OR > 1, and a
protective factor when LCD <10 and OR < 1.

Discussion

In this study, women with a history of GDM showed a
substantial positive correlation between their LCD score
and their chance of developing CKD. Adverse behaviours
like drinking and smoking can be used as an explanation
for these linked components. A study of the RCS curve
revealed a linearly positive correlation between the prob-
ability of developing CKD and the LCD score, with a
threshold inflection point at LCD score = 10.

According to earlier research, women with a history
of GDM are more likely to show early indicators of
impaired renal function after delivery, such as elevated
urine albumin excretion (25) or increased glomerular
filtration rate (26). There is now growing evidence that
GDM is linked to an increased risk of developing CKD
(25, 27, 28). The results of our study indicate that there
may be a connecting factor impacting the relation-
ship between LCD and the risk of developing CKD in
women with a history of GDM, since there was a sub-
stantial positive association discovered between the two
variables.

In a healthy diet, carbohydrates, lipids, and proteins are
highly desirable since they are regarded as vital elements
for human health (29). By modifying lipid metabolism in
gastrointestinal illnesses, liver disease, and CKD, nutri-
tion-based therapies can achieve prognosis improvement
(30,31,32). Low carbohydrate, high fat, and protein diets
are frequent patterns for weight reduction and glycae-
mic management in women with GDM. These dietary
patterns are directly linked to the preservation of the
body’s physical health (5). In comparison to a conven-
tional diet, a greater LCD will have a larger proportion
of protein. Higher protein consumption might raise the
risk of impaired renal function and glomerular filtration
rate overload in people, which can accelerate the course
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Table 1. Characteristics of NHANES participants between 2009 and 2018

Characters Total Non-CKD CKD P
Overall 701 571 (85.2) 130 (14.8)

Age 45.56 (11.95) 44.93 (11.74) 49.16 (12.56) 0.012
Race 0.048
Mexican American 140 (13.5) 113 (12.8) 27 (17.3)

Other Hispanic 73 (6.9) 57 (6.4) 16 (9.9)

Non-Hispanic White 253 (58.3) 211 (62.0) 42 (36.9)

Non-Hispanic Black 131 (9.5) 98 (8.7) 33 (14.0)

Other race 104 (11.9) 92 (10.1) 12 (21.9)

BMI (kg/m?) 0.034
<25 127 (20.5) 107 (21.2) 20 (16.7)

25-30 186 (22.9) 161 (24.8) 25 (12.4)

>30 388 (56.6) 303 (54.1) 85 (70.9)

Smoking 0.788
Never smoking 444 (63.8) 369 (63.4) 75 (66.2)

Former smoking 131 (21.2) 102 (21.8) 29 (17.9)

Now Smoking 126 (15.0) 100 (14.8) 26 (15.9)

Alcohol drinking 0.765
No 236 (27.8) 195 (27.5) 41 (29.7)

Yes 465 (72.2) 376 (72.5) 89 (70.3)

CVD events 0.003
No 635 (92.4) 531 (93.7) 104 (84.7)

Yes 66 (7.6) 40 (6.3) 26 (15.3)

Hypertension 0.004
No 336 (51.0) 297 (54.5) 39 (30.9)

Yes 365 (49.0) 274 (45.5) 91 (69.1)

Family history of diabetes 0.393
No 232 (33.2) 201 (31.9) 31 (40.0)

Yes 469 (66.9) 370 (68.1) 99 (60.0)

PIR 0.424
Low 261 (26.2) 202 (24.9) 59 (33.6)

Medium 248 (34.2) 202 (34.2) 46 (34.4)

High 192 (39.6) 167 (41.0) 25 (31.9)

LCD score 12.23 (7.6) 11.94 (7.66) 13.95 (6.83) 0.049
Total fat (g) 71.48 (31.19) 70.89 (30.56) 74.90 (34.52) 0.353
Protein (g) 73.44 (26.87) 73.33 (27.12) 74.12 (25.49) 0.776
Carbohydrate (g) 215.32 (86.4) 218.08 (88.73) 199.38 (69.80) 0.082
Energy (kcal) 1806.33 (625.86) 1812.45 (630.80) 1770.98 (597.86) 0.624

Note: Categorical variables are expressed as n (%) and continuous variables are expressed as mean (sd); n is unweighted and n (%), mean and standard

deviation are weight-adjusted.

of CKD (33,34,35). A high consumption of animal pro-
tein was linked to an elevated risk of incident CKD in
prospective research on dietary meat intake and the risk
of developing CKD (36). Furthermore, a prolonged high-
fat diet will cause an imbalance between the body’s intake
and use of energy, which will ultimately result in issues
related to lipid metabolism, raising the risk of CKD (37).
Our work offers important insights for future more scien-
tific dietary treatment of GDM patients, as it appears to
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be the first to examine the association between LCD and
the risk of CKD in this population.

This study revealed that alcohol and smoking may have
an impact on the correlation between LCD score and CKD
risk. It is often recognised that consuming alcohol and
smoking are frequent risk factors for human health, hav-
ing the ability to both cause and exacerbate a wide range
of disorders. Alcohol intake and odor boost the body’s
desire for carbs, lipids, and proteins, which increases food
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Table 2. Relationship between LCD score and CKD in categorical
variables in GDM

Table 3. Associations between LCD score and odds ratios (95% con-
fidence intervals) for CKD in GDM

Participants OR 95% Cl P P for
interaction

Race <0.001

Mexican American 1.00 0.96-1.04  >0.900

Other Hispanic 1.07 0.94-1.22 0.300

Non-Hispanic White 1.02 0.97-1.07  0.500

Non-Hispanic Black 1.08 0.99-1.17 0.057

Other race 1.17 0.97-1.43 0.069

BMI (kg/m?) 0.027

<25 1.09 0.99-1.21 0.062

25-30 0.97 0.91-1.03 0.300

230 1.04 0.99-1.09 0.110

Smoking 0.007

Never smoking 1.02 0.96-1.07 0.600

Former smoking 1.04 0.96-1.13 0.300

Now Smoking 1.14 1.05-1.25 0.001

Alcohol drinking 0.338

No 1.0l 0.94-1.09  0.800

Yes 1.04 1.00-1.09  0.040

CVD events 0.633

No 1.04 1.00-1.08  0.056

Yes 1.04 0.92-1.16  0.500

Hypertension 0.152

No 1.00 0.95-1.05  >0.900

Yes 1.05 1.00-1.10  0.041

PIR 0.127

Low 1.05 01.00-1.10  0.062

Medium 1.07 1.01-1.13 0.024

High 1.03 0.95-1.11 0.500

Family history of 0.802

diabetes

No 1.04 0.97-1.12  0.300

Yes 1.03 1.00-1.07 0.086

Note: Interaction term P-values adjusted for age, race, BMI, smoking,
alcohol drinking, CVD events, hypertension, family history of diabetes,
and PIR.

intake (38, 39). Alcohol increases hunger and delays sati-
ety. Through the activation of brain neurons that gener-
ate neuropeptide Y and hormones associated to function,
alcohol can regulate appetite by inducing hunger and
stimulating the generation of eating behaviour (40, 41).
Besides, we think that the body’s energy demands shift to
the levels of protein and fat as a result of the LCD mode’s
reduction in carbohydrate consumption, particularly in
the high-protein and high-fat LCD from animal sources.
The animal-based high LCD score group consumed more
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Participants OR (95% Cl)

Crude Model | Model Il
All participants 1.04 1.06 1.06
(1.00-1.07) (1.02-1.09) **  (1.02—1.09) **
LCD score
Ql (<8) Ref. Ref. Ref.
Q2 (8-16) 1.37 (0.70-2.72) 1.62 (0.74-3.56) 1.58 (0.73-3.40)
Q3 (>16) 237 3.34 3.40
(1.15-4.86) *  (1.65-6.75) ** (1.73-6.70) ***
P for trend 0.022 <0.001 <0.001

Note: Crude unadjusted; model | adjusted for age, race, BMI, smoking,
alcohol drinking, and PIR; model Il adjusted for age, race, BMI, smoking,
alcohol drinking, PIR, hypertension, CVD events, and family history of
diabetes.

* P-value < 0.05,** P-value < 0.01,*#* P-value < 0.001.

Tuble 4. Relationship between LCD score and CKD by smoking
(95% CI)

Participants OR (95% CI)

Crude Model | Model Il
Smoking
Never smoking 1.02 1.02 1.02
(0.96-1.07) (0.97-1.07) (0.98-1.07)
Former smoking 1.04 1.04 1.04
(0.96-1.13) (0.95-1.15) (0.95-1.15)
Now Smoking 1.14 1.18 1.20

(1.05-1.25) ¥ (1.07—1.29) *** (1.07—1.34) ***
Alcohol drinking
No 1.0l 1.00 1.00
(0.94-1.09) (0.93-1.08) (0.92-1.07)
Yes 1.04 1.07 1.07
(1.00-1.09) *  (1.03—1.11) % (1.03—1.11) *¥*

Note: Crude unadjusted; model | adjusted for age, race, BMI, smoking,
alcohol drinking, and PIR; model Il adjusted for age, race, BMI, smoking,
alcohol drinking, hypertension, family history of diabetes, PIR, and CVD
events.

* P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001.

alcohol, according to a prior study conducted on the
emergence of metabolic disorders with LCD (42).
Smoking is another risk factor that influences the
LCD pattern, much like alcohol consumption. Smokers
could choose less healthily when it comes to food than
non-smokers and ex-smokers. According to research on
smokers’ food and drink cravings, high-fat meals, coffee,
and alcoholic beverages can all cause desires for smok-
ing, and smokers consume much less fruit and dairy each
day than non-smokers (43). According to a cross-sec-
tional study comparing the dietary quality of current
and past smokers with that of never smokers, former
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Fig. 2. The OR of LCD score and CKD adjusted by covari-
ates in GDM, NHANES 2009-2018. Note: RCS line is
adjusted for age, race, BMI, smoking, alcohol, hypertension,
family history of diabetes, PIR, CVD events. The OR is rep-
resented by the blue line and the shaded part represents the
95% CI.

smokers often consume more healthful foods (such
fruits, vegetables, whole grains, proteins, and fatty acids)
than do current smokers (44). In a similar vein, low food
quality was linked to current smoking status in a prior
study on the connection between dietary energy density
and smoking status among adult Americans (45). The
risk of CKD is strongly correlated with the use of high-
fat foods and diabetes (46). Specifically, a diet heavy in
animal fat and protein, like the LCD diet, increases the
risk of developing and dying from CKD (47, 48). Thus,
we hypothesise that when on an LCD diet, women with
a history of GDM may overindulge in high-fat foods
to fulfil their want for tobacco, raising their chance of
developing CKD (49).

We admit that there are certain restrictions. Firstly,
the NHANES database served as the basis for this ret-
rospective study. A significant number of patients were
excluded from the final analysis due to a lack of data
availability, which might have an impact on the discrep-
ancy between the observed and real incidence of CKD.
Secondly, there is no indication of a causal relationship
between the two by this link. There could still be con-
founding variables that affect the results even if we tried
to control them via multivariate adjustments and sub-
group analysis. Thirdly, American women made up the
majority of the research population. As such, extrapolat-
ing our study’s findings to other areas and demographics
might prove difficult.

Conclusion
In conclusion, the risk of CKD is highly linked with LCD
score among women who have a history of GDM. It may
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not be suitable to blindly follow a low-carb diet when
on an LCD pattern in people with a history of GDM.
Further research is required to design a more realistic
dietary management plan that will lower the risk of even-
tual CKD.
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