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Abstract: High-sensitivity C-reactive protein (hs-CRP) is a widely used clinical biomarker of systemic
inflammation, implicated in many chronic conditions, including type 1 diabetes (T1D). Despite the
increasing emphasis on dietary intake as a modifiable risk factor for systemic inflammation, the
association of hs-CRP with fruit and vegetable consumption is relatively underexplored in T1D.
To address this gap, we investigated the longitudinal associations of dietary pattern-derived fruit
and vegetable scores with hs-CRP in adults with and without T1D. Additionally, we examined
the impact of berry consumption as a distinct food group. Data were collected in the Coronary
Artery Calcification in Type 1 Diabetes study over two visits that were three years apart. At each
visit, participants completed a food frequency questionnaire, and hs-CRP was measured using a
particle-enhanced immunonephelometric assay. Mixed effect models were used to examine the
three-year association of fruit and vegetable scores with hs-CRP. Adjusted models found a significant
inverse association between blueberry intake and hs-CRP in the nondiabetic (non-DM) group. Dietary
Approaches to Stop Hypertension- and Alternative Healthy Eating Index-derived vegetable scores
were also inversely associated with hs-CRP in the non-DM group (all p-values ≤ 0.05). Conversely,
no significant associations were observed in the T1D group. In conclusion, dietary pattern-derived
vegetable scores are inversely associated with hs-CRP in non-DM adults. Nonetheless, in T1D, chronic
hyperglycemia and related metabolic abnormalities may override the cardioprotective features of
these food groups at habitually consumed servings.

Keywords: C-reactive protein; dietary approaches to stop hypertension dietary score; alternative
healthy eating index dietary score; blueberries

1. Introduction

Globally, noncommunicable diseases continue to be the leading cause of mortality,
resulting in approximately 41 million deaths annually [1]. Within this classification, car-
diovascular disease and diabetes are two of the primary conditions [1–4]. Despite their
varied pathophysiological mechanisms, systemic inflammation plays a consistent role in
the etiology of these chronic diseases [5]. Type 1 diabetes (T1D) has been associated with
elevated systemic inflammation and increased risk of coronary heart disease [6]. Meta-
analyses of inflammatory markers in T1D have reported significantly elevated levels of
interleukin 1-beta [7], interleukin-6 (IL-6) [8], and tumor necrosis factor alpha (TNF-α) [9].
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In T1D, these elevated inflammatory markers contribute to insulitis, beta cell death, and
suppressed beta cell regeneration [10,11]. Increased inflammation during diabetes increases
the risk of diabetes-related macro- and microvascular complications [12].

C-reactive protein (CRP) is an important inflammatory marker that elevates in T1D [13],
increases the risk of all-cause mortality in diabetes [14,15], and predicts cardiovascular
events in asymptomatic populations [16] and those with poorly controlled diabetes [17].
Proinflammatory cytokines such as IL-6 and TNF-α stimulate the production of CRP by
hepatocytes [18]. Considering the elevated inflammation in T1D and the role these markers
have in activating CRP and subsequently increasing the risk of complications, research
continues to explore anti-inflammatory therapies, including dietary supplementation,
adjuvant therapies, and eating styles [19–23]. As a modifiable behavior, dietary intake is an
important mechanism to address inflammation.

Several epidemiological studies have shown that plant-based foods and dietary pat-
terns, especially those rich in fruits and vegetables, are associated with less chronic in-
flammation, including lower circulating CRP levels as measured by high-sensitivity (hs-)
and standard assay [24–27]. These associations are mainly attributed to anti-inflammatory
properties from various dietary bioactive compounds, including fiber and polyphenols. In
a meta-analysis of 17 observational studies pooling data from healthy adults and those with
type 2 diabetes, adherence to a vegetarian diet for a minimum of two years was associated
with significantly lower circulating levels of hs-CRP [28]. In adults with type 2 diabetes,
better diet quality (i.e., more plant-based foods and less processed foods) was significantly
associated with lower standard assay CRP concentrations in males and females across
five ethnic groups [29]. In middle-aged and older adults, consuming a greater number of
diverse fruits and vegetables (e.g., apples, bananas, peaches, nectarine, papaya, mangoes,
prunes, pineapples, lettuce, spinach, carrots, peas, corn, peppers, garlic, and zucchini) on
a monthly basis has been associated with lower concentrations of hs-CRP [30]. Vegetable
intake has also been associated with reduced odds of elevated standard assay CRP in
healthy middle-aged adults over a 12-year period [31]. A longitudinal analysis of healthy
middle-aged adults has reported inverse associations between overall diet quality and
serum CRP levels [32]. Across a pooled analysis of cohort, case–control, cross-sectional, and
randomized controlled studies (94% conducted in adults with and without cardiometabolic
risk factors), fruit and vegetable intake, independently and combined, were associated with
reduced levels of hs-CRP [33].

In randomized controlled trials, adhering to a Mediterranean, healthy, and/or anti-
inflammatory diet decreased circulating CRP (hs- and standard assay) in adults with
type 2 diabetes compared to a usual or habitual diet [34]. The Mediterranean Diet also
reduced circulating CRP (hs- and standard assay) in healthy adults [35] and in adults with
cardiometabolic risk factors [36]. While these findings represent the effectiveness of a
dietary pattern rich in fruits and vegetables, randomized controlled trials administering
single-berry fruits have also shown reductions in CRP. In a meta-analysis of 17 studies,
pooled analysis across healthy adults and those with cardiometabolic conditions reported a
significant reduction in CRP (hs- and standard assay) from consuming grape products [37].
A meta-analysis of multiple single-berry interventions in clinical trials reported significant
reductions in CRP (hs- and standard assay) across healthy adults, those with metabolic
syndrome and type 2 diabetes, and those with cardiovascular risk factors [38]. We have
also previously demonstrated that raspberry intake reduces IL-6 and TNF-α in individuals
with type 2 diabetes four hours and four weeks after consumption [39].

Considering the relationship between dietary intake and inflammation, three dietary
patterns have been studied for their associations or effects on inflammation: Mediterranean
Diet [34–36], Dietary Approaches to Stop Hypertension (DASH) [40], and the Alternative
Healthy Eating Index (AHEI) [41]. These dietary patterns were also associated with signifi-
cantly reduced risk of all-cause and cardiovascular mortality [42,43]. High adherence to
these patterns indicates a high intake of fruits and vegetables, among other plant-based
foods, which can be quantified using scoring metrics. Using these dietary indices to under-
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stand the associations between dietary intake and health outcomes strengthens findings as
the indices each have common characteristics (e.g., emphasis on fruits and vegetables) that
create consistency across findings.

While most of the observational studies and clinical trials that included cardiometabolic
conditions focused on type 2 diabetes, few studies have also investigated associations
between diet and serum hs-CRP in T1D. In adults with T1D, reduced fiber intake was
associated with greater low-grade inflammation, measured as a combination of hs-CRP,
IL-6, and TNF-α [44]. Hs-CRP levels have also been inversely correlated to diet quality
scores in adults with T1D [45,46]. Despite these few studies assessing anti-inflammatory
features of dietary patterns, the associations of fruit and vegetable intake, as well as berries,
with circulating hs-CRP in T1D are less understood.

Thus, the primary objective of this study is to investigate the associations of dietary
fruit and vegetable scores derived from the Mediterranean Diet, DASH, and AHEI patterns
with circulating hs-CRP. These scores will be examined with and without berries to better
understand associations with this anti-inflammatory single-fruit group. These associations
were examined in an established cohort of adults with and without T1D in the Coronary
Artery Calcification in Type 1 Diabetes (CACTI) study with the original goal to examine the
progression of coronary artery disease and its determinants (including dietary) in adults
with and without T1D.

2. Methods
2.1. Participants

The CACTI study is an ongoing prospective cohort study evaluating coronary artery
calcification progression among individuals with and without T1D [47]. The inclusion and
exclusion criteria have been previously described [48]. Briefly, participants were between
19 and 56 years old with no known history of cardiovascular disease: 652 with T1D and
764 nondiabetic controls (non-DM). Participants with T1D were all on insulin therapy
within a year of diagnosis and were diagnosed prior to age 30 or had a clinical course
consistent with T1D. The non-DM participants had fasting blood glucose < 126 mg/dL.
Exclusion criteria included missing dietary information. In addition, women or men who
reported a daily intake of ≥3500 kcal or ≥4000 kcal, respectively, were excluded using
Willett’s criteria [49]. Similarly, women or men who reported a daily intake of <500 kcal or
<800 kcal, respectively, were excluded [49].

Data were collected over a 3-year period during two visits: baseline (2000–2002) and
year three (2003–2004), see Figure 1. The study was approved by the Colorado Multiple
Institutional Review Board.

2.2. Dietary Intakes and Pattern Scores

To measure dietary intake, a validated 126-item food frequency questionnaire was
administered [50]. This tool has established reproducibility and validity to assess dietary
patterns when used with adults [51,52].

Fruit and vegetable intakes were assessed by calculating dietary scores according
to Mediterranean-Style Dietary Pattern Score (MSDPS), DASH, and AHEI. These scores
specifically calculated the fruit and vegetable components and were calculated with and
without berries.

The MSDPS has 13 components based on the Mediterranean Diet pyramid, with scores
determined based on intake congruence with the recommended number of daily or weekly
servings and a penalty for overconsumption [53]. Scores range from 0 to 10, representing a
percentage of the recommended intake consumed [53]. DASH diet scores were calculated
by classifying participants’ intake into quintiles and assigning 1–5 points corresponding to
the quintile [54]. Scores for fruit and vegetable intake range from 2 to 10. AHEI diet scores
were calculated by assigning 0 to 10 points to the intake of fruits and vegetables based on
an a priori dietary index associated with decreased chronic disease risk [55].



Nutrients 2024, 16, 2058 4 of 15Nutrients 2024, 16, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. Flowchart of Coronary Artery Calcification in Type 1 Diabetes study design. 

2.2. Dietary Intakes and Pattern Scores 
To measure dietary intake, a validated 126-item food frequency questionnaire was 

administered [50]. This tool has established reproducibility and validity to assess dietary 
patterns when used with adults [51,52]. 

Fruit and vegetable intakes were assessed by calculating dietary scores according to 
Mediterranean-Style Dietary Pattern Score (MSDPS), DASH, and AHEI. These scores spe-
cifically calculated the fruit and vegetable components and were calculated with and with-
out berries. 

The MSDPS has 13 components based on the Mediterranean Diet pyramid, with 
scores determined based on intake congruence with the recommended number of daily 
or weekly servings and a penalty for overconsumption [53]. Scores range from 0 to 10, 
representing a percentage of the recommended intake consumed [53]. DASH diet scores 
were calculated by classifying participants’ intake into quintiles and assigning 1–5 points 
corresponding to the quintile [54]. Scores for fruit and vegetable intake range from 2 to 10. 
AHEI diet scores were calculated by assigning 0 to 10 points to the intake of fruits and veg-
etables based on an a priori dietary index associated with decreased chronic disease risk 
[55]. 

2.3. Study Measurements 
Standardized questionnaires were administered to collect demographics, smoking 

status, and physical activity, as previously described [47]. Illness status was assessed by 
asking if the patient had been recently ill with cold/flu symptoms or fever. Height and 
weight were collected through physical examination to calculate body mass index (BMI) 
[47]. Similarly, systolic blood pressure was measured during physical examination [47]. 
Hemoglobin A1c (HbA1c) was measured after an overnight fast using high-performance 
liquid chromatography [47]. 

  

Figure 1. Flowchart of Coronary Artery Calcification in Type 1 Diabetes study design.

2.3. Study Measurements

Standardized questionnaires were administered to collect demographics, smoking
status, and physical activity, as previously described [47]. Illness status was assessed by ask-
ing if the patient had been recently ill with cold/flu symptoms or fever. Height and weight
were collected through physical examination to calculate body mass index (BMI) [47]. Simi-
larly, systolic blood pressure was measured during physical examination [47]. Hemoglobin
A1c (HbA1c) was measured after an overnight fast using high-performance liquid chro-
matography [47].

2.4. Measurement of hs-CRP

High-sensitivity C-reactive protein (hs-CRP) was measured from blood collected from
participants after a 12 h (overnight) fast, which has been previously described [56]. Briefly,
blood was collected, centrifuged, and separated plasma was stored until ready for assay.
The hs-CRP measurements were conducted using a particle-enhanced immunonephelo-
metric assay. Hs-CRP concentrations > 3 mg/L were considered elevated [57].

2.5. Statistical Analysis

The primary objective of this analysis was to determine any significant association
of dietary pattern-derived fruit and vegetable scores, calculated with and without berries,
with circulating hs-CRP in a pooled sample and stratified by diabetes. Baseline char-
acteristics were compared to year three values within respective diabetes statuses (i.e.,
non-DM at baseline compared to non-DM at year three). Comparisons of the two visits
were examined using an independent samples test for continuous variables and the chi-
square test was applied for categorical variables. For non-normally distributed continuous
data, the Wilcoxon rank-sum test was applied with Monte Carlo estimation for p-values.
Because the CACTI study design collected repeated measures on the same individuals
over multiple visits, the general linear mixed model (continuous hs-CRP) and the gener-
alized linear mixed model with a logit function (dichotomous hs-CRP) were applied to
examine the three-year association of consumption of berries, fruit, and vegetable scores
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(independently) with hs-CRP, analyzed separately, after adjusted for relevant covariates in
the models as follows: model 1—age, sex, calories, visit, and diabetes status (for pooled
analysis); and model 2—all covariates in model 1, systolic blood pressure, body mass
index (BMI), smoking status (never smoke, current smoker, and former smoker), and pa-
tient illness status (yes/no recently ill with cold/flu symptoms or fever). Patient illness
status was included in the model to account for the potential effect of acute infection on
hs-CRP values. [58] In all mixed-effect models, all covariates previously listed were fixed
effects, and the repeated visits were the only random effect. The unstructured correlations
(UNR) covariance structure was applied to the R matrix to control for temporal autocor-
relation between the two visits. Additionally, the data for hs-CRP were right-skewed
and log-transformed to increase precision in the general linear mixed model. Due to
the log transformation, estimated coefficients (β̂) were transformed using the equation
(exp(β̂) − 1) × 100% to interpret the percentage change (%Change) in hs-CRP. The log-
transformed results have the following interpretation: (1) Compared to those who did
not eat any berries, those who consumed total berries, strawberries, or blueberries are
associated with a/n X% increase or decrease in hs-CRP. (2) Compared to those who did
not eat any berries, the MSDPS, DASH, or AHEI-derived fruit (with or without berries)
or vegetable score is associated with a/n X% increase or decrease in hs-CRP. Additionally,
hs-CRP was dichotomized as either >3 or ≤3 mg/dL because of the increased risk of
cardiometabolic dysfunction with hs-CRP above 3 [57]. The results are expressed as an
odds ratio and have the following interpretation: eating (total berries, strawberries, or
blueberries) is associated with an increased (or decreased) odds of having a hs-CRP level
above 3 mg/dL. Statistical analyses were performed using SAS v9.4 (SAS Institute Inc.,
Cary, NC, USA). A two-sided alpha level of ≤0.05 was used to define statistical significance.

3. Results

Table 1 shows the characteristic differences between baseline and year three for the
non-DM and T1D participants. No significant differences were noted in strawberry and
blueberry consumption between the time periods for either group. In the non-DM group,
there was a significant increase in total vegetable consumption from baseline to year three
(p-value = 0.0415). The T1D group did not have any significant differences in the fruit and
vegetable scores from baseline to year three.

Table 1. Baseline and year three characteristics of participants.

Non-DM (n = 692) Non-DM (n = 532) Difference
between

Visits

T1D (n = 563) T1D (n = 421) Difference
between

VisitsBaseline Year Three
(Visit 2) Baseline Year Three

(Visit 2)

Variables Count % Count % p-Value Count % Count % p-Value

Sex (Female) 349 50 265 51 0.9480 319 57 243 56 0.6180

Hispanic 59 9 41 8 0.6040 15 3 7 2 0.2931

Non-Hispanic
White 582 84 461 88 0.2128 536 95 407 94 0.2535

Never Smoker 464 67 361 69 0.8407 383 68 296 68 0.4348

Current
Smoker 59 9 46 9 0.9570 65 12 29 7 0.0140

Former
Smoker 165 24 124 24 0.7975 114 20 95 22 0.3766
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Table 1. Cont.

Non-DM (n = 692) Non-DM (n = 532) Difference
between

Visits

T1D (n = 563) T1D (n = 421) Difference
between

VisitsBaseline Year Three
(Visit 2) Baseline Year Three

(Visit 2)

Median IQR Median IQR Median IQR Median IQR

Hs-CRP
(mg/dL) 1.2 (0.9–2.0) 1.3 (0.6–3.2) 0.9269 ¶ 1.2 (0.9–2.2) 1.5 (0.7–3.8) 0.1630 ¶

Physical
Activity 84 (0–300) 60 (0–270) 0.1404 ¶ 45 (0–300) 40 (0–263) 0.3410 ¶

Mean SD Mean SD Mean SD Mean SD

Age (year) 39 9 43 9 <0.0001 37 9 40 9 <0.0001

BMI (kg/m2) 26.2 5 26.6 5 <0.0001 26.2 4 26.3 4 0.0052

Calories
(kcal/day) 1821 619 1758 622 0.0178 1768 613 1732 598 0.8247

HbA1c (%) 5.5 0.4 5.3 0.5 <0.0001 7.9 1.2 7.6 1.1 <0.0001

SBP (mm Hg) 114 12 110 12 <0.0001 117 14 112 13 <0.0001

Total Berries † 0.24 0.96 0.25 0.82 0.4681 0.32 1.08 0.24 0.84 0.6002

Strawberries † 0.22 0.68 0.20 0.47 0.8723 0.29 0.89 0.22 0.69 0.5839

Blueberries † 0.24 0.84 0.23 0.67 0.6246 0.28 0.89 0.21 0.66 0.2901

Total Fruit *† 2.16 3.62 2.42 5.76 0.1289 2.61 4.18 2.26 4.66 0.4051

Total
Vegetables *† 2.97 5.47 3.29 7.45 0.0415 3.84 8.97 3.07 2.98 0.1595

Dietary Fiber
Intake 16.79 8.13 16.42 8.04 0.2457 16.72 7.80 15.75 7.88 0.0352

MSDPS Fruit
Score 4.50 2.83 4.43 2.83 0.4830 4.56 2.94 4.50 2.82 0.2335

MSDPS
Vegetable

Score
3.83 2.27 3.88 2.72 0.3249 3.93 2.42 3.85 2.31 0.7111

DASH Fruit
Score 2.89 1.41 2.98 1.40 0.0648 3.08 1.40 2.95 1.38 0.1274

DASH
Vegetable

Score
2.94 1.39 2.97 1.39 0.0971 3.07 1.43 2.99 1.42 0.8788

AHEI Fruit
Score 3.08 2.65 3.27 2.68 0.0719 3.33 2.72 3.14 2.55 0.3902

AHEI
Vegetable

Score
4.79 2.86 4.85 2.79 0.0685 5.12 3.00 5.00 2.89 0.7806

Abbreviations: AHEI = Alternative Healthy Eating Index; BMI—Body Mass Index; CI = Confidence In-
terval; DASH = Dietary Approaches to Stop Hypertension; DM = Diabetes Mellitus; HbA1c = Glycated
Hemoglobin; Hs-CRP = High-Sensitivity C-Reactive Protein; MSDPS = Mediterranean-Style Dietary Pattern Score;
SBP = Systolic Blood Pressure; SD = Standard Deviation; T1D = Type I Diabetes. * Based on MSDPS and
DASH total fruit and vegetable servings per day; † servings per day; ¶ Wilcoxon Rank Sum Test with Monte
Carlo Estimation.

After adjusting for covariates, we found a significant inverse association between
blueberry intake and serum hs-CRP in the non-DM group (Table 2). In the non-DM
analysis, for every one-serving increase in blueberry intake, there was a significant −8.29%
(95% CI = −14.50, −1.64; p-value = 0.0155) decrease in serum hs-CRP over three years. No
significant associations were observed in the T1D group from total berries, blueberry, and
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strawberry intake. The calculated odds ratios of total berries, strawberry, and blueberry
intake with the likelihood of clinically elevated hs-CRP (>3 mg/dL) were not significant in
the pooled and stratified analyses (Table 3).

Table 2. The longitudinal associations between berry consumption and hs-CRP over three years.

Variables
Pooled Non-DM T1D

% Change (95% CI) p-Value % Change (95% CI) p-Value % Change (95% CI) p-Value

Total
Berries

Model 1 −1.56 (−4.53, 1.50) 0.3137 −2.61 (−6.64, 1.58) 0.2185 −0.44 (−4.75, 4.07) 0.8465

Model 2 −1.48 (−4.39, 1.51) 0.3281 −3.43 (−7.16, 0.45) 0.0825 0.78 (−3.73, 5.51) 0.7385

Strawberry
Model 1 −1.67 (−6.28, 3.16) 0.4906 −2.29 (−8.84, 4.74) 0.5134 −1.18 (−7.62, 5.71) 0.7291

Model 2 −1.66 (−6.31, 3.22) 0.4976 −4.73 (−10.83, 1.78) 0.1506 0.86 (−6.22, 8.47) 0.8173

Blueberry
Model 1 −5.09 (−10.51, 0.65) 0.0809 −6.50 (−13.38, 0.92) 0.0844 −3.28 (−11.7, 5.93) 0.4710

Model 2 −4.80 (−9.95, 0.65) 0.0830 −8.29 (−14.50, −1.64) 0.0155 −0.15 (−8.68, 9.18) 0.9733

Model 1: Age + Sex + Calories + Visit + Diabetes Status (for pooled analyses); Model 2: Model 1 + Systolic
Blood Pressure + Body Mass Index + Smoking Status + Patient Illness Status; Bold ≤ 0.05. Abbreviations:
CI = Confidence Interval; DM = Diabetes Mellitus; T1D = Type I Diabetes.

Table 3. The longitudinal associations between berry consumption and odds of elevated hs-CRP
(greater than 3 mg/dL) over three years.

Variables
Pooled Non-DM T1D

OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Total Berries
Model 1 0.91 (0.75, 1.06) 0.2518 0.87 (0.59, 1.10) 0.3039 0.94 (0.72, 1.12) 0.5281

Model 2 0.95 (0.84, 1.09) 0.4758 0.92 (0.76, 1.12) 0.4042 1.01 (0.83, 1.23) 0.9487

Strawberry
Model 1 0.88 (0.61, 1.10) 0.3160 0.82 (0.23, 1.21) 0.4159 0.91 (0.59, 1.16) 0.5371

Model 2 0.93 (0.76, 1.15) 0.5027 0.86 (0.62, 1.19) 0.3622 1.01 (0.76, 1.33) 0.9732

Blueberry
Model 1 0.89 (0.55, 1.14) 0.4161 0.83 (0.25, 1.22) 0.4370 0.93 (0.45, 1.26) 0.7166

Model 2 0.94 (0.73, 1.20) 0.5998 0.88 (0.62, 1.24) 0.4632 1.02 (0.66, 1.57) 0.9426

Model 1: Age + Sex + Calories + Visit + Diabetes Status (for pooled analyses); Model 2: Model 1 + Systolic
Blood Pressure + Body Mass Index + Smoking Status + Patient Illness Status; Bold ≤ 0.05. Abbreviations:
CI = Confidence Interval; DM = Diabetes Mellitus; OR = Odds Ratio; T1D = Type I Diabetes.

In Table 4, fruit and vegetable intake were analyzed using MSDPS, DASH, and AHEI-
based indices. After adjusting for age, sex, calories, visit, and diabetes status (model 1),
we found a significant inverse association between DASH-derived vegetable score and
serum hs-CRP in the non-DM group. For every one-point increase in the DASH vegetable
score, there was a significant −3.69% (95% CI = −6.69, −0.59; p-value = 0.0202) decrease in
serum hs-CRP over the three-year period. Further adjustment of systolic blood pressure,
BMI, smoking status, and patient illness status (model 2) yielded a persistently significant
inverse association, where for every one-point increase in the DASH-derived vegetable
score, there was a significant −3.22% (95% CI = −6.08, −0.28; p-value = 0.0321) decrease
in serum hs-CRP over the three-year period. Model 1, adjusting for the same factors as
above, for AHEI-derived vegetable score showed borderline significance (p-value = 0.0525)
in the non-DM group. The association in the non-DM group was significant in the further
adjusted model 2, where for every one-point increase in the AHEI-derived vegetable score,
there was a significant −1.45% (95% CI = −2.88, 0.00; p-value = 0.0504) decrease in serum
hs-CRP over the three-year period. This percent reduction in hs-CRP associated with the
AHEI-derived vegetable score is lower than the percent reduction in hs-CRP associated
with the DASH-derived vegetable score. No significant associations were observed in the
pooled analysis or T1D group.
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Table 4. Fruit and vegetable scores and their association with log-transformed hs-CRP over
three years.

Dietary
Pattern
Scores

Variables Models
Pooled Non-DM T1D

%Change 95% CI p-Value %Change 95% CI p-Value %Change 95% CI p-Value

M
SD

PS

Fruit Score
(including

berries)

Model 1 −0.68 (−1.75, 0.41) 0.2232 −1.23 (−2.62, 0.18) 0.0867 0.12 (−1.55, 1.83) 0.8862

Model 2 0.13 (−0.95, 1.22) 0.8180 0.08 (−1.27, 1.45) 0.9057 0.27 (−1.45, 2.02) 0.7630

Fruit Score
(excluding

berries)

Model 1 −0.78 (−1.91, 0.36) 0.1770 −1.11 (−2.56, 0.36) 0.1374 −0.38 (−2.14, 1.41) 0.6778

Model 2 −0.01 (−1.13, 1.13) 0.9854 0.11 (−1.29, 1.54) 0.8737 −0.22 (−2.01, 1.60) 0.8139

Vegetable
Score

Model 1 −0.63 (−2.04, 0.80) 0.3846 −1.78 (−3.64, 0.12) 0.0657 0.45 (−1.65, 2.59) 0.6756

Model 2 −0.59 (−1.97, 0.81) 0.4067 −1.29 (−3.07, 0.52) 0.1623 0.03 (−2.08, 2.19) 0.9756

D
A

SH

Fruit Score
(including

berries)

Model 1 −1.59 (−4.00, 0.88) 0.2050 −2.07 (−5.18, 1.15) 0.2052 −1.38 (−5.08, 2.48) 0.4780

Model 2 −0.77 (−3.15, 1.67) 0.5335 −0.62 (−3.62, 2.48) 0.6911 −1.10 (−4.83, 2.77) 0.5716

Fruit Score
(excluding

berries)

Model 1 −1.67 (−4.07, 0.79) 0.1813 −1.56 (−4.66, 1.64) 0.3340 −2.21 (−5.89, 1.62) 0.2546

Model 2 −0.86 (−3.23, 1.57) 0.4833 −0.14 (−3.14, 2.95) 0.9287 −1.92 (−5.61, 1.92) 0.3220

Vegetable
Score

Model 1 −1.99 (−4.35, 0.43) 0.1057 −3.69 (−6.69, −0.59) 0.0202 0.08 (−3.64, 3.95) 0.9655

Model 2 −2.05 (−4.35, 0.31) 0.0879 −3.22 (−6.08, −0.28) 0.0321 −0.47 (−4.18, 3.39) 0.8090

A
H

EI

Fruit Score
(including

berries)

Model 1 −0.64 (−1.89, 0.62) 0.3192 −0.95 (−2.60, 0.72) 0.2612 −0.39 (−2.28, 1.54) 0.6896

Model 2 −0.24 (−1.47, 1.00) 0.7002 −0.47 (−2.04, 1.14) 0.5669 −0.12 (−2.03, 1.81) 0.8985

Fruit Score
(excluding

berries)

Model 1 −0.66 (−2.00, 0.71) 0.3426 −0.91 (−2.66, 0.88) 0.3189 −0.50 (−2.55, 1.60) 0.6391

Model 2 −0.25 (−1.57, 1.08) 0.7107 −0.36 (−2.05, 1.35) 0.6746 −0.27 (−2.31, 1.82) 0.7989

Vegetable
Score

Model 1 −0.83 (−1.99, 0.34) 0.1630 −1.53 (−3.05, 0.02) 0.0525 −0.14 (−1.91, 1.66) 0.8794

Model 2 −0.99 (−2.12, 0.15) 0.0897 −1.45 (−2.88, 0.00) 0.0504 −0.50 (−2.27, 1.31) 0.5857

Model 1: Age + Sex + Calories + Visit + Diabetes Status (for pooled analyses); Model 2: Model 1 + Systolic
Blood Pressure + Body Mass Index + Smoking Status + Patient Illness Status; Bold ≤ 0.05. Abbreviations:
AHEI = Alternative Healthy Eating Index; CI = Confidence Interval; DASH = Dietary Approaches to Stop Hy-
pertension; DM = Diabetes Mellitus; MSDPS = Mediterranean-Style Dietary Pattern Score; T1D = Type I diabetes.

4. Discussion

We observed a significant inverse association between blueberry consumption and
serum hs-CRP level in the models adjusted for traditional cardiovascular risks in the
non-DM group. Interestingly, this significant association was not maintained with the
dietary pattern-derived fruit scores, including berries in the pooled or stratified analysis;
this highlights the unique health benefits of these berry fruits versus other types of fruits,
even when habitually consumed in lower amounts. When stratified by diabetes status, a
significant inverse association between DASH-derived vegetable score and hs-CRP was ob-
served in the non-DM group only. This significant inverse association in the non-DM group
was also observed when vegetable intake was assessed using the AHEI pattern. These
significant associations in the non-DM group may be related to the increased vegetable
consumption within the three-year period. In the T1D group there was no association of
fruit and/or vegetable scores with serum hs-CRP, suggesting that habitual consumption
does not counteract the disease burden and its biomarkers.

Epidemiological studies have reported that increased DASH-derived dietary scores
are associated with reduced CRP in the Cork and Kerry Diabetes and Heart Disease
Study [59,60], a longitudinal study of a representative sample of the general population
of Southern Ireland aged 50–69 years [61]. The baseline profile of this cohort included
individuals with cardiovascular risk factors such as smoking, obesity, hypertension, physi-
cal inactivity, high cholesterol, and diabetes [61]. Serum CRP levels in these studies were
determined using standard assays [59]. This sample was used in a cross-sectional analysis
of DASH-derived dietary scores and CRP [59]. In this cross-sectional analysis, 8.5% of the
individuals had type 2 diabetes, and the median CRP concentration was not elevated. A
second cross-sectional analysis from the Cork and Kerry cohort, however, reported a 21.3%
prevalence of type 2 diabetes [60]. This analysis categorized DASH-derived dietary scores
in quartiles and also reported a significant inverse correlation between dietary scores and
CRP, and significant differences in CRP levels between the lowest and highest quartiles
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of DASH scores [60]. These DASH-derived dietary scores were total scores, including all
food groups.

Similarly, increased AHEI-derived dietary scores were negatively associated with
hs-CRP in the CoLaus Study [24] and standard assay CRP in a U.S.-based observational
study [62]. The cross-sectional analysis using data from the CoLaus Study had a sample
with an average age of 57 years, and approximately 10% of the individuals had diabetes [24].
The U.S.-based study had a non-DM sample with an average age of 46 (males) and
44 (females) years with an average CRP level similar to our study at baseline and year three
(not elevated) [62]. These associations were determined using AHEI-derived total dietary
scores, including all food groups, fruits, and vegetables.

In these previous studies, the inverse associations were reported from DASH- and
AHEI-derived scores inclusive of all dietary intake rather than solely fruits or vegetables.
The aim of our current study was to determine adherence to fruits and vegetables specifi-
cally due to their anti-inflammatory and other cardioprotective properties. Our findings
are similar to those of a cross-sectional observational study of U.S. adults that reported
a significant inverse association between vegetables as a specific food group and CRP
measured using a standard assay [63]. Using data from the National Health and Nutrition
Examination Survey, individuals had elevated serum CRP levels, and there was a signifi-
cant trend between increasing vegetable consumption (categorized in tertiles) and lower
CRP levels [63]. Increasing vegetable consumption was also significantly associated with
reduced odds for CRP greater than or equal to 3 mg/L among these individuals [63].

The inverse association between the DASH- and AHEI-derived vegetable scores and
CRP (hs- and standard assay) is likely due to the known anti-inflammatory effects of
vegetables [64,65]. Both of these dietary indices separate vegetables from legumes, so these
scores represent intake of leafy green, cruciferous, root, stem, and bulb vegetables, which
are rich in antioxidants and phytochemicals [66]. Phytochemicals found in cruciferous,
leafy, and red-orange vegetables, such as isothiocyanates, carotenoids, and flavonoids,
have been shown to reduce the production of inflammatory cytokines and inhibit nitric
oxide production in cellular models [67–70]. In animal models, quercetin (a flavonoid) and
lycopene (a carotenoid) significantly decreased standard assay CRP in insulin-resistant
and type 2 diabetic rats, respectively [71,72]. It is likely that these anti-inflammatory
effects of bioactive compounds in vegetables contribute to the associated reduction in
CRP with habitual consumption, as observed in our human study. Interestingly, our
inverse association between vegetable intake and hs-CRP was only observed in the non-
DM controls. The non-DM controls are more similar to the primarily healthy populations
in the previously mentioned epidemiological studies [24,59,62,63].

Specifically related to berries, the inverse association between blueberry intake and
hs-CRP in the non-DM group is likely due to the fruit’s antioxidant properties. A number
of anthocyanins are present in blueberries with a high antioxidant capacity that is second
highest when compared to black currants, raspberries, red currants, and cranberries [73].
Blueberries have been shown to ameliorate oxidative stress biomarkers [74,75] and reduce
hs-CRP levels [76] in animal models. It is likely that the increased antioxidant capacity
and reduced oxidative stress contribute to the associated reduction in CRP. Our findings
are similar to those of a cross-sectional analysis using a sample from the TwinsUK reg-
istry, which reported a significant inverse association between anthocyanin intake and
hs-CRP levels in women [77]. Within this sample, 1.6% of the women were on diabetes
or cholesterol-lowering drugs [77]. We did not find any significant association with total
berry or strawberry intake in our pooled or stratified analysis. In randomized controlled
trials reporting a reduction in hs-CRP, fresh and freeze-dried strawberries are provided at a
dosage nearly 10 times the reported intake of our study [78]. The low dosage of strawberry
intake may contribute to our insignificant findings, especially considering that blueberries
have stronger antioxidant activity due to higher levels of anthocyanins [79].

Interestingly, the inverse associations of DASH- and AHEI-derived vegetable scores
and blueberry intake with hs-CRP were not significant in our study for the T1D group.
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In our study, the median hs-CRP concentration of the T1D group was not categorically
high; however, the T1D group had a higher systemic glycemic load as measured by
hemoglobin A1c (HbA1c) compared to the non-DM group. In an observational study
of non-institutionalized adults with type one and two diabetes, higher HbA1c was sig-
nificantly associated with higher CRP measured using a standard assay [80]. In subjects
with an HbA1c between 9 and 10.9%, there was a significant 215% increase in odds of
having an average CRP concentration greater than 0.30 mg/dL when adjusted for demo-
graphics, smoking, BMI, fasting insulin level, and length of time with diabetes [80]. In a
cross-sectional analysis of adults with T1D, an average HbA1c of 7.6% was significantly
associated with higher hs-CRP compared to control groups with an average HbA1c of
5.3% [81]. The average HbA1c concentrations in our study were similar to these levels
across the three years. In studies reporting a negative association between dietary intake
and hs-CRP in groups with T1D, the patients had an average HbA1c similar to our study of
7.6–8.6%, but the dietary patterns included all foods, not solely fruits and vegetables [45,46].
The hyperglycemia in T1D leads to other abnormalities, such as oxidative stress. In a cross-
sectional analysis of women with type 2 diabetes, HbA1c was negatively correlated to total
antioxidant capacity and positively correlated with 8-iso-prostane, which are markers of
oxidative stress [82]. While we did not measure oxidative stress in this study’s cohort, it is
likely that the T1D group also has higher levels of oxidative stress and oxidation compared
to the non-DM group. Thus, persistent hyperglycemia and related metabolic abnormalities,
including oxidative stress in the T1D group, may have outweighed the cardioprotective
effects of fruits and vegetables, and as a result, no protective associations were observed
with hs-CRP in our study.

An additional factor that may have contributed to these insignificant findings in the
T1D group is habitual fiber intake. A cross-sectional study of T1D patients with a relatively
low average hs-CRP concentration reported that fiber intake greater than 30 g per day was
inversely associated with hs-CRP [83]. In our study, the average intake of fiber was about
17 g. Our findings also contradict findings from a cross-sectional analysis of adherence
to a semi-healthy diet and odds of high hs-CRP [46]. In this study, all patients had T1D,
and 27.4% of the patients had high levels of hs-CRP [46]. The semi-healthy diet, however,
included whole grains in its analysis and individuals in the highest tertile of adherence
consumed approximately 30g of fiber per day [46]. The anti-inflammatory properties
of fiber may have stronger cardioprotective effects in systemic hyperglycemia than the
phytochemicals of fruits and vegetables.

Our findings in T1D adults also differ from previously reported decreased CRP levels
after several years of healthy eating patterns in patients with type 2 diabetes [29,34]. These
eating patterns often include other plant-based foods rich in antioxidants and phytochemi-
cals with increased potential to modulate CRP levels. The purpose of our study, however,
was to isolate the effects of fruit and vegetable consumption, which may have lower anti-
inflammatory capacity when compared to full dietary intake of all plant-based foods. In
addition, our insignificant findings may be related to the relatively low hs-CRP levels at the
baseline of our participants. CRP levels in type 2 diabetes are often elevated, increasing the
potential margin of reduction. Despite not finding significant reductions in hs-CRP in the
T1D group, we did observe significant differences (reductions) in HbA1c over three years,
which could be attributed to an overall healthy diet, including fruit and vegetable intake,
in the T1D group. Our group has previously reported that improved glycemic control is
associated with increased intake of dietary fiber, a component of fruits and vegetables, in
adults with prediabetes in the same study [48]. In addition, we have reported an association
between increased intake of dietary antioxidants and insulin sensitivity in T1D [84] and
inverse associations between diet quality and cardiovascular disease risk in T1D adults [85].
These health-promoting effects of diets, though not reflected in hs-CRP in the current report,
continue to support the role of healthy dietary patterns in T1D.

The strength of our study lies in its large sample size, including T1D and non-DM
participants, providing a robust sample composition for inference. To our knowledge, this
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is the first study to assess the associations of dietary index-derived fruit and vegetable
scores with hs-CRP in adults with and without diabetes in the same cohort. The dietary
indices used in this study have many strengths, including common characteristics and
generalizability across findings due to consistency in measurements [53,54,86]. Additionally,
our analysis included data collected from two visits over three years. The longitudinal
design also allowed us to detect temporal changes in circulating hs-CRP in adults with and
without diabetes.

While our study has these methodological strengths, there are also a few limitations.
The observational design does not allow for the determination of causation between dietary
intake and circulating hs-CRP among the groups. In addition, using the food frequency
questionnaire to collect dietary information introduces the potential for recall or social
desirability bias. That said, the tool was administered in accordance with its validation.
Finally, despite adjusting for all relevant covariates in our models, there is still the potential
for residual confounding.

5. Conclusions

In conclusion, three-year data from the CACTI study show that blueberry consump-
tion and vegetable intake, as measured using the DASH- and AHEI-derived dietary scores,
are inversely associated with circulating hs-CRP in adults without diabetes. Thus, blue-
berry and vegetable intake should be emphasized in dietary recommendations to mitigate
systemic inflammation and subsequent health outcomes related to elevated hs-CRP in the
general population. In the T1D group, the lack of significant associations suggests that
systemic hyperglycemia may negate the cardioprotective features of berries and vegetables.
The lack of significant findings may also be related to the glycemic control and relatively
low hs-CRP levels of our T1D participants. There is the possibility that T1D patients with
poor glycemic control or higher hs-CRP than what we observed in our sample could benefit
from a similar level of fruit and vegetable intake, but this would require future investigation.
Future research should also examine interventions with increased amounts of fruits and
vegetables that increase fiber dosage to alleviate inflammation in adults with T1D and
prevent or delay micro- and macrovascular complications.
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