
Healthy and unhealthy low-carbohydrate diets and plasma markers of
cardiometabolic risk

Yong Huang1,2,3,4†, Xiude Li1,4,5†, Tengfei Zhang1, Xueke Zeng1, Meiling Li1, Haowei Li1, Hu Yang1,
Chenghao Zhang1, Yu Zhu1, Zhuang Zhang1, Min Tang6 and Wanshui Yang1,2,3,4*
1Department of Nutrition, School of Public Health, Anhui Medical University, Hefei, Anhui, People’s Republic of China
2Key Laboratory of Population Health Across Life Cycle (Anhui Medical University), Ministry of Education of the People’s
Republic of China, Hefei, Anhui, People’s Republic of China
3NHC Key Laboratory of Study on Abnormal Gametes and Reproductive Tract, Hefei, Anhui, People’s Republic of China
4Anhui Provincial Key Laboratory of Population Health and Aristogenics/Key Laboratory of Environmental Toxicology of Anhui
Higher Education Institutes, Anhui Medical University, Hefei, Anhui, People’s Republic of China
5Anhui Provincial Institute of Translational Medicine, Hefei, Anhui, People’s Republic of China
6Department of Gastroenterology and Hepatology and Clinical Nutrition, The Fourth Affiliated Hospital of Anhui Medical
University, Hefei 230000, Anhui, People’s Republic of China

(Submitted 24 March 2022 – Final revision received 21 August 2022 – Accepted 15 September 2022 – First published online 30 September 2022)

Abstract
Previous studies have reported inconsistent associations between low-carbohydrate diets (LCD) and plasma lipid profile. Also, there is little
evidence on the role of the quality and food sources of macronutrients in LCD in cardiometabolic health. We investigated the cross-sectional
associations between LCD and plasma cardiometabolic risk markers in a nationwide representative sample of the US population. Diet was
measured through two 24-h recalls. Overall, healthy (emphasising unsaturated fat, plant protein and less low-quality carbohydrates) and unheal-
thy (emphasising saturated fat, animal protein and less high-quality carbohydrate) LCD scores were developed according to the percentage of
energy as total and subtypes of carbohydrate, protein and fat. Linear regressionwas used to estimate the percentage difference of plasmamarker
concentrations by LCD scores. A total of 34 785 participants aged 18–85 yearswere included. After adjusting for covariates including BMI, healthy
LCDwas associated with lower levels of insulin, homoeostatic model assessment for insulin resistance (HOMA-IR), C-reactive protein (CRP) and
TAG, and higher levels of HDL-cholesterol, with the percentage differences (comparing extreme quartile of LCD score) of −5·91, −6·16, −9·13,
−9·71 and 7·60 (allPtrend< 0·001), respectively. Conversely, unhealthy LCDwas associatedwith higher levels of insulin, HOMA-IR, CRP and LDL-
cholesterol (all Ptrend< 0·001). Our results suggest that healthy LCD may have positive, whereas unhealthy LCD may have negative impacts on
CRP and metabolic and lipid profiles. These findings underscore the need to carefully consider the quality and subtypes of macronutrients in
future LCD studies.
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Low-carbohydrate diets (LCD), which restrict carbohydrate in
favour of increased protein or fat intake, or both, have recently
received great interest and become a popular strategy for short-
term weight loss(1). An increasing number of randomised con-
trolled trials and meta-analyses showed improvements in body
weight and multiple markers of cardiometabolic health, includ-
ing lowering fasting glucose, homoeostaticmodel assessment for
insulin resistance (HOMA-IR), systolic and/or diastolic blood
pressure and TAG, after implementation of LCD for 6 months

or longer in overweight(2,3), obese(4,5) and metabolically unheal-
thy populations(6,7).

Nonetheless, whether LCD can decrease LDL-cholesterol, a
known risk factors for CVD, remains controversial. For example,
several studies(8,9) found significant increase in LDL-cholesterol
after following LCD,while some studies refuted these findings(10,11).
Besides the dietary composition of carbohydrate, the quality and
types of macronutrients may play an important role in human
health(12–14). For example, intakes of whole grains, legumes and
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fruits were associated with lower risk of CVD or mortality(15–17),
whereas high intakes of carbohydrates from refined grains and
added sugars seemed harmful(18–20). Similarly, replacing saturated
fat with unsaturated fat or replacing animal protein with plant pro-
tein was associated with reduced CVD incidence or CVD-related
mortality(21–24). These findings raise the question of whether the
inconsistent results on LCD and lipid profile can be due to different
food sources and type of macronutrients in the diet. In addition,
there have been limited studies on the associations between
LCD and markers of cardiometabolic risk in the US free-living pop-
ulation, although few observational studies(25–27) have examined
the associations in East Asia, in which the average percentage of
energy from carbohydrate intake was approximately 61%, higher
than this in the USA and Europe (∼50%)(28).

Herein, we aimed to evaluate the cross-sectional associations
between LCD and plasma markers of cardiometabolic risk by
considering quality and types of macronutrients in a free-living
population from the US National Health and Nutrition
Examination Survey (NHANES). LCD was defined according to
the method suggested by Halton et al.(29) in the analysis.
Moreover, healthy (emphasising unsaturated fat, plant protein
and less low-quality carbohydrates) and unhealthy (emphasising
saturated fat, animal protein and less high-quality carbohydrate)
LCD scores were developed to distinguish between different
dietary quality(14,30).

Methods

Study population

The NHANES programme includes a series of cross-sectional
nationally representative health examination surveys, aiming
to describe the health and nutritional status. About 5000 persons
were recruited by the National Center for Health Statistics
(NCHS) every year since 1999. Details on study protocol and
data collection have been described elsewhere(31). Dietary infor-
mation was collected by a single 24-h dietary recall from 1999 to
2002, and collected twice (i.e. two 24-h recalls) since 2003, in
which the first 24-h recall was administered in person in the
Mobile Examination Center (MEC), and the second recall was
conducted by telephone 3–10 d later. In line with previous
studies(32–34), we only included the 2003–2018 survey cycles with
two 24-h recalls in the analysis. Participants were excluded if
they were younger than 18 years old (n 32 549), had missing
data on diet (n 5294), had implausible energy intake (< 2510
or > 14 644 kJ/d for women and< 3347 or> 17 573 kJ/d for
men, n 1753), had only one 24-h dietary recall (n 4654) or did
not have any biochemical data (n 1277, online Supplementary
Fig. 1). No statistically significant differences in macronutrient
intake between those with single 24-h dietary recall and those
with two 24-h recalls (n 34 785, 88·2 %) were found. The
NCHS ethics review board approved this study, and written
informed consent was obtained from all participants.

Development of low-carbohydrate diet scores

The NHANES programme used multiple-pass method(35) to
collect dietary data, which may improve the complete and

accurate data collection and reduce the respondent burden.
Nutrients were estimated using cycle-specific versions of the
USDA Food and Nutrition Database for Dietary Studies(36).
The National Cancer Institute method was used to estimate
the usual intake of nutrients based on 2-d dietary recall, which
can overcome several limitations inherent in the analysis of
24-h recall data(37). We used the percentage of energy from each
macronutrient rather than absolute intake to reduce measure-
ment errors and to represent the dietary composition(14).

The development of overall, healthy and unhealthy LCD was
reported elsewhere(14,29). Unlike clinical trials, it is difficult to
dichotomise participants in observational studies into those
who are on and those who are not on an LCD. Halton
et al.(29) originally construct a system to classify participants
according to their relative levels of fat, protein and carbohydrate
intake and created a summary score designated the LCD score.
In this analysis, participants were divided into eleven sex-spe-
cific strata by percentage of energy from carbohydrate, protein
and fat, and their subtypes. Participants in the highest stratum of
fat and protein intake were assigned 10 points, those in the low-
est stratum were assigned 0 points. For carbohydrate, partici-
pants in the highest stratum were given 0 point, and those in
the lowest stratum were given 10 points. Overall LCD score
was obtained by summing up the scores of carbohydrates, fat
and protein, which ranged from 0 to 30 points.

To distinguish between the quality and types of macronu-
trients in LCD, Shan et al.(14) further developed two types of
LCD, healthy and unhealthy LCD, based on the food sources
of carbohydrate (high-quality carbohydrate: carbohydrate from
whole grains, whole fruit, legumes and non-starchy vegetables v.
low-quality carbohydrate: carbohydrate from refined grains,
added sugar, fruit juice, potato, other starchy vegetables and
other sources) and types of fat (saturated fat v. unsaturated
fat) and protein (plant protein v. animal protein). Specifically,
healthy LCD score was calculated according to the percentages
of energy from low-quality carbohydrate (reverse scoring),
unsaturated fat (positive scoring) and plant protein (positive
scoring), whereas unhealthy LCD score was calculated accord-
ing to the percentages of energy from high-quality carbohydrate
(reverse scoring), saturated fat (positive scoring) and animal pro-
tein (positive scoring). Similarly, plant-based LCD score was cal-
culated according to percentages of energy from carbohydrate
(reverse scoring), plant fat (positive scoring) and plant protein
(positive scoring), and animal-based LCD score was calculated
according to percentages of energy from carbohydrate (reverse
scoring), animal fat (positive scoring) and animal protein (pos-
itive scoring, online Supplementary Table 1)(38).

Measurement of biomarkers

Fasting blood samples were collected and processed in the MEC
following the first 24-h recall and then were analysed at the CDC
laboratory. The methods used to assay plasma markers, includ-
ing insulin, C-peptide, C-reactive protein (CRP), TAG, total cho-
lesterol (TC), HDL-cholesterol, LDL-cholesterol and apoB, were
described elsewhere(39). HOMA-IR was calculated using the
following formula: fasting serum insulin (μU/ml) × fasting
plasma glucose (mmol/l)/22·5(33,40). LDL-cholesterol levels were
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calculated based on levels of TC, TAG and HDL-cholesterol
according to the method by Friedewald(41).

Assessment of covariates

Socio-demographic and lifestyle information, such as age, sex,
race/ethnicity, marital status, education, smoking status, alcohol
drinking, physical activity and family income, was collected
using self-reported questionnaire. Height and body weight were
measured at the MEC by trained health technicians following
standardised protocols. Physical activity was measured in meta-
bolic equivalent tasks-h/week. Family income was measured by
the ratio of family income to poverty. BMI was calculated by
dividing body weight (kg) with squared height (m2).
Hypertension, CVD and cancer were defined if participants
had ever been told by a healthcare professional of such diseases
and/or records of medication prescription due to these diseases.
Individuals were considered as having diabetes if they had a self-
reported history of diabetes or presented with HbA1c≥ 6·5 % or
fasting glucose≥ 126 mg/dl.

Ethics approval

The NCHS approved the NHANES study protocol, and the writ-
ten informed consent was obtained from all participants. Since
this analysis used public dataset, human subjects’ approval
was waived.

Statistical analysis

The 2-d dietary sample weights were applied to overcome the
limitations of non-response and oversampling(42). All biomarkers
were logarithmically transformed to normalise the distribution.
We used multiple linear regression to examine the associations
between LCD-adherence scores and the plasma levels of bio-
markers. Model 1 was adjusted for survey cycle, age, sex,
race/ethnicity, marital status, education level, ratio of family
income to poverty, physical activity, smoking status, alcohol
drinking, total energy intake, hypertension, diabetes, cancer,
CVD, family history of CVD, family history of diabetes and survey
cycle. Model 2was additionally adjusted for BMI, considering the
potential intermediate role of obesity. When examining inflam-
matory markers, we further adjusted for aspirin use in the analy-
sis. A missing value indicator was created for each covariate if
possible.

We presented percentage changes and 95 % CI in biomarker
concentrations comparing LCD score in different categories with
the reference group, expressed as (exp(β) − 1) × 100 %.
Restricted cubic spline was used to assess the potential non-lin-
ear relationships between LCD scores and biomarker concentra-
tions. Subgroup analysis was conducted by age, sex, race/
ethnicity, education level, ratio of family income to poverty,
smoking status, drinking status, physical activity, BMI and diabe-
tes. Wald test was used to evaluate whether the cross-product
terms between these subgroup variables and LCD were sta-
tistically significant.

In sensitivity analysis, we repeated analysis among
participants who are free of major CVDs. In line with previous
studies(4,43), we also defined LCD as a diet that contains less than

40 % of energy from carbohydrates and investigated its associa-
tions with markers of cardiometabolic risk. All statistical tests
were two-sided, and we conducted the statistical analyses using
SAS version 9.4 (SAS Institute Inc, Cary, NC). Because of many
tests being conducted, we used the Bonferroni correction to
define the statistical significance as P< 0·001 (0·05/(5 expo-
sures × 10 outcomes)) for main analysis and P< 0·0001 (0·05/
(5 exposures × 10 outcomes × 9 groups)) for subgroup analysis
allowing for multiple comparisons.

Results

Baseline characteristics

A total of 34 785 participants (mean age, 48·4 (SD 18·9) years)
were included in the analysis. On average, about 49 % of energy
intake was from carbohydrate, 35 % from fat and 16 % from pro-
tein. Participants with higher healthy LCD scores were older, had
higher prevalence of diabetes, were better educated, had higher
ratio of family income to poverty, were more physical active,
were more likely to be current drinkers and less likely to be cur-
rent smokers. Participants with higher unhealthy LCD scores
were younger, had higher BMI and prevalence of diabetes, were
less educated and physical active andweremore likely to be cur-
rent smokers (Table 1). The age-adjusted characteristics of the
participants by quartiles of overall, plant-based and animal-
based LCD scores are shown in online Supplementary Table 2.

Low-carbohydrate diets and metabolic profile

Participants in the highest quartile of healthy LCD score had
5·91 % (95 % CI −10·29 %, −1·32 %) lower insulin, 6·16 %
(95 % CI −10·70 %, −1·39 %) lower HOMA-IR and 9·13 % (95 %
CI −14·87 %, −3·00 %) lower CRP, compared with those in the
lowest quartile (all Ptrend< 0·001) (Table 2). For the same com-
parison, higher unhealthy LCD score was associated with 7·53 %
(95 % CI 3·14 %, 12·10 %), 9·44 % (95 % CI 4·53 %, 14·58 %) and
17·56 % (11·36 %, 24·12 %) higher levels of insulin, HOMA-IR and
CRP, respectively (allPtrend< 0·001). A non-significant difference
in these markers of metabolic profile was observed for overall,
plant-based or animal-based LCD (online Supplementary
Table 3).

Low-carbohydrate diets and lipid profile

Participants with higher adherence to healthy LCD had 9·71 %
(95 % CI −13·39 %, −5·86 %) lower TAG and 7·60 % (95 % CI
6·26 %, 8·95 %) higher HDL-cholesterol than those in the lowest
quartile (all Ptrend< 0·001). Unhealthy LCD was associated with
1·97 % (95 % CI 0·99 %, 2·95 %) higher TC and 4·11 % (95 % CI
2·02 %, 6·25 %) higher LDL-cholesterol (all Ptrend< 0·001)
(Table 3). Overall and plant-based LCD was associated with
lower TAG and higher HDL-cholesterol levels (all
Ptrend< 0·001), while animal-based LCD was associated with
lower concentrations of TAG and higher concentrations of TC
and HDL-cholesterol (all Ptrend< 0·001) (online Supplementary
Table 4).
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Table 1. Age-adjusted characteristics of the participants by quartiles of healthy and unhealthy LCD in NHANES (2003–2018) (n 34, 785)*
(Percentages and interquartile ranges; mean values and standard deviations)

Healthy LCD Unhealthy LCD

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Quartile 1 Quartile 2 Quartile 3 Quartile 4

% % % % % % % %

Median score 8·0 13·0 17·0 22·0 8·0 13·0 17·0 22·0
IQR 5·0, 9·0 12·0, 14·0 16·0, 18·0 21·0, 24·0 5·0, 9·0 12·0, 14·0 16·0, 18·0 21·0, 24·0
Age, years
Mean 43·9 47·5 50·1 52·0 52·0 48·4 47·1 45·9
SD 18·8 19·2 18·8 17·8 18·7 19·2 18·9 18·4

Female, % 53·2 52 52·6 54·1 53·4 52·1 53·8 52·3
BMI, kg/m2

Mean 29·1 29·1 29·0 29·0 27·8 28·9 29·5 30·2
SD 7·0 6·8 6·9 6·9 6·2 6·7 7·1 7·5

Diabetes, % 12·3 14·8 16·6 19·1 14·4 15·7 16·5 17·5
Race/ethnicity, %
Non-Hispanic white, % 45·2 43·2 44·8 46·2 36·8 43·9 48 50·8
Non-Hispanic black, % 23·5 23 20·4 16·2 17·2 20 22·3 23·9
Mexican American 17·2 16·7 15·7 15·6 18·2 18·5 15·5 13·4
Other Hispanic 9·2 9·4 8·5 7·1 11·1 9·1 7·6 6·2
Others 4·9 7·7 10·6 15 16·7 8·5 6·5 5·6

Marital status, %
Married 54·3 56·6 58·7 60·5 59·2 58·9 56·6 55·7
Widowed/divorced 23·5 21·6 19·9 18·8 20·1 20 22 21·4
Never married 19 18·1 17·6 17·1 17·7 17·6 17·7 19

Education level, %
≤ 12th grade 31·6 25·4 22·7 17·3 25·6 24·8 23·4 23·8
High school graduate 26·3 25·2 23·1 19·8 19·2 23·5 26·2 26·3
College or higher 41·9 49·3 54·2 62·8 55·1 51·6 50·3 49·9

Physical activity, METS-h/week
< 8·3 42·6 39·6 37·9 33·9 35·7 38·3 39·3 41·1
8·3–16·7 11 11·3 11·5 12 12·1 11·1 11·5 11·2
> 16·7 45·9 48·8 50·2 53·7 51·8 50·2 48·6 47·2

Ratio of family income to poverty
< 1·30 35·8 30 26·2 22 27·8 28 28·3 30·2
1·30–3·49 34·8 35·8 35·6 34·4 33·6 34·8 36·8 35·5
≥ 3·50 21·5 26·8 30·3 36·6 29·7 29·5 27·6 28

Smoking, %
Never smokers 47·3 53·6 55·5 58·3 60·4 54 51·5 47·1
Former smokers 21·3 23·1 24·6 26·8 23 24·3 23·7 25·2
Current smokers 26 18·6 16·3 12·5 12·7 17·2 20·3 23·4

Alcohol drinking, %
Never drinkers 13·4 13·9 13·3 12·6 17·1 13 11·6 10·9
Former drinkers 20·1 18·1 17·3 16·3 16·5 18 18·3 18·8
Current drinkers 57·3 59·7 62 65 57·6 61 62·2 62·5

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Total energy, kcal/d 1955·7 709·0 2011·9 714·0 2001·7 715·4 2007·6 691·9 1881·7 683·8 2012·3 711·4 2058·2 706·1 2033·0 715·0
Macronutrient (% total energy intake)
Total carbohydrate 56·1 8·1 50·5 7·9 47·1 8·4 43·4 8·4 57·2 8·2 51·0 7·5 47·2 7·0 41·7 7·6
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Subgroup and sensitivity analysis

In subgroup analysis (online Supplementary Fig. 2–4), we
observed no differential associations according to stratified fac-
tors, with the exception of race/ethnicity. The positive associa-
tion between healthy LCD andHDL-cholesterol seemed stronger
in non-Hispanic whites than in other racial/ethnic groups. We
found a positive association between unhealthy LCD and
HDL-cholesterol in other racial/ethnic groups but not in non-
Hispanic whites (all Pinteraction< 0·0001). When restricting analy-
sis within subjects who were free of CVD, the results were not
essentially changed (online Supplementary Table 5–6). When
defined LCD as a diet with less than 40 % of energy from carbo-
hydrate, LCD was associated with lower insulin, HOMA-IR and
TAG, but high levels of TC and HDL-cholesterol, compared with
a diet with≥ 60 % of energy from carbohydrate (online
Supplementary Table 7).

Discussion

In this large nationwide cross-sectional study among US adults,
we found that healthy LCD was associated with lower levels of
insulin, HOMA-IR, CRP and TAG and higher concentrations of
HDL-cholesterol, while unhealthy LCD was associated with
higher concentrations of insulin, HOMA-IR, CRP, TC and LDL-
cholesterol. These results indicate that the association between
LCD and cardiometabolic risk markers appears to depend on the
quality and types of macronutrients in the diet.

We found that healthy LCD may have positive and unhealthy
LCDmay have negative impacts on CRP and metabolic and lipid
profiles, whereas overall LCD generally showed a null associa-
tion with most of cardiometabolic risk markers. Moreover, when
defined LCD as a diet with less than 40 % of energy from carbo-
hydrate and did not consider dietary quality, LCDwas associated
with high levels of TC in our analysis. These findings indicate that
besides composition, the food sources and types of macronu-
trients in LCD may play an important role in cardiometabolic
health. In line with these findings, few existing cohort stud-
ies(14,29,44) showed an inverse association between healthy or
plant-based LCD and long-term risk of CVD incidence or mortal-
ity, a positive association for unhealthy or animal-based LCD and
a non-significant association for overall LCD. These results may
also partly explain the inconsistent findings in the effect on lipid
file among previous randomised controlled trials(4,8), in which
neither the food sources nor the types of macronutrients in
LCD were considered.

Different impact on metabolic profile between healthy and
unhealthy LCD could be partly explained by different quality
of carbohydrate and varied subtypes of fat and protein in each
LCD. Previous studies(45,46) showed that high-quality carbohy-
drates, such as non-starchy vegetables, whole grains and whole
fruits, were associated with lower postprandial blood glucose
response and HOMA-IR, whereas low-quality carbohydrates
such as refined grains and added sugars with high glycaemic
load could be associated with high postprandial glucose and
insulin. A meta-analysis of nineteen studies showed that replac-
ing 5 % of the energy from carbohydrates or saturated fat withT

ab
le

1.
(C
on

ti
nu

ed
)

M
ea

n
S
D

M
ea

n
S
D

M
ea

n
S
D

M
ea

n
S
D

M
ea

n
S
D

M
ea

n
S
D

M
ea

n
S
D

M
ea

n
S
D

H
ig
h-
qu

al
ity

ca
rb
oh

yd
ra
te

8·
1

6·
8

10
·8

8·
9

13
·4

10
·4

15
·1

10
·5

21
·1

10
·7

12
·6

7·
7

8·
5

6·
0

4·
9

4·
2

Lo
w
-q
ua

lit
y
ca

rb
oh

yd
ra
te

48
·0

8·
3

39
·7

8·
0

33
·8

7·
8

28
·3

7·
8

36
·1

12
·0

38
·5

11
·6

38
·8

10
·1

36
·8

9·
1

T
ot
al

pr
ot
ei
n

14
·4

4·
0

15
·8

4·
2

16
·6

4·
1

17
·2

4·
0

14
·4

3·
7

15
·6

4·
3

16
·1

4·
0

17
·8

4·
0

A
ni
m
al

pr
ot
ei
n

9·
8

4·
3

9·
9

4·
9

10
·0

5·
0

9·
1

4·
8

6·
7

3·
7

9·
0

4·
4

10
·2

4·
4

12
·9

4·
3

P
la
nt

pr
ot
ei
n

4·
3

1·
7

5·
6

2·
2

6·
4

2·
5

7·
8

2·
5

7·
4

2·
5

6·
2

2·
3

5·
7

2·
4

4·
6

2·
1

T
ot
al

fa
t

28
·4

5·
7

32
·4

6·
2

35
·2

6·
8

39
·2

6·
8

27
·9

6·
6

32
·3

6·
1

35
·7

5·
9

39
·4

6·
1

S
at
ur
at
ed

fa
t

9·
8

3·
0

10
·8

3·
0

11
·3

3·
2

11
·8

3·
2

8·
0

2·
1

10
·1

2·
3

11
·9

2·
5

13
·8

2·
6

U
ns

at
ur
at
ed

fa
t

15
·9

3·
4

18
·6

4·
0

20
·7

4·
4

24
·1

4·
7

17
·3

5·
1

19
·2

4·
8

20
·6

4·
6

22
·1

4·
7

M
on

ou
ns

at
ur
at
ed

fa
t

10
·0

2·
3

11
·5

2·
6

12
·6

2·
9

14
·5

3·
2

10
·1

3·
0

11
·6

2·
8

12
·7

2·
7

14
·1

2·
8

P
ol
yu

ns
at
ur
at
ed

5·
9

1·
8

7·
1

2·
2

8·
1

2·
5

9·
6

2·
8

7·
3

2·
7

7·
6

2·
7

7·
9

2·
7

7·
9

2·
7

IQ
R
,i
nt
er
qu

ar
til
e
ra
ng

e;
LC

D
,
lo
w
-c
ar
bo

hy
dr
at
e
di
et
;M

E
T
S
,
m
et
ab

ol
ic

eq
ui
va

le
nt

ta
sk

s;
N
H
A
N
E
S
,
N
at
io
na

lH
ea

lth
an

d
N
ut
rit
io
n
E
xa

m
in
at
io
n
S
ur
ve

y.
*
C
on

tin
uo

us
va

ria
bl
es

w
er
e
pr
es

en
te
d
as

m
ea

ns
(S

D
)i
ft
he

y
w
er
e
no

rm
al
ly
di
st
rib

ut
ed

,o
th
er
w
is
e
m
ed

ia
n
(I
Q
R
)e

st
im

at
e
w
as

us
ed

.A
ll
va

ria
bl
es

w
er
e
st
an

da
rd
is
ed

to
th
e
ag

e
di
st
rib

ut
io
n
of

th
e
st
ud

y
po

pu
la
tio

n
ex

ce
pt

fo
ra

ge
an

d
LC

D
sc

or
es

.
O
fn

ot
e,

th
e
su

m
m
in
g
pr
op

or
tio

ns
fo
r
so

m
e
ca

te
go

rie
s
ar
e
no

t1
00

%
du

e
to

m
is
si
ng

va
lu
es

or
ro
un

di
ng

.

Low-carbohydrate diets and biomarkers 141

https://doi.org/10.1017/S0007114522003038  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522003038
https://doi.org/10.1017/S0007114522003038
https://doi.org/10.1017/S0007114522003038
https://doi.org/10.1017/S0007114522003038
https://doi.org/10.1017/S0007114522003038
https://doi.org/10.1017/S0007114522003038


Table 2. Percentage change (%) and 95% CI in plasma markers on metabolic profile by quartiles of LCD in the NHANES (2003–2018)
(Percentages and 95 % confidence intervals)

Quartiles

Per 5-point increase2 3 4

1
Percentage change

(%) 95% CI
Percentage change

(%) 95% CI
Percentage change

(%) 95% CI
Percentage change

(%) 95% CI Ptrend‡

Healthy LCD
Insulin (n 16, 524)

Model 1* Reference 1·57 –3·45, 6·85 –4·57 –9·16, 0·25 –3·45 –8·67, 2·05 –2·24 –3·69, −0·78 0·003
Model 2† Reference –0·58 –4·54, 3·56 –5·99 –9·57, −2·26 –5·91 –10·29, −1·32 –2·72 –3·95, −1·48 < 0·001
C-peptide (n 2, 042)
Model 1* Reference –6·13 –11·83, −0·07 –1·70 –8·83, 6·00 –3·63 –14·51, 8·62 –0·78 –4·40, 2·97 0·676
Model 2† Reference –6·46 –11·64, −0·99 –1·22 –7·50, 5·48 –4·62 –13·42, 5·07 –1·04 –4·00, 2·00 0·495
HOMA-IR (n 16,

504)
Model 1* Reference 1·44 –3·83, 7·00 –4·73 –9·54, 0·34 –3·52 –8·94, 2·22 –2·24 –3·77, −0·68 0·005

Model 2† Reference –0·72 –4·87, 3·61 –6·34 –10·14, −2·38 –6·16 –10·70, −1·39 –2·77 –4·07, −1·46 < 0·001
CRP (n 23, 169)

Model 1* Reference –1·67 –7·51, 4·54 –8·82 –15·85, −1·21 –8·18 –14·37, −1·54 –3·77 –5·71, −1·79 < 0·001
Model 2† Reference –3·21 –8·51, 2·41 –10·08 –16·38, −3·30 –9·13 –14·87, −3·00 –3·71 –5·54, −1·84 < 0·001

Unhealthy LCD
Insulin (n 16, 524)

Model 1* Reference 10·42 5·43, 15·65 17·09 10·59, 23·97 20·39 14·79, 26·26 5·87 4·37, 7·40 < 0·001
Model 2† Reference 5·66 1·76, 9·70 8·20 3·21, 13·43 7·53 3·14, 12·10 2·07 0·81, 3·35 < 0·001

C–peptide (n 2,
042)
Model 1* Reference –5·04 –14·22, 5·14 2·54 –8·71, 15·18 6·87 –0·88, 15·23 2·34 –0·36, 5·11 0·089
Model 2† Reference –7·87 –16·14, 1·22 –4·33 –13·49, 5·81 –1·84 –7·10, 3·72 –0·51 –2·49, 1·51 0·615

HOMA-IR (n 16,
504)
Model 1* Reference 11·46 6·05, 17·14 19·09 12·00, 26·64 23·30 17·11, 29·82 6·53 4·88, 8·20 < 0·001
Model 2† Reference 6·33 2·09, 10·75 9·60 4·09, 15·40 9·44 4·53, 14·58 2·51 1·09, 3·94 < 0·001

CRP (n 23, 169)
Model 1* Reference 14·73 8·66, 21·14 17·87 10·17, 26·10 33·71 26·55, 41·27 9·22 7·43, 11·05 < 0·001
Model 2† Reference 10·84 4·83, 17·19 9·77 2·92, 17·09 17·56 11·36, 24·12 4·69 3·11, 6·31 < 0·001

LCD, low-carbohydrate diet; NHANES, National Health and Nutrition Examination Survey; HOMA-IR, homoeostatic model assessment of insulin resistance; CRP, C-reactive protein.
* Model 1 was adjusted for age (18–29, 30–39, 40–49, 50–59 and≥ 60 years), sex (male, female), total energy intake (kcal/day, tertile), race/ethnicity (non-Hispanic white, non-Hispanic black or other races), education (≤ 12th grade, high
school graduate or more than high school), marital status (married, widowed/divorced/separated or never married), ratio of family income to poverty (< 1·30, 1·30–3·49 or≥ 3·50), physical activity (< 8·3, 8·3–16·7 or> 16·7 METS-h/week),
smoking (never smoker, former smoker or current smoker), alcohol drinking (never drinker, former drinker or current drinker), hypertension (yes/no), diabetes (yes/no), cancer (yes/no), CVD (yes/no), family history of CVD (yes/no), family
history of diabetes (yes/no) and survey cycle (assigned values from 1 to 8).

†Model 2 was additionally adjusted for BMI (< 18·5, 18·5–24·9, 25·0–29·9 and≥ 30·0).
‡ Linear trend test was conducted by treating each LCD as a continuous variable in the models.
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Table 3. Percentage change (%) and 95% CI in plasma markers on lipid profile by quartiles of LCD in the NHANES (2003–2018)
(Percentages and 95 % confidence intervals)

Quartiles Per 5-point increase

2 3 4

1
Percentage change

(%) 95% CI
Percentage change

(%) 95% CI
Percentage change

(%) 95% CI
Percentage change

(%) 95% CI Ptrend‡

Healthy LCD
TAG (n 16, 586)

Model 1* Reference –2·22 –6·20, 1·94 –6·24 –10·00, −2·33 –8·94 –12·88, −4·82 –2·95 –4·15, −1·74 < 0·001
Model 2† Reference –3·09 –6·79, 0·76 –6·97 –10·42, −3·39 –9·71 –13·39, −5·86 –3·13 –4·26, −1·98 < 0·001

TC (n 34, 359)
Model 1* Reference 0·16 –0·72, 1·06 0·20 –0·70, 1·12 0·23 –0·75, 1·21 0·05 –0·25, 0·35 0·737
Model 2† Reference 0·08 –0·78, 0·95 0·08 –0·79, 0·97 0·15 –0·81, 1·13 0·04 –0·26, 0·33 0·807

HDL-cholesterol (n 30,
150)
Model 1* Reference 3·28 1·97, 4·60 5·28 3·98, 6·59 7·34 5·85, 8·85 2·41 2·00, 2·82 < 0·001
Model 2† Reference 3·60 2·36, 4·85 5·57 4·32, 6·84 7·60 6·26, 8·95 2·42 2·05, 2·80 < 0·001

LDL-cholesterol (n 16,
301)
Model 1* Reference –1·12 –3·19, 1·00 –0·01 –2·15, 2·18 –1·03 –3·06, 1·04 –0·18 –0·83, 0·47 0·576
Model 2† Reference –1·36 –3·36, 0·68 –0·28 –2·40, 1·89 –1·23 –3·27, 0·86 –0·23 –0·90, 0·43 0·49

ApoB (n 12, 636)
Model 1* Reference –1·95 –3·98, 0·12 –2·72 –4·77, −0·62 –1·39 –3·45, 0·71 –0·33 –0·98, 0·31 0·306
Model 2† Reference –2·30 –4·19, −0·38 –3·08 –5·06, −1·06 –1·77 –3·75, 0·25 –0·43 –1·05, 0·20 0·178

Unhealthy LCD
TAG (n 16, 586)

Model 1* Reference –0·84 –4·35, 2·80 2·04 –2·14, 6·39 1·17 –2·57, 5·06 0·58 –0·47, 1·64 0·278
Model 2† Reference –2·61 –5·77, 0·66 –1·31 –4·84, 2·34 –3·52 –6·90, 0·00 –1·00 –1·96, −0·03 0·044

TC (n 34, 359)
Model 1* Reference 1·09 0·28, 1·91 1·65 0·63, 2·67 2·55 1·58, 3·53 0·84 0·57, 1·12 < 0·001
Model 2† Reference 0·89 0·08, 1·71 1·25 0·24, 2·27 1·97 0·99, 2·95 0·65 0·38, 0·93 < 0·001

HDL-cholesterol (n 30,
150)
Model 1* Reference –0·64 –1·91, 0·64 –1·51 –2·77, −0·24 –2·03 –3·35, −0·70 –0·65 –1·03, −0·28 0·001
Model 2† Reference 0·18 –1·00, 1·39 0·12 –1·11, 1·37 0·45 –0·76, 1·67 0·16 –0·18, 0·51 0·343

LDL-cholesterol (n 16,
301)
Model 1* Reference 3·30 1·44, 5·20 2·96 0·60, 5·38 5·27 3·14, 7·43 1·59 1·02, 2·17 < 0·001
Model 2† Reference 2·85 1·01, 4·73 2·14 –0·19, 4·52 4·11 2·02, 6·25 1·22 0·64, 1·80 < 0·001

ApoB (n 12, 636)
Model 1* Reference 0·93 –1·03, 2·93 1·35 –0·79, 3·53 2·51 0·48, 4·57 0·93 0·37, 1·49 0·001
Model 2† Reference 0·57 –1·30, 2·48 0·36 –1·66, 2·42 1·17 –0·78, 3·16 0·44 –0·10, 0·99 0·111

LCD, low-carbohydrate diet; NHANES, National Health and Nutrition Examination Survey; TC, total cholesterol.
* Model 1 was adjusted for age (18–29, 30–39, 40–49, 50–59 and≥ 60 years), sex (male, female), total energy intake (kcal/d, tertile), race/ethnicity (non-Hispanic white, non-Hispanic black or other races), education (≤ 12th grade, high school
graduate or more than high school), marital status (married, widowed/divorced/separated or never married), ratio of family income to poverty (< 1·30, 1·30–3·49 or≥ 3·50), physical activity (< 8·3, 8·3–16·7 or> 16·7 METS-h/week), smoking
(never smoker, former smoker or current smoker), alcohol drinking (never drinker, former drinker or current drinker), hypertension (yes/no), diabetes (yes/no), cancer (yes/no), CVD (yes/no), family history of CVD (yes/no), family history of
diabetes (yes/no) and survey cycle (assigned values from 1 to 8).

†Model 2 was additionally adjusted for BMI (< 18·5, 18·5–24·9, 25·0–29·9 and≥ 30·0).
‡ Linear trend test was conducted by treating each LCD as a continuous variable in the models.
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energy from polyunsaturated fat was associated with lower lev-
els of HOMA-IR(47).

Similarly, we observed that healthy LCD showed an anti-
inflammatory and unhealthy LCD showed a pro-inflammatory
property. We did not find a significant association between over-
all LCD and CRP levels, which was in line with the only popula-
tion-based study investigating LCD and inflammatory markers
among 1097 participants aged 40–59 years in Japan(27).
Consistently, the anti-inflammatory or pro-inflammatory proper-
ties have been reported for several nutrient and food compo-
nents in LCD. For example, green leafy vegetables, whole
grains, fruits and nuts were inversely associated with levels of
hs-CRP and IL-6(48). Fibre and n-3 fatty acids have been associ-
ated with decreased concentrations of markers of inflammation,
whereas saturated fat has been associated with increased levels
of inflammation(49). In addition, carbohydrates have been iden-
tified as key source of oxidative stress, and restriction of carbo-
hydrate can also reduce a number of pro-inflammatory
cytokines, chemokines and adhesion molecules(50). Notably,
plant- and animal-based LCDwere not associatedwith themark-
ers on metabolic profile in the analysis, indicating that the cate-
gorisation of LCD into healthy and unhealthy LCD appeared
superior to the categorisation of LCD into plant- and animal-
based LCD on differentiating the quality of LCD.

Consistent with our observations, few existing studies
showed that overall LCD was positively associated with HDL-
cholesterol(25,27) in general population, though these studies
did not investigate healthy and unhealthy LCD separately. The
increased levels of HDL-cholesterol in participants with high
adherence to overall LCD might be partly due to high dietary
fat intake(51), which was confirmed in a meta-analysis of sixty
randomised controlled trials, showing that SFA, MUFA and
PUFA increased HDL-cholesterol more than carbohydrates
did(52). We found that overall and healthy LCD were associated
with lower TAG levels. Consistently, a recent meta-analysis of
twelve randomised controlled trials conducted among partici-
pants whowere at least 18 years old and had no specific diseases
demonstrated a decrease of TAG levels in LCD group compared
with the control group(53). Such beneficial effects of LCD could
be due to improved postprandial hyperinsulinaemia, which can
lead to inhibition of lipolysis, and enhance delivery of NEFA for
hepatic esterification.

We found that the positive association between healthy LCD
and HDL-cholesterol levels was more prominent among non-
Hispanic whites but not among other racial/ethnic groups. By
comparison, the percentage of energy from low-quality carbohy-
drates (i.e. starchy vegetables, refined grains, and fruit juice) and
animal protein for non-Hispanic whites was 37·0 and 9·0 %,
respectively, which were lower than those from other racial/eth-
nic groups (i.e. 38·1 and 9·4 %, respectively). The percentage of
energy from dietary fat for non-Hispanic whites was 34·6 %,
which was higher than those from other racial/ethnic groups
(33·0 %). Therefore, the differential associations could be partly
due to the subtle difference in how healthy LCD score was com-
prised. Another possible explanation is that non-Hispanic whites
generally have lower inflammation levels(54) and prevalence of
cardiovascular risk factors(55) compared with other racial/ethnic
groups. Alternatively, the findings might be due to chance.

Future studies are needed to confirm our findings and to eluci-
date the underlying mechanisms.

Strengths of the present study include the use of a large
nationally representative sample of US adults, the comprehen-
sive assessment of plasma markers of cardiometabolic risk
and the use of LCD that distinguish between different subtypes
and food sources ofmacronutrients. There are several limitations
to our study. First, cross-sectional design cannot determine cau-
sality. Second, the single measure of biomarkers may cause
somemeasurement error. Last, diet wasmeasured by 24-h recalls
which may lead to misreporting and might not represent the
usual intake, although we used several methods, such as multi-
ple-pass method and dietary sampling weights to reduce the
measure error and to improve estimates.

In conclusion, adherence to healthy LCDwas associated with
favourable concentrations of many cardiometabolic risk mark-
ers, while unhealthy LCD had a negative impact on these bio-
markers. These findings support a potential benefit in
emphasising high-quality carbohydrates, unsaturated fat and
plant protein in the diet for type 2 diabetes and CVD prevention,
which underscore the need to consider the quality and types of
macronutrients in future LCD studies. Due to the cross-sectional
design, cohort studies or clinical trials are warranted to validate
our findings.
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